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INTRODUCTION 

Prof.dr. M. BOGAARDT 

Head of tht> :;Lnborato:i':r Thl\ l;.ia:a.rt:Jlll:'nna-"fer 
and Reactor Engineering 

The Technological University of Eindhove:n 

It is a pleasure to extend a word of hearty welcome to all 

of you and in opening this Sy~posium on the Dynamics of Two Phase 

Flow, we have a number of honoured guests present at the opening: 

Professor Posthumus, the Rector Magnificus of this University, 

Professor Schmid, the Dean of the Department of Mechanical Engineering, 

Mro Kruys of Euratom and Mr. Van Eerde, the Secretary of this University. 

I should like to call on dr., Posthumus first to give you his 

opening address. 

EUR/C/4424/67 e 
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OPENING ADDRESS TO. THE .SYHPOSIUM 

by 

Profod~. K. POSTHUMUS 
Rector Msgnifious of the Technolbgical University 

Ein~hoven, The~Netherlands 

Mro Chairman, Ladies and Gentlemen, 

On behalf of the Board of Governors and of the Senate I extend 

to you a hearty welcone. From all of the world you have come to a 

small country and to a young University. I hope that 1 when you return, 

you will be convinced that this country and this University apply 

themselves seriously to the progress of science and engineering. 

This University was founded in 1956. The first students 

arrived in 1957. The first 10 years were for the greater part used 

for erecting and equipping the buildings ann for building-up and 

executing the programs of teaching. Tod~y the number of students is 

about 3000, that of the professors 87 and that of the academic 

engineering and office staff and co-v.:orkers 1500. 

So far 614 engineer-certificates have been issued and in the 

period mentioned the foundations were laid for research work which is 

now given full attention. In some psychological tests a little window 

is opened, through which a certain word becomes visible and the subject 
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is required to mention the first words suggested by the word in the 

window. This reaction seems to be an indication of his personality 

pattern. During my frequent journeys abroad I have experienced that 

the name of Eindhoven spontaneously produced the name of Ph:Uips. I 

hope that in the future to many of you, ou opening the window, the 

name of the Technological University w:i.ll present itself in your mind. 

Expressing my best w~shes~ Mr. Chairman, for success in your 

meetings I am pleased to declare this C0ngress opened. 
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OPENING ADDRESS TO THE SYMPOSIUM 

by 

Dr. P. KRUYS 
Chief of Project 

General Directorate for 
Research and Training 

EURATOM 

Doctor Rector Magnificus, 

First of all, I wish to express O';,tr great appreciation of your 

interest in this Symposium. The best proof of this interest is your 

presence at this opening session., Throughout our co-operation in the 

organization of this Symposium, I have been aware of your enthusiastic 

support for it. Thanks to your guidance and the remarkable work 

carried out by Professor Bogaardt, his staff in the Heat Transfer 

and Reactor Engineering Department and his students, we have the 

pleasure of enjoying your hospitality and being here in this most 

modern auditorium. 

As you well know, the Technological Gap is very much "a la 

mode" these days and, surprisj_ngly enough, it stimulates some concern

action would be all together more apt, I believe-among the countries 

in question, whichever side of the gap they are. 

It is also generally agreed that, in many cases, the existence 

of a technolog:i.cal gap is to be identified with a managerial gap. 

Having had the opportunity to visit your University during the last 

eight years, I may say that one could certainly not fi~d any sign 

of its existence in Eindhoven and I am sure that all the participants 
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in this Symposium will: share that opinion by the end of this week. ··' 

May I, Doctor Rector Magnificus, extend to you our sincerest appre

ciation of the excellent way in which you are guiding the destiny of 

your University, and, what is extremely important, for the efficiency 

with which you have established very close relations with Dutch industry. 

Ladies and Gentlemen, 

The idea for the organization of the Symposium on Two Phase 

Flow Dynamics is by no means of recent origin. It is, in fact, already 

about three years since such an idea carne up during one of the many 

technical meetings held between Euratom staff members and Prof. Bogaardt 

and his collaborators. The selection of the topics for a Symposium 

covering such a wide scie~tific field as the thermodynamics and the 

hydrodynamics of two phase flow had to be carried out very carefully. 

Moreover, a suitable period had to be found in a time-table 

increasingly burdened with symposia - some of you may share the opinion 

that the list is really becoming too long, with too many avoidable 

redundancies. Allowing for the time needed to settle all the aspects 

accompanying the organization of any meeting of this stature, it took 

us rather more than a year to get the Symposium actually launched. 

Professor Bogeard-c will tell you more about the place this 

Symposium occupies within the framework of the very close relationships 

that have been established during the last six to eight years not only 

between the universities .'ind.industrial laboratorieo of the.six M~mber 

States but also with the specialized research centres in the United 

States, the United Kingdom, Sweden and other countries. 

The European Atomic Energy Community has taken its share in the 

implementation of scientific and technical co-operation in this 

important field of two phase flow heat transfer and hydrodynamics. This 

was done in the Community by means of a number of research contracts 

covering fundamental studies as well as applied research. Through 
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the Agreement for Co-operation between the United States and Euratom, 

collaboration was soon extended to all the American laboratories 

carrying out two phase flow studies not only under the Euratom/United 

States Joint Research and Development Program but also within the 

United States Atomic Energy Commission's domestic prbgram. 

A number of the resu:J.ts that will be presented here in the 

course of this week evolved from these programs.. In many of its 

aspects, therefore, this Symposium constitutes a digest of the work 

car~ied out to date. The presentation - and, even more important 1 the 

discussions - of outstanding studies conducted in highly specialized 

laboratories in countries all over the world will prove, I am sure, 

most stimulating to us all. 

May I take this opportunity to say that a great deal of the 

research in two phase flow systems carried out mainly as part of the 

nuclear energy development programs has accumulated results directly 

adaptable to conventional applications in heat transfer engineering. 

This contribution, which some rate as an epiphe~omenon and others as 

the fall-out of nuclear energy for peaceful purposes, should not be 

underestimated, especially by those who have a tendency to ree.:tdct 

the flow of funds allocated to a field in which, al~hough much progress 

has been made, a great deal of work has still to be done. 

You do not need convincing that pu-r-su:Lng a well-coordinated, 

research program in two phase flow thern;•)d.ynamics and hydro:ly:w.mics 

is a good investment. However 1 I Lhir:k :i'~ is a good th5.J1g to :remi:;.n 

oneself occasionally that many of the impC'ovemer: l·,s s•~iL. to be a,·,.~om.

plished in the davelopment and performance of boiling and pressurized 

water reactors will stem ~rom a better u~dersta~ding of the mechanism 

governing the thermohydraulic chara.::ter:isticn of a core~ 

·~:e hopo th:tt o:::::: of the important resuits of thi.s S'.'tili:)(1Sium 

w~.ll be to si.r..gle o:.:; t those areas to wh~.ch research of',,_, ,f~d be t:10re 

specifically oriented in the future. 

EUR/C/44?1+/h? P 
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At the beginning of this talk, I have made an allusion to 

the Technological Gap. I want to come back to this point for a 

moment. Experts have devoted considerable efforts to attempts to 

identify its origin and to understand why Western Europe, which had 

the scientific leadership of the world during the nineteenth century 

and, say, the two first decades of the t\lrent:teth, has gradually lost 

ground over the last thirty yearso Of the many factors responsible 

for that situation, the nature of the relationship between the 

University and Industry is one of the most important. Generally 

speaking, those relations in Europe are such that the time required 

to a new concept which has been created in a basic research laboratory 

- most of the laboratories beJ_onging to the U:.o.i.:trersit:tes are of 'this 

type developed to the technological application stage is far longer 

-by several years - than in the United States, for example~ 

In the Netherlands, two universities at least -namely the 

University of Delft and the University of Eindhoven - have been able 

to establish very close and co~fident co-operation with industry and 

it is a widely held opinion that these two establishments are making 

a significant contribution to the technical progress of this countryo 

Taking stoek of this situation, Euratom decided to establish and 

strengthen a co-operative effort between Prof. Bogaardt's Reactor 

Engineering Department and SNECMA-AEG, a French and a German company 9 

respectively, jointly developing a so-called Vortex fuel assembly 

based on the use of twisted tapes and which allows for a very remark

able increase in the burnout heat flux~ More recently, a similar 

co-operative effort has been launched with the Belgian company Belgo

Nucleaire, with regard to which the influence of hot spots in rods 

of a fuel bundle on the onset of burnout is to be evaluated here. 

Some of the results obtained in these programs will be pre

sented to you during this Symposium. It should be clear that these 

projects are on far too modest a scale to make a significant contri

bution towards closing the "Gap"; we hope, however, that such 

examples will "prooftest" a method by which this gap may be progress

ively narrowed. 
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Ladies and Gentlemen, 

In closing, I wish to express our w~rm and heartfelt gratitude 

to Prof. Bogaardt ana his staff, who have really borne the brunt of 

the organization with Euratom of this Symposium. I also wish to 

express our profond appreciation of the assistance and support lent 

by the City of :Sindhoven and Philip~ in man.y aspects to this under-

taking. 

All that remains to me now is the most agreable task of 

wishing you a pleasant stay in this town of Eindhoven and fruitful 

sessions stimulated by searching discussions. 

* 
* * 

EUR/C/4424/67 e 
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OPENING ADDRESS TO THE SYMPOSIUM 

by 

Prof.dr. M. BOGAARDT 
Head of the Laboratory for Heat Transfer 

and Reactor Engineering 

The TechnolOBical University of Eindhoven 

Dr. Rector Magnificus, Professor Schmid, Mr. Secretary, Chairman, 

Ladies and Gentlemen, 

I just had already the opportunity to extend a word of 

welcome to all of you. I like to repeat that and especially to those 

special friends, which I see here, the friends of our, what I could 

call, our European Bubble Society, the people we meet once a year on 

subjects in the field of two phase flow. As many of you may k~ow, 

this kind of Society, a quite informal club, started after the 

Studsvik Meeting in '63 and the number of papers there was so large 

that we decided we needed other meetings to digest everything that had 

been offered there. So, participants from Sweden, Norway, Germany, 

France, Italy, the United Kingdom and The Netherlands decided to cone 

together and to try to have a closer look at the papers. Many subjects 

were treated in our club concerning stability, burn-out, flow regimes, 

etc. 

Now, in these meetings there was one more partner I have not 

mentioned yet. That is Euratom. Euratom had taken very active 

interest in the field of two phase flow! which was due to the fact that 

there had been established a Euratom/US Joint Research and Development 

Program on prototype reactors and I think that the Euratom contribution 

. - l 
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in this field is of extreme importance. First of all they have provided 

the possibility to many of us to undertake studies in the field of two 

phase flow and apart from that, they have established extremely use-

ful contacts between European laboratories and laboratories in the 

United States. It therefore is a great pleasure to welcome here 

Dr. Kruys, who has been in charge of this program and Mr. Morin, who 

has been the Chief Technical Officer executing the program in Europe. 

I think that this part of the Euratom program, anyhow, has been one 

of the cheapest and most efficient parts of the whole Euratom program 

in the past years. 

Now that this activity of Euratom is going to come to an end, 

I look upon th:Ms Symposium as a tribute to what Euratom has contributed 

to the development of two phase flow studies in our countries; this 

Symposium, that is something in between the meetings of our informal 

European Bubble Society and the meetings, which have been organized 

by the Euratom/US Joint Board. 

Now there is another purpose we had in mind in organizing this 

Symposium and that is, that we like to help to diffuse the results of 

work in the two phase flow and heat exchange field to more conventional 

fields of application in industry, than into that part of the industry 

that has to do with nuclear energy and with rocket propulsion, and I 

am therefore particular pleased to see in the audience also participants 

from many industrial firms, among which there are firms, which have no 

direct connection with the development of nuclear reactors. 

Originally we had in mind to extend the subjects of our 

Symposium to dynamics and also to the instrumentation and experimental 

tec~niques, but we soon found out that this would have doubled the 

number of participants and more than doubled the number of papers, which 

is already very big. 

So, therefore, we have limited again the subjects of the 

Symposium but I strongly recommend the instrumentation a~d the experiment

al technique for a next Symposium anywhere. 
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We have tried to group the papers that were submitted to this 

Symposium as well as we could 1 but we have not been quite successful 

in all the cases 1 which sometimes was due to the fact, that the 

papers turned out to be quite different from what we had learned from 

the abstracts. Sometimes the subjects were distributed in the papers 

in a different way from the divisions into sessions. 

I hope that the chairmen and discussers will be able to cope 

with the problems we submitted to them. Then, I should like to 

mention to you, that we have tried to provide all the opportunities 

for a good discussion and also for recording everything that is to be 

said in our sessions. All the records will be used for the final 

proceedings, so that a full account of what has been,going on in the 

Symposium, is available afterwards. I do hope, La~ies and Gentlemen, 

that you don't feel embarrassed by the large number of instructions 

and provisions we have made, in order to secure a frict:i.on-free course 

of this multi-phase multi-~omponent ensemble, which is designated by 

the word "Symposium". So I do hope thnt you will feel free to take 

part in the discussions which you will have in a few minu~es from now. 

I should like then, to finish like Mr. Kruys did, wishing 

you a very useful and pleasant stay in Eindhoven. I have an opportun

ity to talk to you at the end of this meeting again. 

EUR/C/4424/67 e 
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SE.SSION I 

nsiNGLE CHANNEL FLOW STABILITY, A" 

Chairman: S~G. Bankoff 

1.1 Out of pile channel instability in the loop Skilvan 
R .. P. Mathisen, AB Atomenergi, Studsvik, Nykoping, Sweden 

1.2 Experim€ntal and theoretical determination of dynamic character
istics and stability limits in natural circulation boiling 
channels with rod clusters 
F. Akerhielm, P.T. Hansson and 0. Nylund 
AB Atomenergi, Studsvik, Nykoping, AB Atomenergi, Stockholm 
and ASEA, Vasterds , Sweden 

1.3 In-pile and out-of-pile hydrodynamic experiments in natural 
circulation boiling water channels 
J.H. Post, K. Rcmslor and V. Tosi 
OECD Halden Reactor Project, Halden, Norway 

1.4 The oscillation onset in a pressurized water natural 
circulation loop 
C .A. Arneodo, G. Gaggero, P. Gregorio,. E. Lavagno, R 4 Lazzerini 1 

C~ Merlini, B. Panella, A. TAricco 
Politecnico di Torino, Turin, Italy 

1.5 Free-convection heat transfer with liquid metals in a closed 
thermosyphon 
D.H. Everaarts (Lt. Cdr. (E), former Head Marine Engineering Dept, 
Royal Naval Academy, Den Helder, Holland) 
R.W.S. Mitchell (ProfessorJ Internal Combustion Engines and 
Gasturbine Lab. Technological University, Delft, Holland) 
W.H. Beek (Profeosor, Physical Technology Laboratory, Technological 
University, Delft, Holland) 

1.6 Test lengths for the dynamics of heat transfer in steam-water 
mixtures 
Heinz Schmidl, Osterreichische Studiengesellschaft fUr Atomenergie 
Ges.mcb.H., Vienna, Austria 

1.7 In-pile hydraulic instability experiments with a 7-rod natural 
circulation channel 
G. Kjaerheim and E. Rolstad 
OECD Halden Reactor Project, Institutt for Atomenergi, Halden, 
Norway 
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REMARKS BY CHAIRMANs SESSION I 

S.G. BANKOFF 

No~thwectern Uni~ersity, 

Evanstone, U.S.A. 

It should be quite clear from the papers presented this 

morning and others to follow that a very substantial effort has been 

underway in the field of dynamics and stability of natural-circulation 

systems, with correspondingly substantial results. Paper I.4 deals 

with pressurized water systems ; · I.5 with liquid metal thermosyphons, 

and the remainder with boiling water systems, both in·-pile and out .• 

of-pile. Examining the latter first, one sees that a good deal of 

detailed information concerning parameter effects, such as inlet and 

outlet restrictions 1 hydraulic diameter, inlet subcooling, pressure, 

and test section and riser geometry has been presented. This inform

ation is necessary from two points of •iew: 

1. it provides the reactor designer with experimental verifi

cation of the operability of his proposed design, and 

2. it provides a solid basis with which to check theoretical 

and computer models for response and stability of these systems. 

One notes, as will be described more fully in later sessions, 

that these models involve a detailed solution of the conservation 

equations, that programming takes several years of development, and 

that the agreement between theory and experiment is now quite good. 
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One wishes that there were more comparison between models and data 

from different laboratories, in order to arrive at an optimum 

synthesis of results. Nevertheless, the information is already 

sufficiently detailed fo= the designer to begin to apply optimization 

techniques, such as non-linear programming and variational methods, 

to the hydraulic design of nuclear reactors. One can think, not 

only about optimum pressures, hydraulic diameters, channel and rise 

lengths, and inlet subcoolings, but also about o~timization of shape 

factors and of fuel enrichment distribution. 

The bulk of the work reported today is concerned with the 

onset of instability in natural circulation channels. In a sense 

this is a misnomer, since the oscillations never diverge with time, 

but instead remain as bounded limit cycles. Nor is there a sharp 

threshold that one can identify. In early work a 10% amplitude, or 

the observed knee of the amplitude envelope curve 7 was taken as the 

estimated threshold. Other criteria discussed are an extrapolation 

of the inverse of the noise variance to zero 1 which corresponds to 

true inntnbili ty, ati.d v1hich represents an ~pper bound to the osc illa

tory regime, or an extrapolation of the noise variance asymptote 

back to zero, which may represent a conservative lower limit. 

The in-pile measurements are especially welcome, since they 

show the need for reconciling steady-state add transfer function 

measurements with aut-of-pile data. Also, the simple one-dimensional 

conservation equations appear to be quite adequate for many purposes, 

but they do not predict the sudden change froM out-of-phase to 

in-phase between the inlet and outlet velod.ty when the Halden power 

level was raised past 450 kw at 200°C. As noted in paper !.7, about 

one-third of the necessary steam production par cycle of the out-of

p~se oscillations could possibly be accounted for by changes in the 

heat transfer coefficient between can and coolant, and another third 

by flashing due to pressure variations. It is conceivable, also, 

that an appreciable amount of superheated liquid is built up close 

to the wall, which periodically and rapidly vaporizes. This would 

have also the additional effect of temporarily increasing the can-

EUR/C/442'+/67 e 
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coolant heat transfer coefficient. This effect may exist only at 

moderately low powers, inertial system oscillations at high powers, 

inducing sufficient mixing to prevent massive vapour bursts. It is 

clear that further studies into these effects, as well as in mixing 

between parallel connected channels~ mixing within a single channel~ 

and asymetric channel effects, will require at least two··dimensional 

models for the heating section. In this connection the radial 

temperature and velocity measurements proposed in paper I.6 will be 

especially welcome. These two--dimensional effects are, of course, 

extremely important in the closed liquid-metal thermosyphon studied 

in paper I.5, and make theoretical analysis very difficult. In this 

connection the onset of oscillations in a system with no bounding 

walls between ascending and descending streams is of considerable 

interest, and probably involves additional dimensionless pa.rameters 

besides the Nusselt and Rayleieh numbers. 

~Finally, an excellent start has been made on studying channel 

shape factors, such as the use of 6, 7 and 36-rod clusters, in various 

shroud diameters. In this connection some thought might be given to 

the traditional concept of the equivalent diameter. A priori there 

seems to be no reason why channels of the same equivalent diameter, 

but differing shape factor, should exhibit the same static or dynamic 

two-phase flow characteristics. 

* 
* * 
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SESSION II 

I 

"SINGLE CHANNEL FLOW STABILITY, B" 

Chairman: s.w. Gouse 

2.1 Frequency response of a forced-flow single-tube boiler 
Robert G. Dorsch, National Aeronautics and Space Administration 
Lewis Research Center, Cleveland, Ohio 

2.2 The stability characteristics of a boiling system with natural 
and forced circulation 
F.J.M. Dijkman, J.F. Tummers, C.L. Spigt, 
Technological University of Eindhoven, The Netherlands 

2.3 Analytical and experimental studies of the hydraulic behaviour 
of rod clusters 
A. Bhattacharyya, S. Sallay, I. Haga, 
Aktiebolaget Atomenergi, Stockholm, Sweden 

2.4 A method of detecting the onset of subcooled boiling by means 
of a .. vibration transducer 
A. KUtUkclioglu, B. Perren, G. Varadi, 
Eidg. Institut fur Reaktorforschung, Wlirenlingen, Switzerland 

2.5 Experimental determination of dynamic characteristics of a 
mono tube once through boiler model 
K.H. Schonberg, Technische Hochschule Stuttgart, W.Germany 

EUR/C/442'+/67 e 
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S.William GOOSE, Jr. 

Professor of Mechan~cal Engineering 
Carnegie-Mellon University6 

Fjve very interesting and informative papers have been present

ed during this session and re'luire considerable thought and study 

for proper interpretation and evaluation. Even though the amou~t 

of time available for any individual paper and its discussion is 

limited 7 the fact that we had preprints of nearly all of the papers 

before the meeting makes these sessions very valuable. rn particular, 

the various opportunities for personal contact offered by the various 

break and social functions are very valuableo 

Based on what has already happened in these first two sessions 

and informal discussions, some of the interpretations and conclusions 

we make now, will change as a result of all the additional information 

that is going to be presented at this symposium. 

The fi-rst part of paper II.3 entitled "Analytical and 

Ex:perimental Studies of the Hydraulic Behavior of Rod Clusters" 

and paper II.4 entitled "A Method of Detecting the Onset of Slb

cooled Boiling by Means of a Vibration Transducer", are somewhat 

outside the scope of this session which has principally to do with 

single channel flow stability. Thus, we r.tight deal with these paperE 

first and, then go on to papers II.1, II.2 and II.5. Paper II.4 by 

EUR/C/4424/67 e 
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Messrs KUtUkclioglu, Perren, and Varadi 2 has to do with vibrations and 

is in a sense related to the dy~amics of two-phase flow. It deals 

¥ri th the detection of the onset of sub cooled boiling by means of a 

vibration transducer mounted on an outer extension of the test section. 

By means of a frequency analy~er it was found that there was.a marked 

increase in the amplitude of high frequency vibrations (2000 to 

11 1 000 cycles per second) with the onset of subcooled boiling followed 

by a decrease in amplih<de of the vibrations as the bulk of the flow 

becomes saturated~ Assuming, from a dynamic point of view, that the 

flow behaviour in the core of a reactor wo~ld not be different, this 

technique could be used 'tthere use of the other methods involving in

pile instrumentat:i.on rJould present difficulties., Aside from showing 

that a new instrumentation technique mieht be useful for reactor control, 

the authors have presPnted some interesting dynamic data that should 

be of interest to those people concerned with boiling noise and perhaps 

other types of high frequency thermoacoustic oscillations in two-phase 

flows. 

Turning now to paper II.3 by Messrs. Bhattacharyya, Sallay 

and Raga, I would like to commend the authors for providing it with 

some valuable information. First, bo~'h .'lxial ond ra·criaJ: ·void fraction 

distribution data in a six rml cluster are··.given. It seems to me that 

what we need at this point in time is more reliable, detailed data, 

about the hydrodynamics of rod clusters if we are ever to achieve the 

happy state of having a satisfactory analytical model for predicting 

the thermal and hydraulic characteristics of such rod bundles. The 

comparison of the authors data with the HAM30 analytical model is of 

value. Although the authors themselves indicate that there was not 

enough data to make conclusive statements, this is certainly a step 

in the right direction. A second contribution is the testing of 

various phase-velocity ratlo correlations and pressure drop models in 

the HYDRO stability program against their own c.ata and finding that 

the predicted stability limits are quite sensitive to the phase

velocity ratio or pressure drop correlations. This indicates again 

the need for more reliable data over a wide range~condition to develop 

more general two-phase flow analytical models. 

EUR/C/4424/67 e 
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Papers II.1 1 II.2 and IIo5 in this session "The Frequency 

Response Data of a Forced Flow Single T•1be Boiler" by Mr. R .G. Dorsch, 

"The StabiJ_ity Characteristics of a Boiling System with Natural and 

Forced Circulations" by Messrs. Dijkman~ Tummers and Spigt and 

"Experimental Determination of Dynamic Characteristics of a·Mono-tube 

once-through Boiler Model", by Mr. Schonberg, are related. They 

deal with the response of forced and natural circulation flow in 

single heated channel and present some analytical results and, what 

is perhaps more important right now, experimental data under reason

ably well-defined conditions showing experimentally determined transfer 

functions and time response for single heated channels. Data of 

this type is very :i.mportant for the establishment of the basic equation 

in unsteady two-phase fJow. 

The first two papers present exper::lmental data and have to do 

with actual flow oscillations while the fifth paper has more to do 

with transient response to changes in conditions and works in the time 

domain. If one has followed the development of the two-phase flo\-! 

literature, in general, one can see that a principal of feedback is 

involved and displayed at work in the research activities reported 

on here. Each succeeding generation of papers becomes more involved 

and more detailed. The results of the first simple analytical attacks 

and primitive experiments on these stability problems showed that 

modelling was too simple, that what happened is that more problems 

were defined. 

This led to a second generation of analyses still more co~plex 

and detailed, etc. Until recently there were perhaps more different 

analytical approaches available than good experimental points against 

which these analyses could be compared. One now begins to see certain 

basic threads emerging in common from the many types of stability 

problems under investigation, whereas the early literature was 

categorized often by the type of system one was concerned with, i.e., 

natural convection, forced convection, horizontal? vertical, parallel 

channels, etc. One now begins to see the analyses and experiments 
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being more confined to a type of flow oscillation or excursion, on the 
I 

assumption that there are perhaps fewer fundamental types of two·~phase 

flow misbehaviors or basic system dynamic characteristics than there 

are types of apparatus in which they might be found. 

Mr. Dorsch's paper II.1 deals, not only with the dynamics of 

the heated channel 1 but with the dynamics of the feed system as well, 

all but one of his operating conditions thatseem to be concerned 

with density waves. He shows very clearly the necessity of appropriate 

time lags in the system for an instability to, in fact~ be possible. 

He also points out the very important similarity of his problem to the 

literature available on combustion instability phenomena jn various 

types of liquid fueled combustion chambers. An additional reference 1 

not cited by Mr. Dorsch, which is of some value in this general area 

is the work by Crocco and Cheng*. Experimental results preaented in 

this paper are particularly satisfying and shew how one can use 

dynamic instrumentation to analyze the behavior of a system and then 

use these results to suggest means for correcting its behaviorc While 

this is not a feasible techni~te for the designer of new equipment, 

it does at least show that one is obtaining experimental information 

in a well-defined situation that is explainable and understood. The 

next step would be to set up analytic expressions to analytically 

predict the transfer functions obtained experimentally and then anal

ytically employ the correction technique,the experiments suggested 

to achieve the same end result of a stable system. 

Paper IL2 from the laboratories of our haste~- in some ways 

similar to the work of paper II .1. - has looked at the inverse problem¥·

response to heat flux change rather than flow changes. 

Here, as above, transfer functions were measured 1 as a function 

of frequency, in natural and forced circulation in a single vertical 

* "Theory of Combustion Instability in Liquid Propellan~ Rocket 
Motors" by L. Croeco, S.I. Cheng- Pergamon Iress, 1956, 
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channel. lhis work also indicates, as did the work of Dorsch above, 

that a phase lag of about 180° is required for oscillations to reach 

maximum amplitude, although it is possible to have sustained oscil

lations of lower amplitude at different phase lngs. It is not clear 

to me whether the range of variables worked in was such that the 

oscillations were density waves or head-flow oscillations. It would 

be useful if the steady state pressure drop fJ.ow charE,cterist.ics for 

the channel at various heat fluxes were presented for natural and 

forced circulation in order that one might better interpret the 

transient data presented. More date of this type, i.e., measured void, 

wall temperature and heat transfer coefficient transfer functions, 

are necessary. 

The last paper of this sessi.on by Mro Schonberg deals with tha 

transient response of the boiling boundary and the total length of 

evaporation in a single heated tube to changes in mass flow, inlet 

temperature, system pressure, temperature of the heating fluid. The 

analysis is of interest because it is principally in the time domain, 

a Lagrangian approach and avoids a certain amount of linearization that 

is necessary in an analysis which involves analytical expressions for 

transfer functions. As with the work in the first two papers, the 

work in paper II.5 shows the importance of the residence time in the 

subcooled region of the flow as being the controlling time delay for 

the major portion of the total transit time through the heated section 

and that this transit time has a great deal to do with either the 

response of an evaporator tube to a change in operating conditions for 

the period of any flow oscillation that might arise from changes in 

operating conditions or operation in a region in which oscillating 

flow would prevail. 

I would like to conclude by saying that it has been a pleasure 

for me to serve as chairman of this session, and I feel that I have 

come away with a great deal more than I have been able to contribute 

to it. I would like to thap~ the authors of various papers for the 

time and effort they expended which was so necessa~y to make this a 

successful meeting. 
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"FLOW OSCILLATIONS AND BURN-OUT" 

Chairman: G.F. Hewitt 

3.1 "Pressure-drop" oscillations in forced convection now with 
bo::l.lin~ 
Alan H. Stenning, Professor of Mechanical Engineering, Lehigh 
University, Bethlehem, Pennsylvania, USA 
T.,Nejat Veziroglu, Professor of Mechanical Engj_neering, 
University of Miami, Coral Gables~ Florida 1 USA 
Gary M. Callahan, NASA Fellow, Lehigh University, Bethlehem, 
Pennsylvania, USA 

3.2 Flow oscillations in two-phase flow, their characteristics 
and effects on burnout 
D. Barmann, D. Hein, F. Mayinger, 0. Schad, E. \'Ieiss, 
Maschinenfabrik Augsburg-NUrnberg Aktiengesellschaft, 
Nuremberg ivorks 

3.3 Dynamic and static burnout studies for the full-scale Marviken 
fuel element in the 8 MW loop "FRIGG" 
K.M. Becker, J. Flinta and 0. Nylund 
Royal Institute of Technology! Stockholm, AB Atomenergi, 
Studsvik and AB AS3A, Vasterss, Sweden 

3.4 Flow oscillation and boiling crisis 
L.S. Tong, Westinghouse Electric Corporation, Atomic Power 
Divisions, Pittsburgh, Pennsylvania, USA 
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G.F. HE\HTT 

Atomic Energy Reaenrch Eotabliahment 
Harwell 1 England 

Although there are many other reasons for wishing to know about 

two·-phase flow instabilities, I thir.k it true to say that most of 

the interest in this field arises from a fear that the consequence of 

instability will be the occurrence of a burnout or critical heat flux 

condition at system parameters less favourable than those applying in 

the steady state. As has also been stated by Maulbetsch and Griffith 

in a later paper (VII.2) in this Symposium, one is interested in 

instability in the burnout context for two reasons: 

1. Are the available burnout data obtained under truly steady 

state conditions ? 

2. Are steady state burnout data applicable in a given real 

system ? 

Burnout is, of course, an extremely complicated phenomenon, 

even in the steady state, and only relatively recently ~t is becoming 

possible to distinguish between the various competing mechanisms. 

It will be many years before we can hope to have an understanding of 

the phenomena in unsteady conditions. 

The first paper in this session (Stenning, Veziroglu and 

Callaham, 111.1) deals with instability when there is a compressible 

volume at the inlet of the heated channel. This type of instability 
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is particularly relevant to burnout studies since it is difficult to 

avoid, and it may result j_n a much lower burnout flux. One of the 

main problems in analysing burnout data is the recognition of the 

effect of these instabilities; Macbeth(1) discusses this point in 

detail in the context of the development of his burnout correlation. 

The work described in paper III~1 illustrates the exist~nce 

of cyclic instabilities associated with the minimum in the pressure 

drop/flow curve. At Harwell, we have been studying pressure drop/flow 

characteristics in order to establish operating limits for our low 

pressure research reactors (2, 3). We find that, in parallel channel 

flow, it is impossible to operate at a mass flow belm-r that for 

minimum pressure drop without an excursion 1eading to b.urnout. This 

type of instability is discussed also in a paper by Maulbetsch and 

Griffith later in this Symposium (paper VII.2). Perhaps the authors 

of this latter paper would like to comment :.i_n the discussion. 

One of the most interesting results from paper III.1 is the 

indication that the thermal inertia of the heater can affect considerably 

the type of cycle obtained, in spite of the rather low frequencies 

observed. This contrasts with results obtained by Verheugen, Dijkm~n, 

Lamein and Tong (paper VII.3) who suggest that there is negligible 

effect. Again, perhaps the authors would like to comment. Instabilities 

can arise as a result of wall temperature changes leading to changes 

in electrical resisti~ity and, hence, changes in input power. This 

type of effect was found by us in some of our studies of burnout in 

channels with non-uniform heat flux (4). However, I note that Nichrome 

heater tube was used in the viork described in paper III .1 and, since 

this material has a small temperature coefficient of electrical resis

tivity, the effect may be minimal. 

The paper by Barmann, Rein, Mayinger, Schad and 'vJeiet: (III~2) 

gives a description of a wide range of experiments on burnout under 

unstable conditions. This paper merits careful reading and there are 

far more results in it than the authors could possibly hope to present 

in the very short time available to them., Some of the points which 

occurred to me on reading the paper are as follows 
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1. Vapour growth into superheated liquid (p.3) : this effect 

has been studied by a number of authors inc:uding ourselves 

(5) and is certainly most important. We have.reason to 

believe that this effect can lead to excursion in startup 

of high p~esoure industrial boilers, particularly when the 

liquid is well degassed. 

2. Effect of pressure on pressu~e drop/flow characteristic 

(p. 6, Fig~ 7) : these results illustrate well the change 

in characteristic as the pressure increases. The negative 

slope region disappears. It was also encouraging to see 

the good agreement with the pressure drop data obtained by 

CISE ; there is all too little of this type of comparison 

in our field. 

3. Comparison of results with Maulbetsch and Griffith 

(paper VII .. 1) analysis (p. 7~ et0.,) : I would -v1elcome 

comments by the authors of paper VII.1 on this lack of 

agreement. It does seem probable that a number of types 

of mechanisms are operating and that the comparison may not 

be relevant. 

4. Mechanisms (p. 16-18) : similar calculations of the variation 

of exit quality during oscillation were reported by CENG 

at the Grenoble meeting of the European Two Phase Flow Group 

some years ago. These latter results showed that there was 

no general rule relating the exit quality variation and the 

onset of burnout during the cycle. There is evider. tly much 

scope for examining the detailed mechanism of the process. 

Papers III.1 and III.2 demonstrated how interesting results 

can be obtained with very simple apparatus, operating at low pressure. 

In examining paper III.3, the reader may tend to underestimate the 

increase in the level of sophistication which this work involves. 

Drs. Becker, Flinta and Nylund are to be cong~atulated on this work; 

they have answered a specific problem unequivocally and have produced 

accurate and consistent data in a system of great engineering complexity. 

EUR/C/4424/67 e 



--26- Session IIIo 

As they stete! the results are obtained with uniform heat flux and there 

may be differences with the actual reactor flux p!'ofile. Hc1.>tever, it 

should be pointed out that in-pile experiments carried out in Norway 

and reported at the recent Winfrith meeting (6) showed encouraging 

agreement with correlation for uniform flux profile. 

I am unable to prepare a 11rri tten co:r::r:ent on Dr. Tong's paper 

since I have not seen the cine film. However, I would like to draw the 

meeting 1 s attention to simi.lo.r wo:;.~k carr:i.ed out in the UKAEA Laboratories 

at Winfrith (7}.. 

1. Macbeth, R.V. "An Appraisal of Foroed Convection Bt;:-nout Data" 
Proc. Inst. Mech. Eo, 180! (3C), 37 (1965-66). 

2. Forgan, R. and vJhittle, R.H. "Pressure Drop Characteristics for the 
Flow of Subcooled Water at Atmospheric Pressure in Narrow Heated 
Channels. Part I." 
A.E.R~E. - M 1739 (1966) 

3. Forgan, R. and \'ihittle, R.II. "Pressure Drop Character:lstics for the 
Flow of Subcooled Water at Atmospheric Pressure in Narrow Heated 
Channels. Part II" 
A.E.R.E.- M 1739 (Part II), 1967 

4 •. · Bennett, A.W. 1 Hewitt, GGF., Kearsey: HuA., Keeys, R.K.F. and 
Pui-~ing, D.J. "Studies of Burnout in Boi.~ing He:::.t Transfer to 1;!ater 
in ~ound ~ubes with Non-Uniform Heating" 
A .E .R .~E. - R 5076 ( 1966~ 

5. Hewitt, G.F., Kearsey, H.A., Lacey, P.M.C. and Pulling, D.J. 
"Burnout and Film Flow i:>1. the Evaporation of Water :i.n Tubes" 
A.E.R.E. - R 4864 (1965) 

6. Holstad, E. and Kjaerheim, G. ''In-pile Burnout Experiments with 
a 7.-·Rod Cluster FuGl Assembly" 
Paper presented at the European Two Phase Flow Group Meeting, 
Winfrith, June 1967 

Kirby, G.J., Staniforth! R. 
Forced Convection Boiling. 
for a Round Test Section" 
A.E.~oW. - R 506 (1967) 
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SESSION IV 

"PROPAGATION PHENmf:::NA. A" 

Chairman: G. Vossers 

4o1 Critical flow in an annular venturi 
R.V. Smith, Institute of Materials Res:~arch, National Bureau 
of Standards, Boulder, USA (on attachment to AERE, Harwell) 
L.B. Cousins, G.Fo Hewitt 
Chemical Engineering & Process-Technology Division, AERE, 
Harvrell, E.ngland 

4.2 The dynamics of waves including shocks in two-phase flow 
M. Fischer, Institut fUr Reaktorentwicklung, Karlsruhe 
ltl. Hafele, Institut fUr angewandte Reaktorp:hysik, 
Kernforschungszentrum Karlsruhe 

4.3 Acoustic oscillations in a high pressure single channel 
boiling system 
A.Eo Bergles, P. Goldberg and J.S. Maulbetsch 
Dynatech Corporation~ Cambridge, Massachusetts, USA 

4.4 Similarity of flow oscillations induced by heat transfer in 
cryogenic systems 
F~J. Edesxuty and R.S~ Thurston 
University of Ca~ifornia, Los Alamos Scientific Laboratory, 
Los Alamos, New Mexico, USA 
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Prof. G. VOSSERS 

Technological University of Eindhoven 
The Netherlands 

The title of this session is i'Propagation Phenomena An while 

in the second half of this morning there will be a session on 

'
1Propagation Phenomene. Bit. You may be interested to see "'hether there 

is a difference between the matter at ha~d in the two sessions, bet

ween propagation phenomena of "Type A'1 and those of nType Bi'. As far 

as the papers show, the second session of this morning exhibits a 

concentration on fundamental discussions of acoustic velocities in two-

phase flow and the different type of definitions that may be intro

duced, while in the present session (the type A phenomena) various 

aspects of propagation phenomena are discussed. To a certain extent 

it would have been better to start. with the discussions on acoustic 

velocities, being basic to the discussions of the present session, 

but the programme being as it is this sequence has the advantage that 

it might whet your appetite for the more fundamental discussions in 

the following session. I have discussed it with the chairman of 

session V, Mr. PETERLONGO, and we have decided that discussions on 

acoustic velocities, as they may arise in this session, will be post

poned as much as possible to the second half of this morning. 

In the four papers which were just presented to you, several 

aspects of the existence of an acoustic velocity have been shown 

- in the first paper it has been discussed that an acoustic velocity 

gives rise to a critical or mass limiting flow 

- in the second paper the method of characteristics, as de~eloped in 

compressible fluid mechanics of air, has been applied to two-phase 

flow 

- in the third and fourth papemthe oscillations occurring in a 

system, due to the existence of an acoustic velocity, have been 

analysed and design criteria have been formulated. 
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On each of the four papers I should like to make a few 

remarks. 

The first paper of Mr. SMITH and HEWITT on "Critical flO\v in 

annular venturi;;' gives the results of some detailed experiments on 

the pressure distribution in an annular venturi. In my opinj.on some very 

nice results are shown of the pressure distribution under the conditions 

of critical mass flow (the fig. 4 and 6 of their paper), which in general 

confirm the expectations we had from compressible one-phase gas 

dynamics. However, 11as soon as a finger has been offered to you, one 

wants to tnke the whole hand;; 1 as a Dutch saying goes. Thped.ally the 

results of the other measurements as film thickness, film flow rate and 

liquid film temperature, which are being announced for subsequent papers, 

will be awaited with eagerness. In my opinion they are needed to assess 

especially conclusion no. (3) of the paper, where with high liquid 

flow rates, some apparently strange results on negative pressure 

gradient beyond the throat are reported in subcritical flow. We are 

waiting for these additional results with great interest. 

The second paper of Mr. FISCHER and HAFELE - uThe dynamics 

of waves including shocks in two-phase floi·J 11 introduces the method 

of characteristics into the two-phase bubble flow with heat addition, 

and is to my opinion an important addition to the analytical tools 

necessary for understanding the mechanism of this type of flow. 

Use has already been made of the method of characteristics in the 

two-phase flow of granulate matter in a gas, but as far as I know this 

paper is the first example of a calculation with this method in bubble 

flow with heat addition. Three interesting exapples are being presented, 

which all three show the steepening of the wave front giving rise to 

extra condensation effects. The method as being used, is based on 

equilibrium conditions; it seems to me that future extension is 

possible in the direction of non-equilibrium effects. Especially for 

the analysis of what happens in the shock wave itself, where the 

thickness of the shock wave is an important parameter, relaxation 

effects due to non-equilibrium might be important. Similar extensions 

have been made in the last decade in the compressible one-phase gas 

dynamics. In my opinion future calculations in two-phase bubble flow 

dynamics will have to rely on the method of characterictics, and 
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therefore I should like to call your attention to this raper. Howev0r 

this remark will certainly be coloured by my personal acquaintance 

and interest in compressible gas dynamics. 

In the last two papers the oscillations in a simple two-phase 

flow system are being· analysed~ 

The paper of Mr. BERGLES, GOLDBERG and MAULBETSCH- "Acoustic 

oscillations in a high-pressure sir.:.sle channel boiling system 11 
- gives 

some experimental observations of the oscillations in a fluid, flowing 

through a single pipe, fitted with an entrance valve. An analytical 

model has been set up for calculatiD8 the frequency of oscillation by 

using a standard perturbation procedure. One wonders a little about 

the advantage of tho introduction of a velocity potential in one-di

mensional flow calculations, but as no use is made of the condition 

of 11no-rotation;' there is no objection to this procedure. The usual 

acoustic equations are arrived at, and an application is made to the 

calculation of the fundamental frequency of the system. Therefore, 

a calculation is needed of the average velocity of sound of the whole 

system, which has to be a constant in space and time, consistent 

with the linearized acoustic equations. However, the velocity of 

sound is rather strongly dependent on the void fraction and therefore, 

I should have preferred if the values of the sound velocities of the 

separate discrete regions which have been introduced by the authors, 

had also been mentioned in the paper. The agreement between analytical 

prediction and experiment is not too b~d, but since the trend of both 

curves is somewhat different, in my opinion the details of the cal

culated values should have been included in the report. 

In the final paper by Mr. EDESKUTY and THURSTON - '1Similarity 

of flow oscillations induced by heat transfer in cryogenic systems:' 

a similarity analysis is used for predicting the onset of flow oscilla

tion in a cryogenic system. The boiling number NBo and the specific 

volume number N appear to give a reasonable co~relation for the sv 
stability of flow systems as is shown in fig. 7 of their paper, 

where results with boiling hydrogen, nitrogen and oxygen are shown. 

Since I am not sufficiently acquainted with the relevant cryogenic 

literature, I should like to refrain from critical comments on this 

paper. 
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SESBION V --·-----

"PROPAGATION PHENOMENA, Bu 

Chairman: G. Peterlongo 

5.1 Acoustic velocity in two-phase flow 
S. \•Jilliam Gouse, Jr. , and Rowland G. Evans 
Engineering Projeots Laboratory, Mechanical Engi.neering Dept, 
Massachusetts Institute of Technology, Cambr.idge, USA 

5.2 The speed of sound in mixtures of water and steam 
A.L. Davies, Atomic Energy Establishment, Winfrith, England 

5.3 Propagation of pressure disturbances in two·-phase flow 
Hans K. Fauske, Argonne National Laboratory, Argonne, 
Illinois, USA 

5.4 Propagation velocity of small amp1itud~ pressure waves in 
steam-water mixtures 
J .B. Kielland, Institut+: for Atomer:ergi, Kjeller~ Norway 

5.5 Analytical determination of the sonic velocity in two phase 
flow 
Dr. Giuseppe Basso, C~~N, Rome, Italy 
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G. PETERLONGO 

Centro Informazioni Studi Esperienze 
Milan, Italy. 

The second group of papers presented in the session dedicated 

to HPropagRtion phenomena" has as main subject the speed of propagation 

of pressure disturbancies in one-component two-phase flow. 

1. ExPeriments. 

A first general remark must be made: available experimental 

data for two-phase one-component mixtures are very limited both in number 

and as regards the covered range of parameters. Only four sets of data, 

all relevant to steam-water mixtures,can be used to verify theoretical 

models: of these, two were taken with compression waves: at low quality 

flow near atmospheric pressure (6), and with flowing mixtures over a 

rather wide range of qualities in the 100 ~ 300 psi pressure range (8); 

the third with expansion waves, flowing mixture of very high volumetric 

quality at low pressure (7); the fourth is also related to very high 

quality mixtures (9). 

It stands to reason that a sound choice between the different 

hypotheses which are at the basis of the theoretical models requires a 

more systematic exploration of the experimental field. In particular, 

selective tests should be performed with the purpose of supporting or 

disproving these hypotheses. 

However, it can be made for the lack of experimental data 

with the many results obtained with tvm-components systems. 

The more interesting of these sets of data are reviewed by 

GOUSE and EVANS (1); the necessary extrapolation may appear rather 

questionable. Moreover, it has been shown that two main reasons make 

it difficult to get experimental data which could be considered really 

significant: 

- possible influence of the type of pressure disturbancy (compression 

or rarefaction waves) discussed in particular by DAVIES (2). 
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- possible influence of the frequency or more generally of the time 

constants typical of the pressure disturbancy. In this connection, 

GOUSE and EVANS (1) suggest the use of step rarefaction and compres

sion waves. 

The high attem:ation of pressure transmission in two-phase 

mixtures may also rise some difficulties. 

No new systematic experimental results were presented in the 

session: the paper by KIELLAND (4) describes measurements in progress 

on an existing loop ( the first data obtained must be considered very 

preliminary), while GOUSE and EVANS (1) describe an experiment in 

preparation. With their appar~tus, the difficulty of defining the 

characteristic speeu of the two-phase flow could be overcome by per

forming measurements with flow in both directions, checking at the 

same time the reproducibility of results. 

To eo:c.clude., it may be suggested to give more attention to the 

flow pattern in each set of tests : the mutual influen .. ce 

between flow pattern and speed of propagation of pressure disturban

cies has been stated, but not yet satisfactorily investigated. 

2. Theoretical models. 

Different kinds of theoretical models have been proposed to 

describe the propagation of pressure disturbancies in two-phase one

component flow; an attempt to classify them is made (in the table), 

on the basis of the different hypotheses on which they rely. 

- First, the two-phase flowing medium in which the pressure disturbancy 

waves propagate may be considered homogeneous or heterogeneous. It 

is evident that the easy extension to two-phase flow of the laws and 

of the correlations found with the much simpler si 

makes the homogeneous models ~ery attractive. 

e-phase flow 

However, if the influence of the frequency or more generally of the 

time constants typical of the pressure disturbancy becomes important, 

heterogeneities of the different flow patterns should be considered. 

This is in particulRr underlined in the pape:rs of GOUSE and E":~ANS ( 1) 

and KIELLAND (4). 
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An heterogeneous model should on the other hand describe accurately 

each flow pattern: this appears difficult, also if one considers only 

some very simple conditions, as for instance the pure dispersed flow, 

in which the radial distribution of droplets, of their speed and 

size should be considered. It seems that, likewise other phenomena 

typical of two-phase flows, homogeneous models may bring to results 

sufficiently accurate over a wide range of interest. 

Heterogeneous models are probably necessary in some limit cases, as 

for instance: very high frequency of the pressure disturbancy coupled 

to large droplet (annular flow) or bubble (bubble flow) size. 

- The basic hypothesis in studying the sound propagation in single

phase flow is that the process can be considered isentrop~c4 This 

hypothesis is fully checked experimentally, and the theory of sound 

propagation on which it is based is quite satisfactory. However. it 

does not explain particular high intensity phenomena, as the propa

gation of shock waves. For test elements having a constant cross 

section, without heat transfer from the walls to the two-phase flow, 

the theories presented in this sessi)n do not take into account 

the influence of irreversibilities. This assumption appears q1lite 

sound, by analogy to single-phaoe flow. It should be considered 

carefully in the comparison with experimental results, particularly 

in the case of high inter-sity compression waves which ~ay coalesce 

into a shock wave (this is the case of the test proposed by GOUSE 

and EVANS (1). 

In the paper by BASSO (5), a possible approach to the study of 

instability phenomena connected to the propagation of pressure waves 

in constant cross section heated conduits is presentedi in this case 

the process is no more isentropic, and hypotheses must be made. The 

basic idea is very interesting) some discussion is necessary on the 

several assumptions, as for instance that concerning the bubble 

behaviour, and on the consequent conclusion. 

- Momentum exchanges between the phases during a pressure perturbation 

are also to be considered. This problem was already discussed in the 

analyses by BOURE (12). In his theory, Dl:;.VIES (2) assumes the flow 

locally homogeneous; in other words the velocity of each phase is 

locally the same also during the transient. 
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Taking into account the conclusions by DAVIES, FAUSKE (3) proposes 

a more general model, in which allowance is made for different 

mechanisms of momentum exchanges between the phases, with two limit

inG conditions: equilibrium momentum exchanges (locally homogeneous 

flow) and no momentum exchanges. 

This model looks very attractive: it may be remembered that the diffe

rent local behaviour of the two phases has received a number of 

experimental confirmations, as for instance in the study of an 

isokinetic sampling probe used in annular-dispersed flow with two

component mixtures (10). 

However, as one parameter in the equations by FAUSKE is determined 

from the experimental data, further checks with different sets of 

data will be useful to confirm his assumptions. 

It must be remembered that the hypotheses of some local velocity of 

the phases is correct in the case of imperturbed flow: in this case 

the average slip values are determined by the density and velocity 

distributions across the channel section. 

- To end with, assumptions must be made on the exchanges of mass and 

energy between the phases, which characterize a two-phase one-component 

flow. In the paper presented by DAVIES (2) this subject is discussed 

in detail, and the following conclusions are drawn: the propagation 

of compression waves takes place, at least initially without mass 

and heat exchanges between the phases (these exchanges require a 

finite time, and may eventually influence the shape of the pressure 

wave behind the front), while the propagation of rarefaction waves 

may be considered an isothermal process. 

In the table, some indicotions are also given on the possible field 

of validity of the theoretical models discussed, with different 

two-phase flow patterns and pressure disturbancies. 

4. Conclusions • ...._ 

Some concluding remarks can be here resumed: 

- To widen field of available experimental results on the propagation 

of pressure disturbancies in one-component two-phase flowing 

mixtures, tests should be performed in two main directions; 
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- systematic tests over wide ranges of variables, accompanied if 

possible by an accurate description of the relevant flow patterns 

- selective tests, to support or disprove the different hypotheses 

of theoretical models. For instance, appropriate tests with two

component mixtures may give indications on the mechanism of 

momentum exchanges between the phase. 

- Some discussion should be raised on the reliability of the available 

data on which different theories must be checked. This reliability 

has been questioned in some of the papers. 

- Discussion appears also useful on the main assumptions of the 

theories, in particular: accuraoy of an homogeneous description of 

the two-phase flow, possibility of momentum e~changes different from 

the equilibrium ones, unconventional approach proposed for the flow 

in heated channels. 
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REMARKS BY CRAIRMAN, SESSION VI 

L.G. NEAL 

TWR Systems 
Redondo Beach, U.S.A. 

The papers of this session have dealt with physical models of 

two-phase flow from various points of view. Paper nr.1 is concerned· 

with demonstrating the reality of \'That the author calls "the density 

effect mechanism" as the explanation of hydrodynamic instability using 

a simplified mathematical model. I think that too much emphasis is 

placed upon transportation effects in this demonstration. Hydrodynamic 

instability is caused by a flow-void feedback procGss involving the 

total system in which transportation effects are only a part. It is 

difficult to explain my objection in detail without delving deeply 

into the subject of my paper which will be given this afternoon. 

Therefore, I shall not give further comments on this paper. until i;hen. 

The purpose of the second paper is to obtain static and dynamic 

solutions of the two·-phase flow equations. This paper is like paper 

nr.1 in the respect that both papers assume a variable density single 

fluid model. However, the method of calculating the fluid density is 

quite different. Hopefully, we shall have some discussion of this in a 

few minutes. 

The third p9.per appears to be more of a progress report of work 

currently being performed rather than a completed paper. The work 

relates to experimental and analytical studies on the dynamics of once-
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through boilers. However, I have to say frankly that the paper is so 

brief that it is impossible to evaluate in detail. The equations are 

listed and assumptions stated. with only a statement or two. I would 

have been interested to know more about their method of solving the 

equations and further deta:ns on the j llStificaticn and the necessity 

of their assumptions. Hopefully, these details will appear when a 

completed work report is generated. 

The purpose of the last paper in the session is to explain the 

necessary and sufficient equations and variables for a properly formul

ated analysis of two phase, one component flow. Tl1.is paper is inter

esting and provocative because of statements, such as (page 1) "Most, 

if not all, relevant papers which deal with establishing conservation 

laws give unequal numbers of equations and dependent variables". The 

author f~rther implies that previous analysis of two phase flow are 

incorrect because they do not use the proper number of momentum 

conservation or mass conservation equations. 

I have personally performed a number of analysas of two phase 

flow in the past and these statements would apply to me. I investigated, 

in some detail, the author's statements and would now like to make a 

few statements in defense. 

The author points out that for a two phase system, two 

independent conservation of momentum eqaations can be written, yet 

analyzers of two phase flow have used only oneo In place of the second 

momentum equation a slip ratio equation is substituted. The substitut

ion has been made for good reasons. The use of two momentum equations 

requires information about t'h.e momentum transfer between phases and 

the relative amount of wall friction which is to be attributed to each 

phase. These data are not available, and because of the complexity of 

the flow they do not appear to be forthcoming. The use of a slip ratio 

equation has been a convenient expedient. 

Admittedly it is not very pleasing to replace a conservation 

equation with an empirical correlation, but it has been the only 

successful approach to solving two phase flow problems. 

EUR/C/4424/67 e 
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The author's atatemcnts about the use of the conservation 

equations are true in genera::.. for the analysis of mul ti·-component 

systems, but for analysis of saturated boiling flow (the problem 

considered in the paper) the statements about the conservation of m~ss 

equations are not correct. 

The 17mixture 11 conservation of mass and energy equations are 

the following: 

0 
( 1) 

and 

3 
{ ap h + ( 1- a) p h j + V • 

T S S W w 

(2) 
{ ap V h + ( 1~.a.) p \T h J s s s (J) (J) (J) = 

To simplify the derivation, the assumption will be made that the 

saturation enthalples of both phases are CO!ls"'::ant. It is not necessary 

to make this assumption and I will show what the res·ult would be 

without it at the end of the analysis. 

The procedure to be followed now is to multiply the conserva

tion of mass equation by h , the vapor saturation enthalpy, and to s 
subtract the conservation of energy equation from it. The conservation 

of mass equation multiplied by h is: 
s 

a tap h + ( 1- a) p h j + V • { ap V h + ( 1 ~ a) p V h ; = 0 aT ss ws sss wws 

Now equation (2) is subtracted from equation (3) to yield, 

. .1.(1-a)p (h -h)+ 
dT W S W 

V• (1-a)p V (h-h) = -Q 
w (l.l s (J) 

The term (h -h ) is the heat of vaporization and for this analysis s w 
assumed constant. Rearranging equation (4) by dividing both sides 

(h -h ) gives the following, s w 

_2_ ( 1- a) p + V • ( 1-·a ) p V 
w w w 
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which is the conservation of mass equation for the liquid phase. ·rhe 

first term on the left is the rate of change of liquid ccncentration~ 

the second term on the left is the change in the liqQid mass velocity, 

and the right hand side is a source term for liquid. 

Note that had the "mixture" conservation of mass been mul

tiplied by h instead of h , the conservation of mass for the vapor w s 
phase would have been obtained. 

If the procedure above is followed without the assumption that 

h and h 
s w were constant, an additional source term will appear on 

the left side which gives the rate of liquid production or consumpt~.on 

as the saturation enthalpy of the phases changes in time and space. 

The conclusion to te drawn here then is that the discussion of 

the correct number of equations for a proper analysis of multi-compo

nent flow is, in general, correct. However, saturated boiling flow is 

an exception and thus previous analysis of two phase flow are correct~ 

at least in this respect. 

Finally, let me state that I have given more time to the last 

paper not because I think less of it but because I think moreo Every

one can benefit from reading it carefully~ 
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C.A. Arneodo, G. Gaggero, P. Gregorio, E. Lavagno, R. Lazzerini, 
C. Merlini, B. Panella, A. Taricco, 
Politecnico di Torino, Turin, Italy 

7.3 The influence of the response characteristics of the heating 
rod on the stability and burn-out characteristics of a boiling 
channel 
A.N.J. Verheugen* , F.J.M. Dijkman** , H.J. Lamein***, L.S. Tong**** 
*Reactor Centrum Nederland, The Hague, 
**Technological University of Eindhoven, 
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7.4 A model for the dynamics of nuclear reactors with boiling 
coolant with a new approach to the vapour generation process 
K.O. Solberg, and P. Bakstad, 
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7.5 The effect of slip ratio on the crucial boiling length in 
two-phase instability 
Louis M. Shotkin, Brookhaven National Laboratory, Upton, 
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REMARKS BY CHAIRMAN, SESSION VII 

A • KIRCHENMA YER 

Allgemeine Elektricitats-Gesellschaft 
.Frankfurt, Germany 

If we compare the various contributions to Session VII, we 

have to keep in mind that the working conditions and the loops which 

are theoretically analyzed are to some extent different. Therefore, 

a different dynamic behavior can be expected and accordingly different 

theoretical models will suit their purpose best. 

In papers 7.3. (presented by l1r. VERHEUGEN) and 7.5. (presented 

by Mr. SHOTKIN) boiling loops are considered, which are analogue to a 

natural circulation boiling water reactor. Paper 7.4. (presented by 

Mr. BAKSTAD) deals with a complete system of this type of reactor. 

In paper 7.1. (presented by Mr. GOUSE) and 7.2. (presented by 

Mr. GREGORIO) special loops are analyzed, having less similarity to the 

conditions given in a BWR. None of the contributions refers to the 

modern forced circulation boiling light water reactor. This of course 

does not exclude the appropriate use of some of the information even 

for the design of such reactors. 

If we look at the theoretical methods used by the contribution 

to this session we realize that the simpliest treatment is described 

in paper 7.2. (presented by Mr. GREGORIO). The time does not appear 

as variable at all. The code presented in that paper evaluates the 

steady-state flow conditions for increasing inlet temperatures and 

predicts the instability thresholds defined by the authors as condi

tions at which the flow rate is reduced abruptly because of increased 

pressure drop in the test section. 

In the other four papers time dependent differential equations 

are considered. With the exception of paper 7.4. (presented by 

Mr. BAKSTAD) the analyses are restricted to small deviations from the 

steady-state condition. In this range the equations are linearized and 

Laplace-transformed. This procedure was already used since ten years in 

the treatment of two-phase flow stability problems, but was considered 

by some authors as not being permissible in this field. Thus it looks 

like this objection is not considered valid anymore. 
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For large transients the nonlinearities can not be eliminated. The 

type of solution for this case is given in paper 7.L~. (presented by 

Mr. BAKSTAD). If applied only for stability analysis, this method 

can be uneconomical. 

During the last ten years of theoretical work on two-phase 

flow stability the complexity of this problem became evident. There

fore it is always impressing that in certain cases good results can 

be obtained by using very simple methods. Such examples are given 

in paper 7.1. (presented by V~. GOUSE) and 7.5. (presented by 

Mr. SHOTKIN) where the dynamic behavior of the loops are mathematically 

described by one differential (or characteristic) equation of third 

order only. 

Paper 7.4. (presented by Mr. BAKSTAD) gives a thorough and 

detailed presentation of the mathematical description of the whole 

system of a natural circulation BWR • In the framework of a very 

general treatment no thermal equilibrium in the coolant is assumed. 

In the paper 7.3. (presented by Mr. VERHEUGEN) the response 

charateristic of the heating rod is treated in details according to 

similar earlier publication. No influence on the onset of instability 

has been found. 

With the exception of paper 7.4. (presented by Mr. BAKSTAD), 

where only steady-state void distribution is compared with the theory. 

the results of the calculations are compared with experimental data. 

Generally good agreements have been obtained. 

In order to save time I am not going to present further 

details of the models or a thorough comparison of them. Further 

reasons for doing so are: 

1. The models are partly published earlier, so they can be considered 

as known 

2. It would not be very useful to compare only the models presented 

to the session VII and disregarding the contributions to the 

sessions VI and VIII. 
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8.3 Stability problems of boiling water reactors 
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**Senior Engineer, Mechanical Technology Incorporated, Latham, 
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REMARKS BY CHAIRMAN, SESSION VIII 

C.L. Sl?IGT 

Technological University of Eindhoven 
· Th·e Netherlands 

This is the third and last session devoted to the physical and 

mathematical description for the hydraulic behavior of two-component 

or two-phase mixtures. 

In this session there are three main problems dealt with 

(a) the mechanism of hydraulic oscillations 

(b) comparison of existing mathematical descriptions 

(c) the basic formulation of the laws governing the behavior of two

phase flows. 

In Paper 1.1. of NEAL it is stated that the dominant mechanism 

which causes the onset of spontaneous flow oscillations in boiling 

systems involving the total system, is a linear regenerative feedback 

between flow rate and vapor volume. According to NEAL the instabilities 

in boiling systems arise because the vapor production rate depends 

upon the mass flow rate as a consequence of energy conservation, while 

simultaneously the mass flow rate depends upon the resident vapor 

volume in the system as a result of momentum conservation. For showing 

evidence for his statement he is referring to his own experimental 

work and that of Eindhoven. 

In terms of this linear feedback he gives a plausible explana

tion of the effects of pressure, subcooling, channel wall heat capacity 

and frictional distribution. 

I think his statement is in agreement with the remarks of 

KIRCHENMAYER and SCHOLZ in paper 8.3. and indicated on a scheme on 

page 3 of their paper. The authors of paper 8.1. and 8.3. agree also on. 

the point that for a stability analysis and the determination of the 

onset of oscillations the analysis can be restricted to small oscilla

tions from the steady state which allow for the use of linearized 

equation. 

4 
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I believe also Professor ZUBER agrees with the statement of 

NEAL when he is talking in paper 8.4a. on page 7 about the interaction 

between the rate of vapor formation and the coordinating process 

(variations of inlet flow). Also he is using a linearization of the 

equations in his analysis. Finally, I like to mention that also BOURE 

indicates the feedback between void and mass flow as the cause for 

the oscillations. He calls this nl' effet de densi te;i. 

The opinions of the authors of paper 8.1. and 8.3. are opposite 

with regard to the use of lumped or distributed parameter models. NEAL 

is stating that the lumped parameter models are not applicable to many 

reactor fuel geometries, especially those involving long fuel assem

blies because they do not treat the distribution and transportation 

effects adequately. To the authors of paper 8.3. it seems that, so 

long more or less rough assumptions have to be made of f.i. the slip 

ratio and of the distribution of thermal energy to each of the two 

phases(especially with regard to the assumptions mostly made that the 

dynamic values of slip, etc. are determined by the instantaneous 

values of the flow variables), it is rather doubtful whether long 

computer times can b0 justified which are necessary to obtain the 

numerical solutions of the differential equations. This implies and 

I agree with it, that when we know more about the exact form of the 

correlations, the distributed parameter model will give greater accu

racy. Professor ZUBER gives us a warning in using digital computer 

programmes. Naturally it is evident that we must carefully programme 

and make stability tests of the programme, especially with regard to 

the choice of the number of .4lz and At steps, before going into the 

experimental runs. ZUBER as well as KIRCHENMAYER state that it will 

be difficult to get a general impression about the influence of the 

various parameters from a distributed parameter model. I cannot feel 

that, while you get out the computer any information you want, e.g. 

the distribution along the channel and the overall quantities. Both 

authors are in favor of an analytical integration of their equations. 

KIRCHENMAYER did find a rather good agreement with their own experi

mental results and of those of the E.B.W.R. 

Regarding the comparisons of the various models there are two 

extensive studies, one from NEAL and the other from the Scandinavian 
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Group. NEAL made e. comparison of about 15 models, while the Scandi

navian Group reported the comparison of about 7. In doing this we 

must ask to ourselves what we are comparing. Nearly all models 

differed not only in the assumption with respect to the slip factor, 

two-phase pressure drop correlation, etc., but also with respect to the 

mathematical treatment of the equations (lumped distribution, linearized, 

non-linearized, number of nodes, number of time-step, integration or 

iteration procedure). I don't know if the conclusion obtained by NEAL 

that Jones Stable II programme is the most reli.::tble computer study, 

is a general conclusion. Perhaps when he uses the programme of JAHNBERG 

with another slip correlation or compares the predictions with another 

set of experiments he comes to another conclusion. I think the best 

way of comparing models, if one wants to do it, is to start with the 

same correlations nnd tc teat~the influence of the mathematical treat

ment on the results and then by introducing various correlations in the 

models to test the effect of the various correlations in dependence 

of the mathematical treatment. In paragraph 8.5. of paper 8.2. there 

is made a start in this direction. This way of comparing may be very 

useful. 

Regarding the comparisons of the steady state predictions made 

by the Scandinavian Group they draw conclusions regarding the best 

slip correlation from the recirculation studies. I think,with special 

reference to the slip factor,it is better to go the other way round 

and make a detailed analysis of the existing information regarding 

void data and try to define new measurements taking into account, in 

my opinion, the notable work in this field of Professor BANKOFF and 

Professor ZUBER. Regarding the onset of subcooled boiling and the use 

of the model of BOWRING, I like to refer to the 1rrork of Grenoble by 

COSTA presented in Winfrith in June 1967. 

In his two papers Professor ZUBER makes two statements about 

the widely used formulation, see paper 8.1. (appendix A). 

First he states that his formulation cannot take into account 

thermodynamic non-equilibrium conditions. I refer to paper 7.4. 
describing the RAMONA-programme, which takes into account subcooled 

boiling as well as flashing flow non-equilibrium conditions but as 

'C'TTn If" llolo -,j, It:,-, ~ 
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we know now, not in the way as Professor ZUBER wants to do it. Also 

in the Eindhoven programme we can allow for void formation in the 

subcooled region as well as superheat in the liquid or steam in the 

bulk boiling region. This can be introduced by giving a correlation 

for the void fraction in both regions or a law governing the difference 

between the steam and liquid temperatures. We are in the process to 

derive these laws or at least to find a basis for these laws from a 

more sophisticated model including the nucleation process at the wall 

and the transport of steam into the liquid taking into account the 

distribution over the cross section of the phase velocities and liquid 

temperature. I refer to the Journal of Nuclear Engineering and Design, 

Vol. 5 no. 4 where we applied our approach to a liquid sodium system. 

The second statement says that when the vapor slip is of importance 

the propagation of the various disturbances cannot be determined properly 

when the equations are not formulated in terms of the center of mass. 

This is illustrated according to ZUBER by the fact that some authors 

find it necessary to define four mixture specific volumes, see paragraph 

2.3.2. of paper 8.4b. Honestly I must admit that also in our approach 

we need in fact your slip factors, one in the continuity equation, two 

for calculating the acceleration losses in the momentum equation 

(most authors put these equal to 1) and one in the e·nergy equatio·n 

for differentiating between the two liquid temperatures involved. 

I refer to EUR-2842e. Although the approach of Professor ZUBER may be 

in particular ~ases, somewhat simple and fundamental, we think that we 

ultimately must get the same results. One member of the Eindhoven Group 

likes to make further comments on the approach of Professor ZUBER. 

I leave the floor now for the discussion. 
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9.1 Two-phase flow oscillations in vertical, parallel, heated 
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9.2 An experimental investigation of boiling channel flow instability 
Donald F. d 1Arcy, Atomic Energy of Canada Ltd., Chalk River, 
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REMARKS BY CHAIRMAN, SESSION IX 

H. CHRISTENSEN 

Institutt for Atomenergi 
Kjeller, Norway. 

like to begin by talking for a minute about the 

of this session . "Parallel Channel Stabilityu. . 
mean-

As we all know, a nuclear reactor as well as other types of 

boilers are made up of a number of parallel coolant channels. There 

may, or may not, be a common inlet and outlet restriction 
' 

and there 

could be a closed loop syste~ through a downcomer, and possibly a pump. 

A constant pressure dropA p can often be assumed to exist across the 

core. If so, the determination of hydraulic stability limits for the 

core bec.omes a relatively simple problem, involving a consideration of 

a single channel only. This has become known, very unfortunately in 

my opinion, to determine parallel channel stability. 

- -- ~-

44 4 6 
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A very much more difficult problem, which really involves the 

consideration of several parallel channels, develops. if /j. p is not · , · .. 

constant in time. To treat this problem the power distributions and 

orifices for each channel (or suitable groupings of channels) must be 

specified. The downcomer circuit is then added on as an extra 

"upcomer" with negative flow velocity and a negative pressure drop 

representing the pump. I know. of no computer program freely available 

which can treat this problem, but perhaps Dr. Tong can correct me on 

this point. Our own APRIKOS model can in principle treat the problem, 

but our analogue computer installation is not big enough to simulate 

a decent number of channels. 

I found the four papers presented at this session to be 

extremely different. 

The first two give experimental results of the onset of 

instability in three paralle~,heated tubes, and the last two papers 

present analytical results. 

Crowley, Deane, and Gause study a constant pressure drop system 

using freon as the working fluid. As far as I can see, all the 

relevant information is. given in the paper, and the data should prove 

very valuable for analytical work such as model testing. ·The smooth

ness of some curves- I am referring for instance to Fig.,3- is not 

quite as I would expect to find water data. I would like Prof. Gause 

to comment on this point. 

A very different experiment is described by d'Arcy in 

paper IX.2. This is a large, practical experiment at great cost, trying 

to assess the characteristics of a reactor coolant system. The traces 

show that the outer loop common impedance plays a role in this case. 

Data of this type is scarce, and the very comprehensive data presented 

here should prove to be a very important addition to the literature. 

I have found from experience that it is very difficult to compare data 

from loops as complicated as Dr. d'Arcy's with theoretical models, and 

I would advice anybody who intends to try this, to write to Dr. d'Arcy 

for a complete set of drawings of his loop. 
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Mathiesens data, presented in paper I~1, should also be mention7 

ed here. Some of his data concern two parallel channels. Although 

his was a natural circulation case with coupling between channels, 

through the downcomer, this coupling proved weak, and of ."little conse ... 

quence for the onset of instability. 

The paper by Davies and Potter treats the constant pressure drop 

case, and so considers a single flow. channel. This could with equal 

justification be put into several of the other sessions of this 

Symposium. I am glad that it f.ell into mine, cause I found. it an 

excellent paper. 

The paper of Davies and Potter I found to be a very interesting 

one, and I feel the authors have reached the goals they set themselves: 

namely through a somewhat simPlified mathematical model try to gain 

insight in the phys~.cal processes governing the stability of a boiler 

tube. 

Any stud~nt of two-phase flow seeking such insight would be 

recommend to make a thorough study of this paper, although I realize 

that such insight can scarcely be gained by mere reading.of papers. 

I would like to urge the authors, however, to make the computer 

program made by them generally available. I believe it would prove to 

be of considerable educational value, even for experienced workers in 

the field, to "play" with this.program, and he able to follow how the 

various pressure drop vectors change-magnitude and phase with varying 

frequency, or changing parameters. 

I hesitate to judge to which ~xtent this program will be use-

ful as an engineering tool, but I believe the analysis is thorough 

enough to merit comparison with several recent programs made for such 

purposes. Pressure effects are not included, but this is perfectly 

admissible for a majority of applications. •;;he neglection of subcooled 

voids, on the other hand, could be important under certain circumstances. 

A more serious restriction comes from the use of the homogeneous 

assumption (slip = 1, 'and. using a simple friction drop representation). 
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For the stated purpose of gaining physical insight, I can agree to the 

authors' statement : 

"Inclusion of Steady State Correlations into Dynamic Caiculations is 

Felt to be Invalid and the Extra Complication is not Justified at the 

Moment". 

If the authors meJln:t this to be a general observation, however, 

I must object. 

Davies a~d Potter find it unfortunate that the Ledinegg type 

instability has become so widely known and is so often considered 

the only mode of instability. I would like to stress this point. 

In my.own e~perience with two-phase flow dynamics, admittedly mostly 

from water systems at reasonably high pressures, I have never come 

across a pressure drop vs. flow curve with a negative slope partie~. 

I would like to invite the auditorium to comment on this point, and I 

would &lso like to see somebody do a systematic survey of the parameter 

ranges that could lead to such conditions. 

Paper IX.4 py Fajeau describes some results obtained with the 

CACTUS code. The code itself is not presented, and I cannot comment 

upon it. Two different cases are studied using the code, name of 

which concerns the subject of this session but of considerable general 

interest, nevertheless. In the first case Fajeau tries to evaluate 

the effect on transient behaviour of taking into account voids in the 

subcooled region.Much too little information is given in the paper 

to properly evaluate the results, but it seems to me - judging from 

Fig. 1 - that a case has been chosen where there just does not seem 

to be any subcooled voidage to speak of ! . 

The second case studied, the effect of power shape on the 

inception of instability, is of quite some importance. The results 

show that it pays to push the power towards the top of the channel •. 

Again I must criticize the author for not giving us enough information 

to appreciate his analytical efforts. In closing I would like to come 

··.back to one of the concluding remarks in paper IX.3 
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"Unstable flow is not caused by any single feedback effect, a number 

of different factors can cause instability 11 • • • • 

For my own part I would like to add : "be careful in accepting 

as generally applicable any conclusion as to the effect of design 

modifications". 

The statement that inlet gagging is stabilizing, has been made 

at least ten times at this Symposium. Yet, I can quote an example 

where this could have led to the wrong actions. A natural circulation 

BVffi for ship propulsion exposed to sea motion would exhibit nuclear 

power variations (in the absence of control actions). In a practical 

case I am familiar with, analysis showed that an increase in inlet 

restriction would exchange these variations (there is a catch here, 

and I will leave it to you to spot it). 
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SESSION X 

"FLOW REGIMES" 

Chairman; H.K. Fauske 

10.1 Cancelled 

10~2 Cancelled 

10.3 Interfacial disturbances and stable waves in two phase 
annular flow - An experimental study 
H*S. Chung and W. Murgatroyd 
Nuclear Engineering Department, Queen Mary College, 
London, England 

10.4 Transition from churn-annular to annular flow 
E. Rhodes, D.S. Scott, 
Department of Chemical Engineering, University of Waterloo, 
Waterloo, Ontario, Canada 

10.5 Heated wall-droplet interaction for two-phase flow heat 
transfer in liquid deficient region 
Dr. Maurizio Cumo, Dr. Giovanni Elvio Farello, 
Laboratorio Tecnologie Reattori, Centro Studi Nucleari della 
Casaccia, Comitate Nazionale Energia Nucleare 1 Roma, Italia. 
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REMARKS BY CHAIRMAN, SESSION X 

H.K. FAUSKE 

Argonne National Laboratory 
Argonne, U.S.A. 

I think it is quite clear from the papers presented at this 

conference, that our understanding of two phase flow is still in an 

empirical state; 

vlhat information are we ~hen lacking the most in order to 

improve prediction methods in two phase flow ? 

The first thing that comes to my mind is a good description of 

flow regimes or so~called flow patterns. As has been recognized for a 

number of years several ·flow regimes can occur in a two phase flowing 

mixture, including bubble flow, slug flow, annular flow and mist flow, 

to quote some of the more popular regimes. Why do we need information 

about flow regimes ? Let us look at a few examples. 

Analytic information pertaining to instability (a major portion 

of the conference papers), pressure drop, rapid pressure build-up, etc. 

are normally sought from the one-dimensional equations of hydrodynamics 

of multiphase flow, i.e., conservation of mass, momentum and energy. 

These equations in their usually written form hold for all flow regimes. 
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However, a solution of these equations cannot be obtained without 

specifying the void fraction, or the vapor quality, velocity ratio and 

the density ratio, or equivalently an equation of state for two phase 

flow similar to that used for single phase flow. In the past such an 

equation has on numerous occasions been obtained by assuming thermo

dynamic equilibrium and an empirical or highly idealized analytic 

expression for the velocity ratio. However, in many flow systems 

(steady state as well as transient) thermodynamic equilibrium most 

likely is not maintained in the accelerating or decelerating mixture 

(subcooled boiling, super-saturation of the liquid and delay in flash

ing). The deviations of the above quantities from the equilibrium state 

must therefore be evaluated. This will necessarily involve accurate 

descriptions of transport processes such as mass, momentum and heat 

transfer between the phases which will depend directly on the interface 

conditions, i.e., solutions to the overall one-dimensional conservation 

equations will depend on the flow regime (bubble, slug, mist, etc.). 

For example, the rates of heat, mass and momentum transport between the 

phases are expected to be quite different in bubble flow than that in 

mist flow. Likewise for annular flow, where additional differentiation 

can be made between a smooth interface and a highly wavy one. In the 

latter case the amplitude as well as the wave frequency are needed to 

accurately describe the various controlling rate processes. 

It appears, therefore, if significant improvement is to be 

achieved over existing models, including many presented at this confer

ence, a much stronger emphasis on flow regimes is needed. This will 

become more apparent as we gradually move from non-metallic to metallic 

fluids. The latter fluids appear to show large deviations from thermo

dynamic equilibrium. Much more detailed flow regime maps are therefore 

needed, including descriptions of each flow regime, i.e., bubble, slug, 

and droplet size as well as distribution, including transition from one 

regime to another. Only there can accurate descriptions of two phase 

flow problems be carried out, where analytical descriptions tested 

for one range of data can be extrapolated to other ranges of interest 

without additional experimental confirmation. 

EUR/C/4424/67 e 



-61- Session X. 

It is therefore somewhat disappointing that only a few papers 

at this Symposium deal specifically with flow regimes. On the other 

hand, the papers X.3 and X.4 serve as excellent examples of the kind 

of work that should be carried out for improving two phase flow descrip

tions. The last paper, X.5, illustrates an application of a particul~~ 

flow regime (droplet flow) to study two phase flow heat transfe~ in 

liquid deficient region. 

The authors of paper X.3 , Chung .and Murgatroyd, report on a 

continuing effort to accurately describe the two phase annular flow 

regime with particular reference to wave formation, film thickness and 

wave-height. Results are presented from experiments on two phase 

annular flow in a vertical annulus using air or water for the core and 

oils or water for the film at the ambient conditions. The theoretical 

portion of this work I believe was presented in a paper entitled 

"Studies of the Mechanism of Roll 'vlave Formation on Thin Liquid Film", 

by Chung and Murgatroyd at the Exeter Conference in 1965, but is not 

referenced in paper X.3. The Exeter paper is probably more readily 

available than reference 6 in paper X.3, and should, in my opinion, 

be included in the reference list. This reporter finds the value or ~.5 
for the ratio of film thickness to the roll wave height as illustrated 

in Fig. 7 and Fig. 8 in the paper very interesting. It should be 

mentioned here that a value of 2.5 for a core flow Reynolds number 

equal to 9000 was reported by Huyghe and Mondin (1); However, the 

latter authors found the ratio to be strongly dependent upon core flow 

Ref at Re = 25000 the ratio of film thickness to the wave height it ~10. 

Some discussion regarding the core flow Reynolds number dependence 

appear therefore necessary. 

The inception of droplet entrainment is of great importance in 

many applications of liquid film flow. The authors of paper X.3 present 

data on the onset of entrainment at several constant core rates; 

however, no comparisons or how they differ with available entrainment 

data in the literature, are given. As an example, the data presented 

in a paper entitled 11 Liquid Mass Transfer in Annular Flow", by Cousins, 

Denton and Hewitt in 1965 may be quoted (2). Several analyses have 
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also appeared in the literature on the onset of entrainment. The use 

of dimensionless groups for the correlation; of the inception of 

entrainment has been suggested by Zuber (3). This analysis requires 

information about the film thickness. Since film thickness measurements 

are presented in paper X-3 , a comparison between predicted and measured 

values for the onset of entrainment would have been of great interest. 

The following statement is made on page 7 of paper X.3 "It can be seen 

that the inception of the entrainment is roughly independent of the 

core flow rate and dependent on the film rate". The independence of the 

core flow rate this reporter finds somewhat surprising. 

Quantitative data of pressure loss are also presented in 

paper X.3. \Vhen these were compared with predictions from the Lockhart

Martinelli correlations disagreements were indicated, but no discussion 

was given as to why. Similar deviations have been observed by Cousins, 

Denton and Hewitte 

Paper X.4, by Rhodes and Scott also treats aspects of the 

annular flow regime. However, these authors used water and air entering 

through a homogenizer near the bottom of the test column, which was 

designed to give a uniform spray of water, as compared to paper X.3, 
where the liquid was injected at the wall to form an annular film 

immediately. 

The main presentation of paper X.4, consists of a movie 

describing othe transition from so-called churn annular to well-defined 

annular flow. Churn-annular flow being referred to in this paper as the 

case when a number of bubbles are entrained in the liquid film. This 

description of churn-annular flow is somewhat different from that 

accustomed to this reporter, which namely is : the long transition from 

slug to annular flow 1 where the liquid regions alternately tend to build 

up and break down, which results in a churning motion. Maybe a new name 

is cneeded to describe the flow regime discussed in paper X.lf-. in order 

to differentiate it from the commonly known churn-annular flow regime 

(maybe bubble-annular flow). No discussion is given on the mechanism 

of entrainment of bubbles in the liquid film. This was discussed by 

Hanratty (4) in some detail, in 1965. 
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Paper X.5, by Cumo and Farello describes a very interesting 

study of the drop-wall interaction from experimentally reproducing a 

two phase high dispersion mixture. This study is related to the well

known Leidenfrost phenomenon which dates back to 1780, and which was 

recently treated by Wachters, Ref• 1 in paper X.5 and by the same author 

in a paper entitled "The Heat Transfer from a Hot Wall to Water Drops 

in the Spheroidal State", presented at the Exeter Conferenc~ in 1965, 

not referenced in paper X.5. It would be interesting to see how the 

analysis presented by Wachters compare with the data presented in 

paper X.5. 

Almost all studies concerning flow pattern or flow regimes 

published in the open literature, including papers X.3 and X.4 deal 

with adiabatic systems and quite often two component flows. Since at 

least to many of us, diabatic single component flows are of more direct 

interest, the usual question is asked Can adiabatic flow regime maps 

be extrapolated to diabatic systems ? In concluding this discussion 

I would like to quote some of the conclusions listed in a recent paper 

entitled "Flow Patterns in High Pressure Two-Phase (Steam-Water) Flow 

with Heat Addition", by Hoster (5) which at least partially answered 

the above question; quoting: "three primary flow regimes have been 

identified. These have been called bubble flow, slug flow, and annular 

flow. The flow patterns observed for boiling flow appear similar to 

flow patterns observed in adiabatic two phase flows. None of the ~ 

flow regime maps examined (Baker (6), Kozlow (7) and Quandt (8)) did a 

completely adequate job of predicting the flow pattern data for the 

current test. The region of annular flow is predicted reasonably well 

by the Baker map. The Kozlow map does not predict flow pattern transit

ions adequately for these data. Of the flow regime maps examined, the 

Quandt map predicted the largest fraction of the data accurately. 

However, some of the transitions used by Quandt, particularly the 

pressure gradient dominant-surface tension dominant transition, do not 

seem to have practical significance. The Quandt analysis appears to be 

a good starting point for further analysis of two phase flow patterns. 

since it is possible to include additional forces to account for effects 
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of heat transfer and developing flow. Preliminary empirical flow 

regime maps were developed to predict the regions of bubble, slug, and 

annular flow for the forced flow of water and steam in a thin 

rectangular channel with heat addition in terms of the local mass 

velocity and flowing quality. 

1 • I. Huyghe, and H. 
liquide et de gaz 
vaporisation de la 
Report CEA -2196-
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"COMPONENT AN;D SYSTEM DYNAMICS, A" 

Chairman: L.S. Tong 

11.1 Dynamic behaviour of a nuclear reactor control system 
based on two-phase fluid 
Rinaldo Marcandalli, Aldo Parmeggiani, Guido Possa 
CISE, Milano, Italy 

11.2 Pressurizer dynamics. Part I. Digital analysis of pressurizer 
transients and comparison with experimental results 
P. de Melker, D.G.H. Latzko, 
Technological University of ielft, The Netherlands 

11.3 Pressurizer dynamics. Part II. Response to load transients. 
A. van den Honert, N.V. Philips' Gloeilampenfabrieken, 
Eindhoven, The Netherlands 

11.4 Dynamic experiments on a scaled-down model of the coolant 
system of the CIRENE reactor 
Giovanni Peterlongo*, Guido Possa* , Giulio Valli**, 
*CISE, Milano, Italy ** CNEN, Roma, Italy 

11.5 The behaviour of a vertical U-tube steam generator during load 
variations, J.A. Heil, B.H. van de Wijngaert, Reactor Centrum 
Nederland, The Hague, The Netherlands. 
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REMARKS BY ~IRMAN 1 SESSION XI 

L.S. TONG 

Westinghouse Electric Corporation 
Pittsburgh, U.S.A. 

The papers contributed to this session can be summarized into 

three major subjects, namely, the dynamics of a two-phase flow reactor 

control system, the dynamics of a pressurizer and the transient 

behavior of a steam generator. 

On t,~irst subiect 

The concept of CIRENE control system, reported in the papers 

number 1 and 4, is very interesting. The authors are pioneers working 

on this concept. A few words of precaution in designing such a 

reactor system may be helpful at this point. These precautions are: 

1. the detection of flow leaks, 

2. the protection of a pump failure, 

3. non-uniformity of poisoned water distributions from tube 

to tube should be closely controlled. 

· .. -. 

I I 
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£E the second_s~bject 

The pressurizer insurge and outsurge test data, reported in 

the papers number 2 and 3, are the first set of data obtained from a 

large scale model at high pressures. 

I agree with the statement of paper nr. 3, that the cold water 

mixing can be avoided by proper baffling. However, for the present 

design the subcooled water temperature measurement reported in Fig. 14 

of paper nr. 2 still indicates a certain amount of mixing. Maybe this 

is the place where improvement can be made. 

In a compression process, steam condensation on the wall and 

on the steam-water interface may be significant. Test results from 

the SAXTON reactor in the United States have shown that during an 

insurge 1 the steam was almost saturated before the spray started. 

On the third sub~£i 

The data obtained from a scaled-down steam generator model are 

preliminary in nature, however, the agreement between the calculation 

and measurement is encouraging. 

* * * 
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SESSION XII 

"COMPONENT AND SYSTEM DYNAMICS, B" 

Chairman: F. gkerhielm 

12.1 B\iR stability considerations resulting from Garigliano 
Research and Development program 
JoA. Hodde, C.L. Howard, RoT. Lahey, R.O. Niemi 
General Electric Co., Atomic Power Equipment Department, 
San Jose, California, USA 

12.2 Dynamic coupling experiments conducted in-pile using adjacent 
boiling channels 
ToJ. Bj,rlo, R. Grumbach, V. Tosi 
OECD Halden Reactor Project, Halden, Norway 

12.3 Description of a mathematical model for two-dimensional 
analysis of boiling water reactor transients 
Jon Rasmussen, A.O. Waagb,, 
Institutt for Atomenergi, Kjeller, Norway 

12.4 Cancelled 

12.5 A non-linear analog model for boiling loop dynamics and its 
application in reactor stability 
G. Vayssier, Technological University of Eindhoven, 
The Netherlands 
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REMARKS BY CHAIRMAN, $ESSION XII 

F. AKERHIELM 

Aktiebolaget Atomenergi 
Stockholm, Sweden 

Four papers containing very substantial results have been 

presented at this session. The papers can be divided into two groups 

wherefue two first papers are based upon experimental information from 

specific reactors while the tw~ other papers describe dynamic models 

for reactor systems. 

In both the experimental papers the behavior of parallel 

boiling channels has been studied by means of in-core instrumentaticn. 

In both reports hydrodynamic oscillations are obtained but the overall 

behavior is different due to differences in the magnitude of the void

reactivity feedback and the fuel time constant for the twr reactors. 

In the Garigliano reactor the hydrodynamic phenomena had a 

strong influence on the neutron flux during the hydrodynamic instabi

lity and this was due to the strong void-reactivity feedback. In the 

Halden reactor perturbations in channel inlet flow were obtained by 

means of the fl~w oscillator valve, but here no correlation between 

inlet flow and neutr~n flux was found due to the small void-reactivity 

feedback. 

During reactivity perturbation experiments in the Garigliano 

reactor no correlation between neutron flux and inlet velocity was 

f~und due to the long fuel time constant. If the inlet flow signal 

had been recorded during the hydrodynamic instability, a correlation 

had probably been found. 

The flow oscillator valve in the Halden boiling channel is 

important from two points cf view. It allows the boiling channel to 

be perturbed at high frequencies independent of the magnitude of the 

fuel time constant and it offers an excellent possibility to perturb 

the srstem which is essential for the test of a dynamic model. This 

perturbation valve in combination with extensive boiling channel 

instrumentation provides an excellent opportunity to study the in-pile 
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hydrodynamic behavior in detail. The three reports to this symposium 

on experiments performed in the Halden reactor show that a substantial 

knowledge is now available. 

N~ise analysis has been performed on recordings of signals 

from the Halden reactor and I feel that this type of analysis can 

contribute a great deal to the understanding of the boiling channel 

behavior. As is seen from recordings of flow and void fraction 

signals, they contain much noise. Information on the origin and the 

character of the noise can be found from computations of auto- and . 

cross-correlation functicns and spectra. 

As examples of the use of noise analysis can be mentioned : 

determination of stability limits in boiling water reactors and onset 

of boiling in pressurized water reactors. 

The two later reports describe dyuamic models for a marine 

reactor and a stationary reactor. 

The marine reactor model contains three parallel boiling 

channels and the distribution of power and void is studied during 

ship movements. The channels are then exposed to variations in grevity 

and rolling angle that has not been much studied experimentally. It 

is thus a risk that the assumptions on the behavior obtained from 

stationary loops are not valid here. When however, experiments have 

been performed to study the influence of these types of perturbations, 

the measurements will provide new information on the basic laws for 

two phase flow dynamics. The dynamic behavior of a marine reactor has 

also been studied with another dynamic mndel as described in paper 7.4. 

In the last paper the fuel temperature is treated in detail. 

The model shows that under certain circumstances a short fuel time 

constant can have a stabilizing effect on the hydrodynamic instability 

through the void-reactivity feedback. As the fuel time constant is of 

fundamental importance for all reactivity feedbacks, it would be a 

great advantage if the technological problems with a measurement of 

fuel temperature distribution could be solved. This information is 

vital for the test nf a dynamic model and is aleo of importance for 

the determination of static and dynamic burn-out limits. 
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Until now the neutron kinetics in the dynamic models for 

boiling water reactors have usually been represented by a point model. 

In the marine reactor model, however, one spatial variable, perpendi

cular to the boiling channels, has been taken into account. The SPLOSH 

model mentioned earlier today is a three-dimensional model, with respect 

to the neutron kinetics. In the paper describing the marine reactor 

model it is mentioned that an axial treatment of the neutron kinetics 

is ru1 important improvement to be made. I agree to that and I believe 

that it is now time to make all parts of the model for reacto.1.· core 

dynamics dependent upon axial coordinates. 

F.TTR/C/44;:>4/6? t=> 
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''SESSION XIII 

"RAPID TRANSIENTS" 

Chairman: R. Morin 

13.1 Pressure and flow variations during potassium vapor generation 
C.J. Baroczy and L. Bernath 
Atomics International, Canoga Park, California, USA 

13.2 Transient two-phase flow following sudden vaporization 
Ralph M. Singer, Argonne National Laboratory, Argonne, 
Illinois, USA 

13.3 Out-of-pile study of the thermal and hydrodynamic phenomena 
occurring in a power excursion 
S. Elberg and M. Nyer, Commissariat a l'Energie Atomique, 
CEN/Grenoble, France 

13.4 A measurement technique for voiding transients in two-phase 
flow ' 
F. Biagioli (CISE, Milan, Italy) and A. Premoli (CNEN, Rome, 
Italy) 

13.5 'A nonlinear multinode transient study for a boiling water 
reactor 
H. Karwat, Institut fUr Mess- und Regelungstechnik, 
Technische Hochschule MUnchen, Germany 

13.6 Void fraction measurements in a two-phase flow NaK-Argon 
B. Milliot, J. Lazarus, J.Ph. Navarre, EURATOM, 
Centro Comune di Ricerca, Ispra, Italy 

13.7 Liquid sodium superheat and water ejection experiments 
G.C. Pinchera, G. Tomassetti, G. Gambardella, G.E. Farello 
Laboratorio Tecnologie Reattori, CSNvCasaccia, C~~N, Rome, Italy 
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REMARKS BY CHAIRMAN, SESSION XIII 

R. MORIN 

Societe Nationale d'Etude et de Construction 
de Moteurs d'Aviation 
Blanquefort, France 

~. , , I ') 

Vhen Professor Bogaardt proposed me to be a chairman in the 

present meeting, I accepted with a great pleasure this opportunity to 

meet again those of you - and they are many - which I know and appreciate 

since years. On the other hand the session no.13 appeared at that 

time to be very short - three papers - and the task of the chairman 

rather easyo But the situation has been drastically changing with time 
• • and I have now to review seven papers. Moreover, the topics discussed 

by the authors cover completely different aspects of the subject 

proposed to your attention : "Rapid Transients". Let us try, however, 

to catch a common line between them. 

The main interest for transient studies in two phase flow arises 

from safety problems encountered in liquid cooled reactors - high 

pressure water reactors (BWR, Pvffi), low pressure experimental reactors, 

fast breeders conled by liquid metals. In fact, large and fast changes 

in the operating conditions of those reactors: power input, flow rate, 

pressure can lead to dangerous situations, as it is clearly stated in 

almost all the papers. 

Paper nr. 2 by R.M. Singer is, in my opinion, a good experiment

al approach to the safety problems of fast breeders. Incidentally, I 
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should like to inform R.M. Singer that Friz has now performed tests 

with increasing heat input in a ribbon located along the axis of the 

test section. His idea of computing transient void fraction in the 

heated zone from vertical liquid displacement, although not new is 

welcome here3 However, the interface is wavy as we have seen in the 

film and I wonder what can be the accuracy. Wall temperature and local 

void fraction measurements would be of interest for further analysis of 

the results. I understand that the scope of this author is to predict 

liquid motion after a power excursion. But, as it is shown in his 

paper, most of the energy is stored in the heater or is used to vaporize 

the liquid. Clearly the heater capacity is then a basic phenomenon of 

the problems which, however, has not been studied. 

An interesting conclusion of the experiments is that the initial 

pressure pulses following a power excursion in a flowing water system 

are essentially the same as the ones measured in stationary water. This 

demonstrates that the time of vapor growth is very small. That is in 

agreement with the results obtained by s. Elberg and M. Nyer in paper 

nr. XIII.3. The goal of these authors is to analyze the thermal and 

hydraulic behavior of a water cooled reactor channel during power 

excursions4 They say "the originality of this work is to have been 

attempted on a test section very 'similar in size and thermal charac·· 

teristics to a real reactor". I believe that it was the necessary 

procedure to be able in a short time to predict the overall behavior of 

the reactor channel. Accordingly there is a long way between the 

Singer experiments and a reliable theory. Elberg and Nyer have built 

a very nice test section. I would like to mention in particular the 

X-ray attenuation device to measure void fraction. The influence of a 

great number of parameters has been evaluated. Results compare rather 

well with those of Singer. The claimed non-reproducibility of the 

phenomena in the details corresponds to Singer assessment: "a spread 

in the data of about 30 to 60% consistently occurred for the secondary 

pulses". This is already a situation which we had to .face in the first 

burn-out measurements. An attempt has been made by Elberg and Nyer 

to propose a theoretical model. It is sure a sign of courage. Not 

l<:Trtl /r IL..!J..?L../?-r; " 
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willing to go into the details of their analysis, I just point out ~a~ 

that they had to consider very localized phenomena. In other words, 

the thermal non-equilibrium assumption is here mandatory. 

There is now a group of three papers nr. , 13 .. 1 , 13•6 and 

.13. 7 dealing with boiling liquid metals. The aim of the study 

reported in paper 13 .. 6 · by B. Milliot and co-authors is to determine 

the best method for measuri~g etec.dy stnt.e and transient void 'fraction 

in liquid metals. Various systems are compared in adiabatic conditions. 

The authors propose to use the electromagnetic flowmeter. I probably 

agree with them in steady conditions. But, I wonder if it is suitable 

for fast transients where high qualiti£~s can occur. Furthermore, local 

void fraction will not be measured. The authors have to be complement

ed for the very fine experimental work they have done. G.C. Pinchera 

and co-authors propose in paper . 13.7 to use an X-ray attenuation 

method and this is a good solution if they succeed. The authors should 

distinguish between the first pressure pulse and the following one. 

Otherwise the conclusions could be somewhat confusing. They stipulated 

in fact that pressure pulses amplitude increase with subcooling4 This 

is not true if one relates to the first peak - see papers 13.2 and 

13~3, 

The same paper raises the question of sup~rheating in sodium 

pool boiling with steady and transient heating. It is another aspect 

of the thermal non-equilibrium existing in transients. The non-equil

ibrium aspect of two phase flow is illustrated by paper nr. 13.1. in 

which L.C. Bernath and C.J. Baroczy describe and analyze pressure and 

flow variations during potassium vapor generation. This paper puts 

forward a possible interaction between thermal and hydraulic phenomena. 

Their explanations make sense, but now do they have the intention to 

derive equations describing the process ? 

With paper 13.4 one comes to a clever and simple method for 

measuring the mean density in the test channels. However, this method 

cannot be applied when sudden bursts of vapor are generated: time 

constant of the measuring device is too long. Also, as said, phenomena 
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are not necessarily reproducible when n given power excursion occurs. 

Paper 13.5 by H. Karwat has the great merit of describing the overall 

flow behavior of a B\'lR in case of rupture of the primary steam line. 

However, this model seems to be still too simplified. It daee ~o~ 

take into account for example the taermal non-equilibrium which, as 

seen, plays a non negligible role in transient problems. Also as 

soon as a node is chosen, local effects in it cannot be taken into 

account. I wonder if increasing the number of nodes would not be 

profitable. Maybe also a hybride system would help. Listening to my 

review (I hope) maybe you have got the impression that there is still 

much to do in the l!k'ltter of rapid transients. 

This is true, and I would like to comment as follows: 

1. Safety problems in liquid cooled reactors lead to study 

fast transients (I do think there is no difference in the mind 

of the organizers between rapid and fast). 

2. Fast transients in two phase flow is a very difficult 

problem which has not been yet properly undertaken. 

3. Much work and money is necessary to reach a minimum level 

of knowledge in this matter. I have seen with pleasure many 

young men in the audience and this is maybe a work for them. 

4. Two types of experiments are to be undertaken: 

4.1 Experiments in conditions as close as possible of the 

reactor conditions, to limit extrapolation (see Elberg 

paper), 

4.2 More fundamental experiments with very accurate and 

refined measurement techniques to understand basic 

phenomena. Incidentally it seems that the authors have 

divergent opinions on the best void fraction measurement 

method ! 

5. Theoretical models have to be developed on the basis of 

thermal non-equilibrium conditions. 
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If reactor builders or/and International Organizations have money 

enough to support a full safety program, the two phase flow transie?t~ 

problems could constitute in the future not the last session, but the 

core of the meeting on two phase flow dynamics. 

EUR/C/4424/67 e 

* * * 
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CLOSING REM.4RKS 

Prof. Dr. M. BOGAARDT 

Technological University of Eindhoven 

1. After fou.r days of presentations of papers and discussions I assume 

that you will not feel attracted by the idea of having to listen 

to a complet~ and detailed review, a comparison of numerical results 

of methods and of approaches. Therefore, I shall try in my closing 

remarks to limit myself to some general impressions, some statements 

regarding the status of the art, and some indications of work that 

in my opinion remainsto be done. 

2. If one accepts that the subject of the Symposium, the Dynamics of 

Two Phase Flow, regards flow along flow paths that are confined by 

solid boundaries, then it can be stated immediately that the cause 

of excursive or oscillatory unstable behavior is due to the conflict

ing requirements that follow under certain conditions from the con

servation laws for energy and momentum. In the momentum equation the 

important determininc elements are : friction losses, acceleration 

losses and flow regime transitions. Therefore, the success of the 

study of the dynamic · of two phase flow is closely related to the 

success of studies regarding the fundamental processes of void for

mation, of distribution of void and velocity and - in the high qua

lity region - of the interaction between the liquid film on the wall 

or the wall itself and the vapour core of the flowing fluid. Moreover, 

one will hav·e to deal with detailed studies of mass, energy and 

momentum transfer between the phases and with the transfer of heat 

from the wall to the fluid. 

EUR/C/4424/6? e 



3. It seems convenient to distinguish between two classes of instabi

lities when discussing the phenomena that have been brought up for 

discussion in this symposium : 

3.1. flow instability of the channel as such; 

3.2. instability of the system of which the two phase flow channel 

is an element. 

Now, the first class of flow instabilities seems to be limited to 

the case in which fast pressure pulses travel axially through the 

channel. 

We here deal with critical flow (non-linear disturbance) as well 

as with acoustical oscillations (linear dist~rbance). An additional 

form of isolated channel instability exists - as was indicated by 

MAULBETSCH and GRIFFITH - when sufficient energy storage capacity 

is available in the channel; this is the case when high quality 

channels of a very great length to diameter ratio (~ ) 150) are 

dealt with. \le may use the well-known pressure drop versus flow 

rate curve 1 / 
~~B ~~.------~---------------·~~ 

of the heated channel to indicate certain types of instabilities 

of the second class. The Ledinegg static or excursive instability 

region is defined as a region between the points A and B. 

The important class of dynamic instabilities (pressure drop oscil

lations) studied by STENNING et al., .MAYINGER et al., and MAULBETSCH 

and co-workers is confined to the same region. In fact, any insta

bility in this class can be eliminated by the addition of proper 

flow resistances in the one phase part of the circuit (for instanoe, 

inlet resistance) or provoked by resistances in the two phase flow 

part. The effect of intermediate grids in channels with more or 

less complex geometry such as channels with multirod bundles can 
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be predicted accordingly. To the left of point A, that is in the 

high-quality region~ instabilities may occur that are usually illdicated 

as density waves. According to NEAL, ZIVI and WRIGHT flow to void 

feedback is the responsible mechanism. R.G. DORSCH treated the oscil~ 

lating channel phenomenologically according to the formal control 

theory methods and demonstrated the effect of the impedance of the 

external part of the circuit in a very elucidating way. It could 

also be concluded that the transit time of a liquid particle in the 

subcooled region determines to a large extent the phase lag between 

input and output signal in a frequency response analysis. T~anafer 

function measurements may be considered to be reliable means of assessing 

stability as most systems respond linearly at least up to nmplitudes 

of 10% of the input quantity, and sometimes even up to 50%. 
In terms of the above description of system instabilities it can be 

stated that there is no fundamental difference between natural cir

culation and forced circulation systems : pumps tend to stiffen the 

hydraulic system in exactly the same way as heavily throttling valves 

at the single flow channel ·inlet. This is demonstrated by the results 

of many investigators of the 2 types of circulation in the same or in 

identical systems (MATHISEN et al., KJAERHEIM et al., DIJKMAN et al. 

and BHATTACHARYYA et al.). It should be mentioned here that increasing 

the inlet resistance does not necessarily increase the channel stability 

as it may, on the contrary lead to establishing the conditions in 

which acoustical oscillations occur. 

4. The various instabilities have been described in various ways and quite 

often special circuits have been constructed for the study of them. 

The starting point then is the consideration that if the loop behaviour 

is completely understood, the dynamic behaviour of the full scale system 

can be reliably predicted. It is assumed that two requirements are 

fulfilled : 

(a) all the relevant conditions prevailing in the full scale system 

can be realized in the circuit; 

(b) all the scaling laws are known. 

7 
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These two requirements imply that a phenomenon studied will even

tually be physically completely understood and that it will be possible 

to describe it adequately in terms of mathematical equations. With 

reference to point (a) it must be stated that no certainty can exist 

as to the proper simulation as long as there is no proper understanding 

of the process. The apparent discrepancies between the results of in

and out-of-pile experiments do provide an ambiguous demonstration of 

this fact. 

Unfortunately, the present situation is that many research teams 

- especially those teams that have a project-bound task - have adopted 

a purely phenomenological starting point. Usually they construct a 

mathematical model based on the conservation laws and on a number of 

constitutive equations. The necessary ass~~iono are made, and auxiliary 

input data or correlations are chosen to obtain reasonable agreement 

between the model operation and the loop operation. The structure of 

consistent sets of equations has been discussed by WUNDT. Unfortunately 

often the input correlations are obtained by fitting curves to expe

rimental points measured in the same circuits. Small _wonder that the 

models constructed do have a limited value in predicting dynamics of 

other systems. The less the actual physics process in the test section 

is understood, the less satisfactory becomes the approach. This is 

clearly shown by the experimental stability studies on rod clusters. 

The effect of power distribution, phase and velocity distribution, or 

friction and mixing are not understood, and their experimental deter

mination relies on extremely delicate techniques that are often not or 

not yet available. SHOTKIN's analysis shows, for instance, that the 

effect of subcooling on the channel power, at which oscillations start 

to show up, is not univocal and depends on many other characteristics 

of two phase flow channels. The effect of subcooling on the oscillation 

frequency however, can - at least qualitatively - be easily explained 

on the basis of a spring-load analogy because the latter represents 

a strictly phYsics model of the oscillating one and two phase column. 

Tae same can be stated in discussing the· effects of channel length, 

channel power and operating pressure. 

A large number of what are known as models exist and a limited namber 

of these has been critically compared by NEAL and ZIVI on an earlier 

occasion. 
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~~ additional effort by BJ¢RLO et al. did not result in a better eva

luation of the particular merits and deficiencies of the various mathe

matical hydraulic models and of their respective mathematical techniques. 

Neither is it to be expected that analyses like this one will be valuable 

in sel;;cting a "best correlation" for slip or for two phase flow friction. 

Their paper did show, however, that in the mathematical treatment of the 

equations many pitfalls may be present. This point was also stressed by 

ZUBER, who also mentioned a case of mathematical instabilities that had 

been presented as hydraulic instabilities. 

On the other hand, simple mathematical models have the virtue that they 

may provide straightforwarded methods to be used by design engineers, 

although partic,.llar attention should be given to the restriction to 

which they are subjected. The use of lumped parameter descriptions of 

hydraulic channels often seems to be acceptable for the determination 

of the onset of instability, but it is inadequate for the prediction 

of oscillation frequency and ~plitude. Design engineers, unfortunately, 

often have to live with an acceptable degree of instability if their 

system is to be economical. The devaopment of more sophisticated theories 

seems therefore unavoidable. 

5. An attempt to construct more fundamental models was reported earlier 

by other investigators including VANDER WALLE et al. and ZUBER et al. 

On the present occasion the latter author again stressed the merits of 

the 11Baricentric" approach. ZUBER's method indeed allows relative 

phase velocities as well as the non-existence of thermo-Jynamic equili

brium between the two phases to be introduced. The merits of the Bari

centric description, however, are at least questionable. The simplifi

cat:i.ol';< that is claimed owing .to the change of the reference system can 

in fact be reduced to a simplification of the correct fundamental, 

three dimensional description of the void diffusion and fluid flow 

equations to the one dimensional approach. 

It should be mentioned here that introduction of.non-equilibrium into 

the mathematical model "Ramona" leads to very considerable improvements 

(SOLBERG and BAKSTAD), by which fact the importance of the introductmon 

of physics understanding in.to model construction is once more demonstrated. 

The linear relationship between the mass and energy transfer and the 

void fraction seems, however, to limit the applications to a narrow range 
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of void fractions and the dependence of the heat conductivity of the 

liquid should definitely be included if a similar model is to be used 

to describe liquid sodium system~. 

6. The question of thermodynamic equilibrium is also of paramount importance 

in discussing propagation phenomena in two phase flow systems. For 

critical flow velocity the assumption of eq~ilibrium or non-equilibrium 

leads to the lower and the upper limit respectively. FISCHER et al. 

applied conventional theory of gas dynamics to one-dimensional bubble 

flow in two phase mixtures with heat addition. The treatment of non

linear wave propagation by the method of characteristics leads to the 

demonstration of the existence of shock fronts in various conditions. 

In two phase flow complete condensation is always associated with a 

shock front. For practical applications the method may become rather 

unwieldy and the transition to a fixed grid of characteristics as is 

required by the fixed location of the sensors of pressure signals, .. 
presents considerable complications. Moreover, the assumption of 

thermodynamic equilibrium is not necessarily correct. 

FAUSKE argued that the velocity of sound can only be explained by 

taking momentum transfer between the phases into account. An empi

rical value for local slip is obtained that is constant in a very 

wide range of void fractions. No transfer of heat or gas occurs. 

The critical velocities are obtained by postulating no transfer of 

momentum either (slip equal to one). It was shown by GOUSE et al. 

that the assumption of isothermal propagation of acoustical signals 

is correct u.p to void fractions of approximately 0.9. _ :Above that 

value the propagation is adiabatic. 

7. The occurrence of sonic disturbances in subcooled boiling channels 

was reported by various authors to the Symposium, e. g .• by MAYINGER 

et al., KUTUCUOGLU et al., ARNEODO et al. and BERGLES et al. The 

latter authors also offer a model which shows that operation in the 

negative slope part of the pressure drop versus flow rate o~ve is 

a necessary condition for acoustical oscillations to occur. The 

model is still a rather crude one, and it requires some refining 

in order to obtain a better agreement with measured frequencies. 
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Apart from these oscillations MAULBETSCH et al. and also PETERLONGO 

et al. menti,...ned the occurrence of "boiling song", the origin f'!f 

which is as yet unexplained. 

8. Parallel channel instability does not seem to present additional 

problems as far as theoretical treatment is c0ncerned. In fact, the 

description remains the same as in the case of a single channel, 

provided that the boundary conditions are correctly adapted. Parallel 

channel stability then depends in a similar way on the characteristics 

of the external system as is the case with the single channel. The 

apparent discrepancy between this statement and the reported mea

surements by d'ARCY may be due to a relatively high inlet resistance. 

9. On the subject of flow regimes a few interesting papers were pre

sented and movie pictures were shown. The subject requires a far 

more extensive treatment than it could have in the framework of 

the present symposium. 

10. The various ways of studying the stabilities that have been described 

above, were applied to a number of large scale systems, including 

reactors, a pressurizer, a steam generator and a reactor contrcl 

system. Finally, attention was focussed on rapid transients such 

as those occuring under sudden depressurization or in the case of 

large liquid superheat. 

11. In conclusion it can be said that many models describing the dyna

mics o! two phase flow have been developed that are adequate for 

modest requirements. In ml"'st cases more sophisticated models have 

still to be formulated on the basis of a physics description of 

the process rather than in the form of purely mathematical formalisms. 

It would seem correct to start from a complete and uncompromising 

description of two phase flow phenomena, that can be simplified 

according to the special application one has in mind (high or low 

pressure, high or low frequency, high or low liquid conductivity, 

etc.). When system instabilities are considered the application of 

well-known control theory methods is attractive. The description 
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of the propagations of fast pressure signals requires further study 

of flow pattern and frequency dependence. Additional data on the 

shape of shock waves and rarefaction waves would be welcome. 

In general there is a very clear incentive for detailed measurements 

on flow regimes to be made and for the proper delicate instrumental 

techniques ~ be develnped. 

It is my firm opinion that the study of two phase flow dynamics will 

remain a very imp~rtant topic for many years to come. The results 

will be ne.eded not only for the further improvement of the economic 

merits of what is known as "conventional nuclear reactors 11
1 nor for 

application in the process industry or in the field of rocketry, but 

also for the successful development of a fast reactor. 

I, therefore, feel, Ladies and Gentlemen, that we will have plenty 

of opportunity to meet again in the future. 

• • • 
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OUT OF PILE CHANNEL INSTABILITY IN THE LOOP SKALVAN 

Ragnar P. Mathisen 

AB Atomenergi, Studsvik, Nykijping, Sweden 

ABSTRACT 

A number of parameters with dominant influence on the power level at 
hydrodynamic instability in natural circulation, two-phase flow, have 
been studied experimentally. The geometrical dependent quantities were: 
the system driving head, the boiling channel and riser dimensions, the 
single-phase as well as the two-phase flow restrictions. The parameters 
influencing the liquid properties were the system pressure and the test 
section inlet subcooling. The threshold of instability was determined by 
plotting the noise characteristics in the mass flow records against power. 
The flow responses to artificially obtained power disturbances at insta
bility conditions were also measured in order to study the nature of 
hydrodynamic instability. 

The results presented give a review over relatively wide ranges of the 
main parameters, mainly concerning the coolant performance in both 
single and parallel boiling channel flow. With regard to the power limits 
the experimental results verified that the single boiling channel perform
ance was intimately related to that of the parallel channels. In the latter 
case the additional inter -channel factors with attenuating effects were 
studied. 

Some optimum values of the parameters were observed. 

Paper presented at the Symposium on Two-Phase Flow Dynamics 
Eindhoven, September 4-9, 1 9 6 7. 
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1. INTRODUCTION 

The performance of a two-phase coolant system with natural circulation 
depends on numeroua factors which contribute to amplify or attenuate the 
disturbances caused by the flow boiling process. The hydraulic feedback 
of the disturbance sequences along the heated channels will at certain op
erating conditions generate regular flow oscillations firmly related to a 
boiling crisis limit. The complexity of the system is augmented by the fact 
that the dynamic characteristics also vary with the boiling channel power. 
The two-phase flow resonance frequency, for instance, varies continuous·
ly with power, due to the void dependent changes in the buoyancy - friction 
ratio. Some of the additional parallel channel flow experiments performed 
indicate the importance of this phenomenon with regard to the estimation 
of the performance of multichannel boiling channel systems. 

The natural circulation loop experiments at Studsvik have been performed 
as required for special information about the influence of conceivable pa
rameters on the general coolant performance in natural circulation with 
regard to the Marviken BHWR project. In the first instance, the aim of 
these investigations was to gain basic information about the parameters, 
as well as some knowledge of the nature of hydrodynamic instability in a 
system with simple boiling channel geometry. The experimental results 
have indicated some optimum values of the parameters which may be of 
some value even for future designs. 

Interest has also been focused on the possibility of presenting the per
formance limitations as empirical functions describing the main param
eter influences on the power level at hydrodynamic instability for an ef
fective head close to the design point of the Marviken reactor. 

The results presented, however, give a review over a far wider range of 
the main parameters, mainly concerning observed power limits in both 
single and parallel boiling channel flow. With regard to the power limits 
it was experimentally verified that the single channel performance was 
related to that of the parallel channels. In the latter case the additional 
interchannel factors with attenuating effects were studied. The effect of 
driving head, test section and riser dimensions, single-phase and two
phase flow restrictions, as well as the influence of physical properties 
are reported in this and in previous reports [3,4, 16, 18, 19,20]. 

Z. APPARATUS 

The loop was designed for a maximum operating pressure of 100 bar. The 
flow channels were constructed of stainless steel which also provided the 
electrical resistance for d. c. heating of the round duct test sections. 
During the series of experiments a number of loop modifications have 
been carried out and reported [3, 4, 9, 16, 18]. A survey of the various 
modifications as well as some geometrical and performance data from 
previous experiments are given in the tables V -VII. 
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2. 1 Description of the loop · 

The general arrangement of the present loop modification is shown in figs. 
1 and 2. The steam water mixture passes through the heated test section 
and the riser into the steam separator. The steam condenses in the sec
ondary circuit, and the main liquid flow returns through the subcooler, the 
main throttle valve and the main flow control to the test section inlet cham
ber. In each test section channel, upstream from the heated region, strain 
gauge flowmeters and interchangeable orifices ·are mounted. During the 
series of experiments to be described, the features of the round duct test 
sections and risers were the only essential variables. To study the influ
ence of various areas in the two-phase flow channels, the following series 
of the 4. 3 m heated test sections were tested: 15 ~ dT ~ 35 mm dia. Some 
experiments were also performed by combining the test section with dif
ferent riser chimneys in the diameter range 1 < dR/dT < 2. 3. The riser 
channel to perforated exit area ratio was 1 :5 to exclude the effect or riser 
exit throttling, the influence of which was previously examined. 

To study the influence of varying the effective head and the heated channel 
length the electrodes were stepwise moved, in one series of ru;ns succes
sively away from the inlet and in another series away from the outlet of 
the test section. 

For the parallel channel flow test sections two d. c. generators were used 
for individual heating of the tubes. 

For further details concerning the different loop modifications, see ref. 
[16, 18, 19,20]. 

2. 2 General instrumentation 

The instrumentation included facilities for measuring the following quan
tities: 

1. Static pressure 
2. Pressure drop over throttle valve 
3. Pressure drop in the downcomer to detect carry-under 
4. Flow temperature 
5. Mass flow rate at test section inlets 
6. Power inputs 
7. Water level in the steam separator 

The entire lengths of the different heated test sections were controlled 
for burnout by bridge type detectors which tripped for unbalanced voltages 
of 30 mV due to sudden rise of wall temperature. 

Dragbody type strain gauge flowmeters which were statically and dynam
ically calibrated for the actual frequency range were mounted in the ini
tial test section inlet, and a high frequency oscillograph indicated the 
flow [1 71 For the experiments to be performed in the near future, a 
test section instrumented with five impedance voidmeters along the boil
ing channel has been prepared. 



2. 3 Power oscillation facilities 

The heated test sections were electrically coupled in series with the 
power oscillation equipment which consisted of two parallel coupled, wa
ter cooled resistances. To obtain stepwise power variations, one of these 
resistances was in turn disconnected and connected by means of a time 
relay operated, air cooled contactor. Double sets of time relays facili
tated the variation of the power oscillations from square wave to pulse
like power signals. (Fig. 1.) Due to the contactor time constant the mini
mum width of the power pulses was about 0. 65 sec. Slow sinusoidal power 
oscillations may also be produced by sinusoidally varying the a. c. convert
er magnetising current [20]. 

3. EXPERIMENTAL 

Special loop operation techniques and expected experimental accuracy 
have been reported in previous papers. No new techniques or further in
strumentation have been considered necessary for the recent extensive 
parameter study performed. For further details concerning general ar
rangements, see ref. [ 16, 1 8 ]. Due to risk of damage to the fragile flow
meter units 1 the loop has not yet been operated above a system pressure 
of 70 bar. 

3. 1 General flow characteristics 

The well known mass flow characteristics versus boiling channel power 
are shown in fig. 3. These curves were the very first obtained in the 
SKALVAN loop at an early stage of the experiments, and show the influ
ence of pressure on the mass flow rate. Increasing the power from low 
values accelerates the flow due to increasing buoyancy. At a certain 
power level, however, the two-phase friction becomes so dominant that 
further increase of power will have the opposite effect, thus causing the 
characteristic steady state mass flow rate maximum. The flow record
ings may tempt the observer to classify the flow in different zones due 
to the noise level {related to the zone classification in fig. 3) or 1 more 
accurately, to measure the noise level in parametric studies. Another 
fairly good representation of the flow:' 11quality" is given in fig. 4 showing 
the inverse of noise variance versus power density. The flow is rather 
steady at low power levels but the flow quality decreases with increasing 
power. Usually, the flow becomes more stable close to the power level 
at hydrodynamic instability. A final extreme change of the slope of the. 
curve will serve as a precautionary sign of the tendency towards estab
lished flow oscillations with defined resonance frequency.· Steady-state 
values of the exit void fractions obtained in these experiments have b_een 
calculated according to ref. [23 ]. 

3. 2 The onset of hydrodynamic instability 

The liquid phase flow characteristics have been used as a criterion for 
the onset of flow instability in these experim.ents. Diagrams similar to 
those shown in fig. 4 were also obtained for parallel boiling channel flow. 
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K. C. Jain [12] and other investigators rz1 ] have given the continuously 
increasing oscillations as a function of the channel power level. In these 
experiments, however, there has been a need for some definition of the 
power level at hydrodynamic instability. Consequently, this has been re
ferred to in a long series of experiments as the point on the power density 
axis where the prolongation of 1 js2 intersects, as shown in fig. 4. In par
allel channel flow these extreme derivatives will be obtained in the sepa
rate test section inlets and not in the main flow. Thus very similar types 
of characteristics would probably not appear in rod cluster geometry in
lets. 

3. 3 Flow oscillations 

The natural circulation system with boiling flow which is operated close 
to the hydrodynamic instability power level will respond rather quickly to 
any disturbance. To increase the channel power involves changing the 
conditions gradually until ari operating point is reached where responses 
to casual boiling disturbances no longer die out, but instead diverge to 
sinusoidal oscillations with steady state amplitudes whose magnitude is 
determined by the system parameters. The power level at hydrodynamic 
instability remains constant and independent of the nature of the disturb
ances. At powers beyond instability power level, the steady-state oscilla
tions are maintained by the energy stored in the heated channel walls; 
thus the oscillations may proceed indefinitely provided that the heated 
wall time constants are just long enough to prevent burnout. 

The physical explanation of the onset of flow oscillations may differ from 
that suggesting the Ledinegg phenomenon [15] as a criterion to the most 
sophisticated suggestions based on for instance general system stability 
criteria [5] thus causing dilemmas in the theoretical treatment of the 
problem. 

The flow oscillates with a frequency which is dependent on system param
eters. A survey of some of the parameter influences is shown in fig. 5 
A-D. For given loop geometry and constant subcooling the flow resonance 
frequency was plotted as a function of pressure. According to diagram A, 
one would conclude that the natural frequency is lower in single than in 
parallel channel flow, and that the frequency is relatively independent of 
the inlet throttling. The subcooling crossplot in diagram B, however, 
distinctly demonstrates that this indication is a special case only, prob
ably due to the choice of inlet throttling. As will be seen, the single and 
parallel channel cases with equal inlet throttling are practically compa-
rable. · 

Diagrams C and D show experimental data plotted in two ways for flow 
resonance frequency with constant and varying effective head in the sys
tem. In this case, of course, the data may be plotted against a large 
number of loop parameters. The most interesting may be diagram· D 
showing plots against the power density at hydrodynamic instability. 
With the allowance for some parametric distortion, this diagram clearly 
demonstrates the flow resonance variation with power. 
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3. 4 Comparisons with burnout limits 

The experiments were usually performed by observing even the burnout 
point at natural circulation conditions. As a more complete reference to 
the upper limit of coolant performance at equal flow rate, some diagrams 
also include Becker'e correlation for burnout in round duct channels [1 ). 
In this connection the following is worth mentioning: there exists experi
mental evidence that the burnout heat flux in most boiling channel geom
etries is lower than that in the round duct channels [Z). Besides, 
Becker's correlation and many others are developed and verified on the 
basis of mainly shorter channel lengths than 4. 3 - 4. 89 m. If extreme 
channel length has a more deteriorating influence than for instance that 
expressed by the heat balance iterations in Becker's equation system, 
these plots have to be considered as being a little too favourable com
pared to the natural circulation performance. 

3. 5 Range of variables 

Table I gives a survey of the range of the parameters studied, specifying 
also the floW condition and references ·for previous results. · 

TABLE I 

Loop parameters 

A . 
. Parameters directly 
affectinf the coolant 
physica properties 

1. System pressure 
Z. Liquid subcooling 

B . 
. Geometrical depend
.ent parameters 

Lig._uid _phas.! flo~ 

1. Main flow restric
tiona 

Z. Initial test section 
inlet restrictions 

3. Total downcomer 
restrictions 

4. Effective head 

Single Parallel 
Symbols Range of variables boiling boiling Ref. 

channel channels 

p 
b. I 

s 

k v 

5 
z 

-70 
-60 

-o -67 

1.6 -Z7.3 

1. 6 - 78. 1 
Z. Z3- 5. Z3 

bar oc 

v.h. 

II 

II 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

[16 J 
[3 J 

[18) 

[18) 

[1 8) 
pres. 
report 
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Single Parallel 
Loop parameters Symbols Range of variables boiling boiling Ref. 

channel channels 

Tw_o J?h_!S.!: f!o.!!.! 

l. Boiling channello-
cal restrictions kT 0.5 1.Sv.h. X Pres. 

Z. Boiling channel report 
distributed restric-
tions (twisted tape 
of various geom- "45 - 80 

0pitch 
etrical pitches; and angle 
lengths) cp,A. 1.5 4.5 m X II 

3. Riser exit restric-
... 

tions k o. 96 - z v. h. X X II 
e. r. 

4. Test section length LT 1.3 4.3 m X II 

5. Test section hy-
draulic diameter dT 1 5 - 35 ·mm X II 

6. Riser length LR 1. OS - 4. OSm X II 

7. Riser hydraulic 
diameter dR zo - 46 mm X II 

c. 
Channel J20Wer deEend .. 
ent :2arameters 

1 . Non uniform heat q/A Axial form factors X [9] 
flux 

* 1 ' 1. 233 
Z. Unequal cha:t?-nel Omin 

power density * o. 1 5 - 1.0 X Pres. 
0 max report 

The system pres sure as well as the liquid sub cooling is referred to the 
test section inlet. The different flow restrictions are calibrated with ref
erence to velocity heads of liquid phase flow. Effective head is defined 
as the water column between surface in steam separator and the heated 
channel inlet. The tes11o section length is referred to as the total heated 
channel length, and the riser length is the total unheated length of the 
two phase flow channels. 

4. HYDRODYNAMIC INSTABILITY WITH SINGLE BOILING CHANNEL 

Single channel test sections have been used in most of the experiments 
performed in the SKALVAN loop. The axial power distribution was kept 
uniform except for the experiments concerning the loop stability depend
ence on axial heat flux distribution reported in [9 ]. 
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4. 1 Effect of coolant physical properties 

The first parameters to be studied in the loop were the system pressure 
and the inlet subcooling. With effective head and boiling channel length 
similar to the Marviken BHWR, a series of experiments was performed 
to obtain the general influence of these factors using light water as cooling 
medium. 

Some results concerning the influence of pressure on the power level at 
instability with different flow conditions both in single and parallel boil- . 
ing channel flow are shown in fig. 6. In the pressure range 5-60 bar these 
curves may be approximated to a power function. For further increase of 
pressure, however, a number of experiments have shown that the pres
sure of about 65-70 bar will give maximum performance with single boil
ing channel flow while parallel channel flow seems to give the best per
formance at higher pressure levels, as indicated in fig. Z3. Some data 
which were normalised to the data at 50 bar are shown in fig. AZ. 

Certain inlet subcoolings cause minimum power levels at hydrodynamic 
instability. The minimum performance subcooling range is 10-30 °C, 
depending on pressure and inlet throttling. Some test results are shown 
in figs. 7 and A3. 

4. Z Effect of flow restrictions 

The effect of the flow restrictions in different parts of the loops has been 
studied in a series of experiments. The following general comments can 
be made concerning single boiling channels: 1. the liquid phase restric
tions in the down comer will always improve the power level at instabil
ity. Z. heavy. inlet throttlings cause burnout without any traceable flow 
oscillations. This effect is independent of the geometrical location of the 
throttling provided that the carry-under fraction is negligible. 

To simulate the influence of spacers in rod cluster boiling channels, a 
local restriction was stepwise moved to different test section positions. 
In one series of runs this restriction was about 0. 5, in another about 
1. 5 velocity heads at liquid phase flow. 0. 5 velocity heads corresponds 
approximately to the spacer design values for Marviken BHWR. 
G. Hernborg [1 0] has experimentally verified that with a mean two
phase flow density defined by 

(1) 

the velocity head reference of some local restrictions is also valid for 
two-phase flow calculations. However, the influence on the power level 
at instability is demonstrated in fig. 8, showing a slight gain when 0. 5 
velocity head restrictions were mounted at channel positions within a 
distance from the inlet corresponding with 40 Ofo of the total heated length 
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of the test section. For distances exceeding 40 o/o of the heated length, 
this restriction causes important deterioration. With these loop condi
tions the least successful spacer location seemed to be at about 90 o/o of 
the way along the heated length. 

The very strong influence of heavy throttlings at the riser exit is demon
strated in fig. 9. Experience has shown that if the area ratio exit to riser 
channel exceeds 5:1, the instability power level will not be influenced. 
One quite surprising observation concerning very heavy throttlings at the 
riser exit is that violent flow perturbations without defined frequency 
occurred at ve.ry low power levels. At higher power levels, however, the 
perturbations were attenuated, and burnout occurred at rather high heat 
flux without traceable flow oscillations. Ref. [ 1 8 J. 

Some trial tests have been performed with "twisted tape" conductors of 
various pitches and lengths up to full length of heated test sections with 
approximately similar influence on the instability power level as the lo
cal restrictions, see fig. 11. Samples of the various versions of "twisted 
tape" conductors as made at Studsvik are shown in fig. 10. 

4. 3 Periodical power disturbances 

In certain boiling reactor designs positive void coefficients could exist, 
rendering the design unstable, and control systems may be desired. In 
such a controlled reactor there could remain superimposed low frequency 
power oscillations of some magnitude. 

Some experiments were performed in SKALV AN to examine whether or 
not such slow oscillations could influence the hydrodynamic stability lim
it of the individual reactor boiling channels. The loop conditions were 
chosen with the aim to get the most distinct flow responses to disturb
ances, and rather violent power disturbances were introduced. Fig. 12 
shows the instability power level as a function of the inlet restrictions 
at "self sustained" conditions. 

The introduced power "pulses 11 of magnitude 1 2. 2 o/o and width 0. 65 
seconds, distinctly exceeding the nominal burnout point at natural cir
culation conditions are also indicated in this diagram. With reference to 
the verified power level at the onset of "self sustained" flow oscillations, 
a series of experiments was performed at the relative power levels 
o/O~r = 0. 93, 0. 96 and 0. 99. Mass flow responses for these cases are 
shown in fig. 1 3. Varying the intervals T between the pulses in the range 
0 < TofT < 0. 5, the maximum flow response amplitudes had the charac
ter shown over a narrow spectrum in fig. 14. The main conclusion was 
that the power level at hydrodynamic instability was not influenced by 
any power disturbance interval for the entire range investigated, even 
when the pulsed power was raised considerably over the nominal natural 
circulation burnout point. Even for Q = 1. 04 Q~r' k 9 = 1. 6 velocity heads, 
the boiling channel conditions were not so severely 1nfluenced by the 
power pulses that the burnout detectors tripped. In this case the re-
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sponding mass flow wave trains were modulated by varying low frequen
cies, see fig. 15. An attempt was made to simulate this dynamic behav
iour on the analogue computer PACE at Studsvik. Ref. [20] gives more 
detailed information about these experiments. 

4. 4 Effect of driving head 

Since the actual geometrical magnitudes with reference to fig. 1 are de
termined by H = LT + LR .. AL, where AL cannot be varied in any appre
ciable degree, the only way to investigate the general influence of vary
ing the driving head was to move the lower electrode away from the test 
section inlet, thus reducing both the magnitudes H and LT. These ex
periments were completed by a study with constant effective head and a 
successive prolongation of LR by moving the upper electrode downwards, 
to observe the effect of constant effective head with varying LT/LR 
ratio. The different magnitudes were varied in the following ranges: 

2.23 s H s 5.23 m 0;. 5 m intervals 

1. 3 :s:: LT :s:: 4.3 II o. 5 . II II 

1. OS :s:: LR s 4.05 II o.s II II thus: t 

1. 215 :s:: H/LT :s:: 1. 71 3 II 

o. 321 :s:: LT/LR s 4. 1 II 

The results verified that for constant effective head and geometry, the 
coolant performance in kW was practically constant and independent of 
the LT/LR ratio. At very low Lr/LR ratios, the experimental data plot
ted in fig. 18 indicate a slight improvement of the coolant performance, 
both with respect to the power level at hydrodynamic instability and the 
natural circulation burnout data which in fact were somewhat better than 
the predicted forced circulation data. This may be explained by the fol
lowing. In this case low LT/LR ratio corresponds to a very short boil
ing channel as well as very long riser. The violent flow perturbations 
without defined frequency which are always associated with heavy throt
tlings of the riser exit, [18], also occurred to some degree at these loop 
conditions, thus contributing to a very effective cooling of the entire 
l. '·llnnel. 

At hign !!/LT ratios the performance seemed to be as good as that with 
forced circulation conditions (fig. 19). The mass flow rate under these 
conditions, however, was very low and the flowmeter indications too 
uncertain to use for reliable forced circulation burnout comparisons. 
In this case. any improved performance could probably also be explained 
by similar arguments considering that the steam generation rate was 
very high and thus corresponding to the previous heavy throttling case 
at constant effective head. Violent perturbations, however, were not 
observed under these loop conditions. 
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The most remarkable result with varying driving head and test section 
length was that the absolute coolant performance maximum was obtained 
at approximately H/LT = 1. 5, in the same region where natural circula
tion burnout occurred without traceable liquid flow oscillations at a chan
nel heat flux comparable to that under forced circulation conditions. The 
maximum scattering range for constant effective head H = 5. 23 m, cor
responding to fig. 1 8, is indicated in this diagram. A more complete 
investigation of these geometrical parameters should be of interest for 
coming experiments. A comparable diagram showing coolant perform
ance versus system pressure is shown in fig. 20. 

Remembering that this channel geometry cannot be directly compared to 
the Marviken boiling channel, it is worth mentioning that the actual Mar
viken effective head is 5, 79 m, and the boiling channel length is 4. 42 m 
corresponding to the value H/LT = 1. 31. This figure is limited by other 
design requirements, but must be considered as; a good choice. 

4. 5 Effect of hydraulic diameters in the two-phase flow channels 

Considering all the groups of parameters affecting the dynamic behaviour 
of a natural circulation system, it is not very easy to give a correct ex
perimentally verified answer to the question of optimum two-phase chan
nel hydraulic diameter. However, if all the other parameters are fixed 
terms, a regular parameter study is rather easy to perform. With min
imum liquid phase flow restrictions, the following series of the 4. 3m 
test sections and 1. 05 m risers were combined: 

dT = 15, 20, 25, 30 and 35 mm dia. 

dR = 20, 25, 321 35 and 46 mm dia. 

The results verified that for the very 'same test section diameter, the 
power level at hydrodynamic instability asymptotically approached the 
maximum value at dR/dT ~ 1. 25 when the riser perforated exit - to 
riser channel area ratio was 5:1. As the very same flow meter was used 
in all experiments, the total inlet restriction coefficient varied in the 
range 0. 5 < kQ._< 15. 0 velocity heads for the test section diameter range 
15 < dT < 35. However, the values were adjusted to the reference coef
ficient k 0 = 1. 6 velocity heads according to the Appendix. These func
tions, however, were developed entirely using 20 mm dia. test sections, 
and the adjustments thus imply some uncertainties. However, as will 
be seen in fig. 21, the experimentally verified burnout line for optimum 
inlet restrictions has the same trend as the instability limits. 

Marviken BHWR has a riser to boiling channel area ratio of 224. 5/144, 
which corresponds to the parametric value dR/dT = 1. 25. The equiva
lent hydraulic diameter is 27.2 mm which seems to agree well with the 
optimum value. 
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5. HYDRODYNAMIC INSTABILITY 

WITH PARALLEL BOILING CHANNELS 

A model of the loop with a parallel test section assembly is shown in fig. 
2. Some loop experiments with parallel boiling channels were previously 
reported [18]. In these series of experiments the axial power distribu
tion was maintained uniform, and the loop geometrical data practically 
unchanged. 

5. t Comparison with single boiling channel 

The hydrodynamic behaviour as well as the coolant performance of a par
allel channel system are in many respects quite similar to those of a 
single boiling channel· system. As mentioned in section 3. 3, it is not 
easy to find significant discrepancies concerning the flow resonance fre
quency comparing the two boiling flow cases. 

The influence of system pressure, subcooling and exit riser throttling is 
practically similar, as will be seen in the diagrams dealing with com
parison data in this paper. 

The instability power limits in single and parallel boiling channel flow 
versus total downcomer restrictions are shown in fig. 22. The remain
ing loop conditions were equal. This diagram distinctly demonstrates 
the fundamental deviations concerning the liquid phase restriction effects 
on the power level at hydrodynamic instability for these two cases. 

The total downcomer flow restriction improvement of the hydraulic in
stability powe·r level in single channel flow is represented by the dotted 
line. In this loop geometry (H = 5. 23 m, LT = 4. 3 m) natural circula
tion burnout occurred without traceable flow oscillations under rather 
restricted downcomer conditions. At higher H/LT ratios this point will 
appear at much lower total restrictions, see fig. 19. The dotted line 
intersects the parallel channel performance for similar inlet restrictions 
{k0 ) and practically zero main flow restrictions (kv)• A study of the pa
rameters k

0 
and kv showed that increasing k 0 impr'oved the instability 

power level, while increasing kv had the opposite effect. Natural circu
lation burnout conditions, however, occurred at high inlet restrictions 
k 0 , practically in accordance with those of the single boiling channel 
flow. It should be mentioned that the total downcomer flow restrictions 
were referred to as ~n = k 0 + kv. (Ref. [18].) 

The mass flow rates versus power density at different system pressures 
with constant subcooling and flow restrictions in parallel channel flow. 
with equal test section inlet restrictions are shown in fig. 23. This dia ... 
gram is practically similar to that with comparable loop constants in 
single boiling channel flow ishown in fig. 3. The only important dis
crepancy is the power level interval between the onset of instability at 
50 and 60 bar which is higher in the parallel channel case. This can, 
of course, be explained by experimental error •. 
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5. 2 Interchannel interference 

The results concerning the liquid phase restriction influence on the power 
level at hydrodynamic instability in a parallel boiling channel system 
may be explained by the fact that the flow oscillation is established with 
1 80° shifted amplitude provided equal channel geometries and power lev
els •. The main liquid flow in the downcomer may not be affected by the 
perturbations. A logical assumption is that for three equal boiling chan
nels ·the relative phase lag should be 1200, etc. in multichannel systems. 

The conservation of mass dependent interaction in the practically incom
pressible medium flowing upstream of the heated regions of the channels 
will be stimulated by increasing the downcomer main flow restrictions, 
i.e. the coupling becomes 11 closer 11 and steady-state oscillations will be 
established at lower power levels with highly restricted downcomer. 

This trend can be counter-influenced by introducing some kind of dis
similarity in geometry or power level in the boiling channels. This is 1 

of course, a phenomenon automatically occurring to some extent in 
every boiling coolant system due to manufacturing differences or oper
ating circumstances. 

The comments concerning the improvement of parallel - and multichan
nel coolant performance are experimentally verified in the natural cir
culation loop SKALVAN. However, with respect to the interaction phe
nomena described here, there should probably not exist any fundamental 
differences in the multichannel mechanism even with regard to the 
forced circulation coolant system. 

The effect of unequal initial inlet restrictions in parallel boiling chan
nel flow was previously reported [18]. The experiments proved that a 
stability maximum was obtained at a restriction ratio 1 :0. 3 to 1 :0. 5 
depending on the reference inlet restriction. See also fig. 24. 

Recently performed experiments with unequal power levels but equal 
inlet restriction and remaining channel geometries showed individual 
channel instability power level improvements in the range 7-20 o/o de
pending on the inlet restrictions. The greatest improvements were ob
tained in the less restricted channels. For the very same inlet restric
tion parameters as in the experiments with unequal inlet restrictions, 
the maximum obtainable individual channel power density versus chan
nel power ratio in the range 0. 1 5 to 1. 0 is shown in fig. 25. The total 
system performance compared to the equally heated channel case is 
also shown indicating even here an overall improvement of the power 
level at hydrodynamic instability. 
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The simple explanation to the above mentioned phenomena is that the inlet 
restriction as well as the power level parameters influence the flow reso
nance frequency. Thus the oscillations in the different boiling channels 
tend to start with different frequencies. Thus these effects in the channels 
cancel one another and the total system remains inherently stable up to 
quite high individual channel power levels. 

6. THE RELATIONSHIP BETWEEN HYDRODYNAMIC 

INSTABILITY AND BURNOUT IN NATURAL CIRCULATION 

The experimental results obtained so far in the SKALV AN loop indicate a 
firm relationship between the channel power level at hydrodynamic in
stability and burnout in natural circulation. Jovanovic and Eklind per
formed some interesting experiments with externally fixed thermocouples 
at different test section levels in this loop [14a]. The instrumentation in
cluded sensitive piezoelectric pressure transducers connected to the 
heated test section, and the usual dragbody flowmeter in the single chan
nel inlet. They observed sudden improvements of the heat transfer coef
ficients indicated by very rapid temperature drops starting at the heated 
channel exit and propagating upstream with an average velocity of ap
proximately Z em/sec. according to the synchronised thermocouple re
cordings. The temperature drops varied in the range 7-1 Z OC. 

A typical recording in connection with these experiments is shown in 
fig. 16. The onset of liquid phase oscillation as well as the lapse in one 
of the local external wall thermocouples and the inlet pressure were re
corded. The different traces follow a slight power ramp change of 0. 6 
'ro over a period of 25 seconds. In this case the typical temperature 
drop was about 8 °C. The wall temperature then increased slightly with 
power until a power level was reached when violent temperature oscil
lations occurred, the frequency'of which was slightly lower than that of 
the oscillating mass flow. The temperature oscillations were amplitude 
modulated and the mean temperature level shifted. This temperature 
lapse was interrupted when the burnout detectors tripped. The pressure 
increased due to insufficient pressurising volume in the loop. This 
recording was taken at system pressure 50 bar. The interval between 
the power level at instability and burnout was poor, but will increase 
with decreasing pressure, as indicated in fig. 3. 

The phenomenon of improved heat transfer in boiling flow near the dry
out point has been observed by many investigators, and the usual ex
planation was the interruption of the liquid film causing a propagating 
11showerbath" improving the heat transfer coefficient. This phenome
non has been visually studied for heated rods with external coolant in 
the Heat Laboratory at S.tudsvik. The border of film interruytion was 
a moving ring forming a cordon around the cylindrical rod L 14b]. 



- 16 -
1.1 

7. HYDRODYNAMIC INSTABILITY 

WITH OTHER BOILING CHANNEL GEOMETRIES 

It was stated in ref. [18] that single- and parallel test sections gave al
most similar power levels at hydrodynamic instability provided that the 
inlet restrictions were equal and the remaining downcomer restrictions 
were negligible. The influence of the defined restrictions k 0 and kv are 
dealt with in various parts of this paper stating that the increase of k 0 
always improves the instability power level while the increase of kv has 
the opposite effect concerning parallel boiling channel flow. This is true 
for completely separated boiling channels. The definition of k 0 and kv, 
however, may be difficult to use with regard to the rod cluster types of 
boiling channels. The subchannels in the cluster geometry are not hy
draulically separated, and thus the restriction of the inlet of such a sys
tern may cause effects more or less similar to those of kv in fig. A1. 
For the "conventional" rod cluster design of today, the best boiling re
actor performance would probably be obtained at fairly low liquid phase 
restrictions, since it may be doubtful whether the inlet restrictions will 
give the decided stabilising effect in the channel geometry [zo]. 

8. COMPARISONS OF SKALV AN 

DATA WITH DIFFERENT MATHEMATICAL MODELS 

During the different stages of the experimental programs, the results 
have been compared with different mathematical models. The first work 
was done by Jahnberg [11] who established a digital program assuming 
one-dimensional flow. Considering the entire natural circulation sys
tern, he esta~lished an explicit equation for the inlet liquid a.cceleration 
which together with the continuity equation was solved numerically on a 
Mercury Ferranti digital computer. He neglected the effect of sub
cooled boiling. The mathematical P-rinciples used were similar to those 
originally developed by Quandt [ZZ J. 

P. T. Hansson [8] developed still further Jahnberg 's model with par
ticular reference to two-phase flow data. He included the influence of 
subcooled boiling according to Bowring [7], and carried out a study on 
the influence of axial power variations, comparing the results with 
SKALVAN data [9 ]. · 

J. W. Black [6] also made a comparison with SKALVAN data [3] using 
the digital model "Slip" and assuming constant system pressure. He 
utilised a ramp in power up to the rated operating value, as this pro
gram did not incorporate initial steady-state mass flow - power cal
culations. 

A. 0. WaagbO used the digital model "VOIFLO" [Z4] for steady-state 
calculations and the analogue model 11APRIKOS" [Z8] to· check the power 
level data at hydraulic instability with parallel boiling channels obtained 
from SKALVAN [18J. 
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F. A. Jeglic [13] used the void and two-phase pressure drop assumptions 
of J. Thorn [26] for steady-state calculation of SKALV AN data in an ana
logue model and obtained consequently the Ledinegg phenomenon [1 5] at 
the onset of hydrodynamic instability in perfect agreement with the ex
perimental data in ref. [3, 18J. He only made the steady-state calculations, 
and concluded that the Ledinegg criterion must be identical to the crite
rion of the onset of hydraulic instability in two-phase flow. 

Among these comparisons, the approaches of Waagbti and Jeglic seemed 
to fit the experimental data best. Waagbo, as well as Jeglic, obtained 
steady-state mass flow diagrams and power levels at the onset of insta
bility practically similar to the experimentally obtained data. In Waagbti's 
calculations the only discrepancies seemed to exist in the flow resonance 
frequencies which were 0. 3-0. 5 c. p. s. higher in the theoretical case [1 sJ. 

C. L. Spigt's [25] experimental data also agree well with the results of 
Jeglic, whose approach seems to contribute to make coolant performance 
predictions simple and economic to carry out. 

L. S. Tong in his book on boiling heat transfer and two-phase flow sur
veys those investigations made by other workers r27 J. 

9. DISCUSSION OF RESULTS 

During recent years theoretically and experimentally obtained results 
have shown a series of general trends concerning the performance and 
dynamic behaviour of natural circulation systems with boiling coolant. 
The aim to give a universal specification of performance limitations in 
terms of simple functions for general engineering purposes is probably 
a little too pretentious at the present stage of knowledge, mainly due to 
the numerous important geometrical factors. This, of course, often 
causes parametric distor.tion hazards when performing experiments. Be
sides, the need of obtaining results within reasonable time limits and at 
reasonable expense often causes "experimental dilemmas". A typical 
example in this connection was the study of the effective head effects 
with fixed loop geometry. It was obvious that the degree of parametric 
freedom was limited by the actual geometrical relation H = LT + LR -
- ~L as indicated in fig. 1, and this could not readily be compensated by 
extensive loop modifications for each series of experiments to be per
formed~ The first series of experiments, however, verified that for a 
constant sum of the diabatic and the adiabatic lengths of the two-phase 
flow channels, the absolute power level at hydrodynamic instability re
mained practically .constant for the effective head value H = 5. 23 m, 
independent on the LT/L.R ratio. What has been left for further investi
gation was whether this 1s true within a reasonable range of the param
eter H. The next series of experiments concerned varying both the effec
tive head and the heated test section length with-constc:mt riser geometry 
and heated channel diameter = 20 mm. All these experiments were de
liberately performed with the lowest inlet restrictions to obtain the most 
distinct onset of flow oscillations. However, at a certain H/LT ratio, 
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natural circulation burnout without precautionary flow oscillations was . 
obtained. This value of the ratio {H/LT ~ 1. 5) also corresponded with the 
maximum coolant performance. However, it is probably better to refer 
this fact to the absolute values of these two parameters, H ~ 2. 80 m and 
LT ~ 1. 85 m. All data concerning these effects are also plotted in fig. 1 7 
as power density versus test section length. The curve obtained when 
power density is plotted as a function of the corresponding effective head 
has of course the same shape. 

In the experiments to verify the hydraulic diameter effects the flow re
strictions c~used by the very same flowmeter assumed successively con
siderable velocity head values with increasing boiling channel diameters, 
according to the fourth power relationship. The empirical functions pre
viously obtained developed for similar effective head and boiling channel 
diameter 20 mm were used to adjust the power level values at instability 
to some reference restriction value. {See Appendix.) The extrapolation 
to other diameters, of c·ourse, implies some uncertainties which was 
underlined by the comment 11possible power range for the onset of hydro
dynamic instability" in fig. 21. The course o{ the corresponding natural 
circulation burnout line obtained at optimum*) conditions showed a simi
lar trend for this limitation, thus reducing the importance of the uncer
tainty range. 

The results concerning the influence of flow restrictions, pressure and 
subcooling do not need many comments, since they have been verified by 
numerous investigators. The empirically obtained characteristic function 
a-' for the effect of subcooling in single and parallel boiling channels at 
constant effective head as shown in the Appendix, ought to be considered 
as a pure attempt to produce an empirical function for loop data adjust
ments. Concerning the pressure effect in the same approach, the expo
nent 0. 55 seemed to be the most representative value in the power func
tion O''f for the different cases examined. Totally, the scattering range 
of this exponent may be of the order of magnitude :!: 0. 05 to :!: 0. 1 0 for 
any case. 

The results presented in figs. 14 and 1 5 may be of some interest for 
workers concerned with the total kinetic characteristics for the entire 
boiling water reactor system. 

*) In these cases, the optimum burnout points proved to appear at 
rather low inlet restrictions in the range 0. 5 < k < 7 v. h. depending 
on the boiling channel diameter. 

0 
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10. CONCLUSIONS 

The tentative study of a number of different transients in the boiling chan
nels of a natural circulation system may finally lead to a categorical con
clusion whether the Ledinegg phenomenon causes the onset of instability or 
not. In this connnection, these experiments have verified the fact that the 
increase of the following parametric quantities give definite stabilising 
effects, practically with random inherent stable operation conditions: the 
system pressure, the initial inlet restrictions in the separate channels, 
and the H/LT ratio. Thesefacts may probably give some indication in 
favour of the Ledinegg explanation. At a relative low value of the H/LT 
ratio (related to,a certain length of the two-phase flow channels) the cool
ant performance seemed to become comparable to that of a forced circu
lation system.· 

Minimum subcooling as well as minimum main flow restrictions with par
allel boiling channels give the best performance. 

With driving head H = 5. 23 m and boiling channel length LT = 4. 3 m, the 
optimum hydraulic diameter with respect to the coolant power density 
seemed to be somewhere in the range 26-28 mm, provided dR/dT ~ 1. 25 
and Ae. r. / AR ~ 5. As there exists a firm relationship between the power 
level at hydraulic instability and natural circulation burnout, the appear
ance of an optimum hydraulic diameter is simply explained by the fact 
that the channel power density to heat flux ratio is geometrically depend
ent and decreases with increasing channel dimensions. (The conversion 
factor kW /litre to W / cm2 for the round duct case for instance is dT/ 4, 
dT in em.) 

The author expresses the hope that some of the trends which were ex
perimentally indicated, will serve as a cue for further examinations, 
finally leading to the complete understanding of this type of system. 
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APPENDIX 

The power level at instabi.lity in natural circulation two-phase flow. 

Empirical functions with H = 5. 23 m, LT = 4. 3 m 

In accordance with the plotting technique shown in fig. 4, experimental 
data of the power density at hydrodynamic instability in round duct test 
sections were fitted to the parameters which determine the downcomer 
conditions. 

The influence of the downcomer flow restrictions at constant pressure 
was first obtained. These cases were investigated: 

1. Parallel boiling channels with equal inlet restrictions 
2. 11 11 11 11 unequal inlet restrictions 
3. Single boiling channel. 

The following empirical equations cover the three cases, with the allow
ance that the second case gave maximum 10 o/o higher power density than 
the other two. The equation obtained from the results reported in ref. 
[1 8] fits also other loop data within the accuracy 2 s = 5. 2 %: 

{Al) 

where the liquid flow restriction influence may be expressed as 

k + k a · o v 
ak = k . exp{.;. b ( k )) o • exp c 

0 

(A2) 

{k + k = k. ) o v 1n 

The constants according to the experimental data were 

a = 0. 0968 b = 68. 2 c=0.157 

The most convenient form of eq. (A2) for slide rule calculations is 

ln k k + k 
{ 0 0 v } 0 k = exp 1 0. 23 - bS. Z exp(O. 157 k ) 

0 

(A2) 

The experimental restriction ratios covered the ranges 1 . 6 ~ k ~ 11.6 
and 0 < k ~ 70 velocity heads of liquid phase, referred to the c~oss sec
tion of on~ boiling channel. See fig. A1. 
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The constant QTRH in eq. (Al) is dependent on the riser and heated chan
nel geometry and flow patterns, as well as the effective head H of the 
system and may be considered as a boiling channel and riser constant. 

The influence of system pressure on the power level at instability bas 
also been established for constant subcooling and varying downcomer 
restrictions. For 1::.6s = 6 oc in both single and parallel boiling channels, 
the following nondimensional power function bas been developed, accord
ing to fig. AZ: 

(A3) 

where 

p 
'f = SO , P in atg. 

The pressure was varied in the range S ~ P ~ 60 atg experimentally. The 
empirical equation (A4) for the hydrodynamic instability at constant sub
cooling 1:::.6 fJ = 6 °C and completely separated parallel or single boiling 
channels f1t the experimental data within the accuracy Z s = 6. Z %: 

(A4) 

The influence of inlet subcooling with constant inlet restrictions and 
varying system pressure was obtained for single, as well as for parallel 
boiling channel flow conditions. The power density at instability showed 
a minimum in the region 1 0 < 1:::.6 s < 30 °C depending on the system pres
sure and inlet restrictions. An empirical equation of the type 

a6 :c1 (6-1)+Cz· P+C 3 (AS) 
1:::.6 

seemed to fit the experimental results. Here 6 = T. The subcooling was 
varied in the range 4 < 1:::.6 < 60 °C. s 

The experiments were repeated for different inlet flow restrictions to 
obtain the influence of k

0 
on the coefficients c 1, Cz and C 3, obtaining 

1:::.6 exp(.:. p ) 
s • zs k 0. 1 

0 
a_CI = -----0li:"""":31(""4r---

v zz. zz k • 
0 

1:::.6 
4. 1 exp(f 

8 
p ) 

4 exp(40) 
----------~~~---~~--- + PO.S7 

+ 

Z4 k 
0 

(A6) 

1.1 
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The final empirical equation (A7) fits the experimental results obtained 
so far within the accuracy Z s = 8. 4 o/o: 

This equation is valid for the following ranges of the parameters: 

1.6<k 
0 

0 <k v 

< 11 • 6 velocity heads 

< 70 II II 

10 < P < 60 atg 

4 < fll} < 60 °C s 

(A7) 

The related a-functions concern results with constant driving head, 
boiling channel and riser geometry and mimimum main flow and riser 
exit restrictions, (k and k respectively). · v e. r. 

Experimental results, as well as the function values for the power den
sity at instability for varying system pressure, inlet subcooling and flow 
restrictions are shown in fig. A3. In these cases the value of QTRH was 
1 34. 5 kW /litre. 
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NOMENCLATURE 

Definition 

area 

burnout condition 

coefficient 

diameter 

frequency 

effective head 

flow restriction coefficient 

channel length 

mass flow rate 

mass velocity 

oscillating. mass flow amplitude 

mean mass flow rate 

system pressure 

parallel boiling channels 

surface heat flux 

power 

power density 

" 
11 at hydrodynamic instability 

standard deviation 

single boiling channel 

square wave 

time 

period of flow oscillations 

test section 

velocity heads 

vertical coordinate 

1.1 

Dimension 

2 
m 

m 
-1 

sec 

m 

v.h. 

m 

kg/sec 

kg/m
2
sec 

kg/sec 
II 

bar 

W/cm
2 

kW 

kW /litre 
II 

sec 

m 



Greek letters 

TT 

p 

Cf 

Indices 

e. r. 

g 

in 

k 

1 

n 

0 

R 

s 

T 

T. P. 

TRH 

v 

~. 

'1' 

.. 25 .. 

relative amplitude 

" temperature 

liquid subcooling 

restriction ratio in parallel channel inlets 

relative length 
II 

density 

function 

power level 

geometrical pitch angle 

relative pressure 

angular frequency 

exit riser -

gas -

test section inlet reference 

flow restriction reference -

liquid-

natural -

reference conditions -

riser reference -

subcooling -

test section reference -

two phase -

unchanged test section, riser and 
effective head -

main liquid flow reference -

temperature reference -

pressure reference -

degrees 

rad/sec 
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TABLE II 

LT 
Run 
no. 

m 

1 4. 3 

2 4.0 

3 3. 8 

4 3. 5 

5 3. 3 

6 2.8 

7 2. 3 

8 1.8 

9 I. 3 

§.illBl..! !!_o!_!i!!g_c~l!..n«:J .f!o::!: 

Coolant performance with constant effective head in natural circulation compared to Becker's correlation 
for forced circulation burnout in round duct channels. 
Loop data: P:: 50 bar, dT:: 20 mm dia., H = 5. 23m, k = 0.96 velocity heads. e. r. 
Experimental data adjusted to k. :: 1. 6 velocity heads, (!.i} = 6 °C. 

m s 

EXperimental data Predicted B. 0. data ac-
cor ding to ref. [ 1 ] 

LR LT/LR * ocr ·* -* 
(q/ A)B. 0. OB.O. XB.O. (q/A)B. 0. OB.O. XB.O. 0 cr m a exit 
nat. eire. nat. eire. 

'-

kW/1 
2 "!o W/cm 

2 kW. % W/cm 
2 kW % m kW kg/m sec 

I. 05 4. 100 130.0 1 75. 5 850 88.2 73. 2 197.6 42.6 1 2 I • 1 327.0 72.2 

1. 35 2. 960 137.0 172.1 844 88.6 77. 5 194.8 42. 3 126. 7 31 8. 4 70.8 

I. 55 2.450 144.6 172.7 844 88.6 80.9 ! 93.2 41.8 I 41. 5 31 4. 0 69.6 

I. 85 I. 892 154. 4 169.6 860 87.2 84. 8 1 86. 5 38.7 1 41 • I 31 0. 0 66. 7 

2.05 1.610 155. 7 169. 1 882 86.4 87.9 182.2 36.9 1 47. 9 306.5 64.2 

2.55 I. 097 187. 5 164.9 929 85.9 101.0 I 77. 5 37. 2 1 66.9 29 3. 3 58. 3 

3.05 0.754 234.8 169. 5 812 89.0 122. 2 1 76. 5 39.6 I 77.7 256.7 58.8 

3. 55 0,507 314.5 1 77.9 796 90.0 1 61. 2 1 82. 4 42.0 203.6 230.3 53. 7 

4. 05 0. 321 448. 7 183.0 781 90.5 252.0 205.8 4?.7 247.2 201.6 46.7 

\./.) 

0 



TABLE. III 

H 

Run 
no. 

m 

10 5.Z3 

11 4. 93 

IZ 4. 73 

13 4.23 

14 3. 73 

15 3.Z3 

16 z. 73 

17 Z.Z3 

~i~~ 2_o!!i~_:~~~ !!o:!!: 
Coolant performance with varying effective head in natural circulation compared to Becker's correlation 
for forced circulation burnout in round duct channels. 
Loop data: P = 50 bar, dT = ZO mm dia., LR = 1. 05 m, k = 0. 96 velocity heads. e. r. 
Experimental data adjusted to k. = 1. 6 velocity heads, t:.iJ = 6 °C. . m s 

Experimental data Predicted B. 0. data ac-
cording to ref. [1] 

H/LT o* 0 cr 
·* -* 

(q/A)B. 0. QB. 0. (q/A)B. 0. QB. 0. xB. o. LT m a. exit xB. o. cr 
nat. eire. nat. eire. 

kg/m2sec z z m kW/1 kW % W/cm kW % W/cm kW % 

4. 3 1. Zl5 130.0 175. 5 850 88.Z 73.Z 197. 6 4Z.6 1 Z1 • 1 3Z7 n.z 

4.0 1. Z31 145.0 18Z. Z 778 91.0 77.5 194. 8 45.Z 1 Zl. Z 304. 7 73.4 

3.8 1. Z44 159. 1 190.0 75Z 91.9 8Z.Z 196. 3 48.Z 1 Z3. 4 Z94. 6 73.6 

3. 3 1. Z80 19 3. 0 zoo.o 714 93.2 97.9 Z03. 0 5Z.Z 1 3Z. 6 Z75.·0 71. 8 

Z.8 1. 331 Z40.0 Z11. 0 664 94.9 1 Z1. 5 Z13.5 59. 1 143. 3 Z52.0 70.4 

Z.3 1. 40Z 303.0 Z1 8. 9 639 95. 7 1 51. 5 Z18.9 63. 1 1 60. 5 Z3Z.O 67.0 

1.8 1. 51 5 391.0 ZZI.O - - 195.5 ZZ1. 0 - - - -
1.3 1.713 50Z. z Z05.0 - - Z51. 1 Z05.0 - - - -

I 

! ....... 

'• ' ....... 



TABLE IV 

dT dR 

Run 
no. 

mm mm 

1 8 15 20 

19 15 35 

20 20 20 

21 20 25 

22 20 32. 

23 20 46 

24 25 25 

25 25 32 

26 30 32 

27 30 35 

28 30 46 

29 35 35 

~ii~Bl.,!!! E_h~n!!_e!_f!_o~. 

Coolant performance with constant effective head and varying hydraulic diameters in the two-phase flow 
channels. The data are compared to Becker's correlation for forced circulation burnout in round duct 
channels according to the highest obtainable mass flow rate at natural circulation B. 0. conditions. 
Loop data: P = 50 bar, H = 5. 23m, LT = 4. 30m, LR = I. 05 m, MJs = 9 :!:: 1 o. 

Experimental data 
Predicted B. 0. data ac-
cording to ref. (1 ] 

k * . * -* q/ A)B. 0. Diam- 0 cr 0 cr m a. exit o/tt. OB.O. XB.O. 0 xB. o. eter 0 
(q A)B. 0. 

B. o. 
ratio nat. eire. 

nat. eire. 
dR/dT v.h. kW/1 kW 2 

W/cm2 W/cm 
2 

kg/m sec % kW kW % 

1. 33 0.5 84 64 - - 45.5 92 - - - -
2.33 0.5 84 64 - - 45.5 92 -
1. 0 1.6 102 1 38 840 84.5 - - - 1 21 • 1 327 72.2 

1. 25 1.6 I 31 177 850 88.8 75.5 204 46. 5 

1.6 1.6 1 31 177 850 88. 8 75.5 204 46.5 

2.3 1. 6 1 31 1 77 850 88.8 75.5 204 46. 5 

1.0 3.9 1 40 295 820 90. 4 - - - 1 39. 5 471 62.6 

1. 28 3.9 I 71 361 900 92.2 - - -
I. 07 8.1 168 511 850 92.6 X 1 31 532 52. I I 52. 5 618 56. 1 

I • I 7 8. I 1 75 532 900 92. 3 X 134 544 50. 3 

I. 53 7. 3 173 540 850 93.4 - - -
1.0 I 5. 0 Stable Flow 145 691 49. 3 157.0 750 53.5 I I I 

x LT = 4. 42 m, H = 5. 37 m. 

w 
N 



TABLE V General data for previous geometrical loop modifications. 

Boiling channel Riser Downcomer 

Refer-
ence: dT LT Re -range kT dR LR k D L mm k H cr . e. r. X 0 

x 1 o- 5 (equiv. · 

mm m v. h. mm mm v. h. mm length) v.h. m 

[3] 20 4. 89 1. 15 - 1. 85 4.56 35.8 1000 0.44 51 1621 2. 1 5.84 

[9] 20 4.42 1. 54 - 1 • 60 4.10 46.0 1250 0.90 51 1676 2.0 5.37 

[18] 20 4.30 0.80-1.65 4.30 46.0 820 0.96 74 81 3 1.6 5.23 

[4] 30 4. 42 2.14-2.45 2.92 46.0 1250 0.38 51 4070 2.8 5. 37 

[18] 30 4.42 1. 85 - 2. 50 2.92 46. 0 1250 0.38 74 1868 7.3 5.37 

[4] 36 4.89 2.24-2.50 2.00 46.0 1250 0.59 51 5270 7.9 5.84 

v. h. =velocity heads referred to test section diameter 
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TABLE VI Single boiling channel data for previous geometrical loop modifications. 

!Refer- oc * ·* Geometrical Run P bar M kT kT+ 0 cr 
m a. exit 

lence data 5 cr 
no. 

k e. r. 
2 v.h. v. h. kW/1 kg/m sec o/o 

[3 J dT = 20 mm 1 10 5.0 4. 77 5. 21 44.0 860 85.5 

H 5. 84 m 2 20 4. 1 4. 72 5.; 6 71. 6 885 . 89. 5 

LT = 4.89 " 3 30 3. 2 4.66 5. l (I 96.2 735 91. 5 

kin = 2.10v.h. 4 40 2.8 4.60 5. 04 120.0 725 93.0 

k 0.44 " 5 50 2. 1 4.56 5. 00 144.0 735 94.6 
e. r. 

6 60 2.2 4.48 4.92 158.4 812 93.8 

[9 J dT = 20 mm 7 50 5. 0 4.09 4.99 150.0 758 94.5 

H = 5. 37 m 8 50 10.0 4.09 4.99 I 34. 0 835 93.4 

LT :: 4.42 " 9 50 1 5. 0 4.09 4.99 124.0 877 89.8 

k. 2.0 v.h. 1n 
k = 0.90 " e. r. 

[4] dT = 30 mm 1 0 20 10.0 2.92 3.30 92. 8 944 89.6 

H = 5. 37 m 11 30 1 o. 0 2.92 3. 30 124. 0 875 90.6 

LT = 4.42 " 1 2 40 1 o. 0 2.92 3.30 160. 5 843 93.0 

k. 2.8 v. h. 1 3 50 
1n 

I 0. 0 2.92 3. 30 1 71. 9 880 93.0 

k = 0. 38 " e. r. 

[18] dT = 30 mm 1 4 50 1 o. 0 2.92 3. 30 1 70.0 850 93.0 

H 5. 37 m 15 50 20.0 2.92 3. 30 1 58. 5 940 89. 5 

LT = 4.42 " 16 50 I O. 0 2. 92 3. 30 160.0 755 94.8 

k 7. 3 v.h. 1 7 40 20.0 2.92 3. 30 1 53. 5 810 91.0 
0 

k = 0.38 11 

I [4 J 
e. r. 

dT = 36 mm 18 20 8.0 2.0 2.59 89.4 770 92.9 

I 
H :: 5. 84 m 19 30 8.0 2.0 2. 59 II 5. 5 760 93.0 

LT :: 4.89 " 20 40 8. 0 2.0 2.59 135.9 786 93. I 

I k = 7.9 v. h. 21 50 8. 0 2.0 2.59 1 52. 1 814 93.6 

I 
0 

k = 0. 59 " e. r. 



TABLE VII Parallel boiling channel data for previous geometrical loop modifications. 

AiJ °C * m.* Refer- Geometrical Run P bar k k kT kr+ 0 cr 0. exit 
data s v 0 cr ence no. 

k e. r. 

v.h. v. h. v.h. v. h. kW/1 
2 

kg/m sec o/o 

[18] dT 20 mm I 50 6.0 --() 1.6 4.20 5. 16 129.0 870 88. 7 

H = 5.23 m 2 50 6.0 7.4 1.6 4. 25 5. 21 119.0 830 88. I 

LT = 4. 30 " 3 50 6.0 21.0 1.6 4. 30 5.26 94.0 790 84.9 

k e. r. = 0.96 v.h. 4 50 6.0 50.8 1.6 4.45 5.41 71. 5 630 84.0 

5 50 6.0 --() 3.9 4. 31 5.27 145.0 760 92.4 

6 50 6.0 12. 7 3.9 4.37 5. 33 127.0 710 91. 5 

7 50 6.0 29.0 3.9 4.40 
"· 36 

115. 0 670 90.9 

8 50 6.0 66.9 3.9 4.54 5. 50 87.0 575 89.0 

9 50 6.0 -o 11.6 4.44 5.40 158.0 640 95. 7 

10 50 6.0 1.6 1 l. 6 4.50 5.46 156.0 610 96.2 

11 50 6.0 15.9 11.6 4.60 5.56 152.6 560 96.9 
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EXPERIMENTAL AND THEORETICAL DETERMINATION 

OF DYNAMIC CHARACTERISTICS AND STABILITY LIMITS IN 

NATURAL CIRCULATION BOILING CHANNELS WITH ROD CLUSTERS 

F. Akerhielm, P. T. Hansson and 0. Nylund 

AB Atomenergi, Studsvik, Nykoping, AB Atomenergi, Stockholm 

and ASEA, Vasteris, Sweden 

ABSTRACT 

Studies on hydrodynamic instability is an important part of the full scale 
loop test program for the fuel elements of the Marviken heavy water 
boiling reactor, Step responses, transfer functions and noise character
istics have been measured for 6-rod and 36-rod clusters at natural cir
culation. Influence of power, pressure {30 - 50 bars), subcooling {2 -
24 °C) and inlet throttling {4 -20 velocity heads) has been investigated, 

Power to mass velocity and power to void transfer functions have been 
:r:neasured in the range 0. 01 - 2 c/ s covering a resonance peak at about 
0. 5 c/s. Pseudo-random type of perturbations have been applied. 

Mass velocity noise characteristics has been used to determine stability 
limits. 

The results from the experiments have been compared to results ob
tained from the hydrodyna.mic model HYDRO. 

Paper presented at the Symposium on Two-Phase Flow Dynamics, 
Eindhoven, September 4-9, 1967. 
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1. INTRODUCTION 

The present experiments are a part of the full scale loop test program 
for the boiler channels of the Marviken natural circulation boiling heavy 
water reactor. The purpose of these experiments can be summarized as 
follows: 

A. To verify that the Marviken reactor can be run at the rated power 
with proper safety margins against burnout, hydrodynamic insta
bility or instability induced by void-reactivity feed-back. 

B. To obtain knowledge of the hydrodynamic behaviour of a Marviken 
boiling channel in as great detail as possible. 

C. To establish an experimental basis for development of correlations 
and mathematical models to be used for design and optimization of 
multi-rod fuel elements for future reactors. For this purpose meas
urements are performed throughout a broader range of operating 
conditions than the Marviken tests themselves require. 

The experimental program to obtain this information started with tests 
on full length, uniformly heated 6-rod and 36-rod test sections. They 
will be followed by tests on 36-rod clusters with radial and axial power 
distributions respresentative for reactor conditions. 

The experiments are carried out in the 2. 5 MW loop FRCJA and the 8 MW 
loop FRIGG at the nuclear power laboratories of ASEA in Vasteras, as a 
joint project between ASEA and AB Atomenergi. 

The investigations include the single- and two-phase pressure drop, the 
axial and radial void distribution, burnout in natural and forced circula
tion, the natural circulation mass velocity, the stability limit as well as 
the details about the system during transient conditions. 

Because of the possible power limitation by hydrodynamic instability, the 
dynamic measurements are regarded as a very important part of the re
search. Information on the dynamic characteristics is obtained from meas
urements of noise, step responses and transfer functions for _different 
parts of the system. However, a detailed knowledge of the actual steady 
state characteristics is necessary for a correct ·interpretation of the dy
namic behaviour. For this realjlon static and dynamic measurements have 
been carried out simultaneously as far as possible. 

The present report covers the most significant results of the dynamic 
measurements on the 6-rod cluster and a few preliminary results of the 
36-rod tests. Comparisons are performed with calculated results obtained 
by employing the hydrodynamic model HYDRO. 

Some other results of the FROJ'A and FRIGG-measurements are discuss
ed in ref. [ 1] and [ 2]. Detailed reports on the investigations are given 
in ref. [3] and[4]. 

1 ~ 
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2. APPARATUS 

2. 1 Loops 

Two loops have been built at the nuclear power laboratories of ASEA in 
Vaster&s for tests on electrically heated simulated fuel elements for the 
Marviken reactor. The 6-rod experiments reported here have been per
formed in the 2. 5 MW loop FROJA, while the full scale 36-rod experi
ments have been carried out in the 8 MW loop FRIGG. The maximum 
pressure for the FRQJA loop is 50 bars, the same as the operating pres
sure for the Marviken reactor. The FRIGG loop, however, can be used 
up to 100 bars, making it suitable also for tests on other reactor fuel 
elements. 

The principle of the loop design, which is similar for FRQJA and FRIGG, 
is illustrated by the simplified flow diagram in Fig. 1. The loops can be 
operated both at forc·.:d and natural circulation. Large diameter piping is 
used in the downcomer in order to minimize the restriction during natural 
circulation. When steam is produced in the test section, the loop pressure 
is controlled by regulating a cold water flow to spray nozzles in the con
densor. The heat is removed from the loop by a heat exchanger in a cool
ing circuit, from which water is pumped up to the spray nozzles. 

The inlet subcooling is controlled by feeding water from the cooling cir
cuit into the upper part of the downcomer. The inlet throttling is changed 
during natural circulation tests by means of a valve in the down comer. 

The loop instrumentation consists of conventional process instruments 
needed for the operation, and some more refined equipment for the dif
ferent types of static and dynamic measurements. Instrumentation of spe
cial importance for the dynamic experiments is discussed below. 

2. 2 Power supply 

An 8 MW DC power supply is used for the two loops. Rectification is per
formed by oil-cooled silicon diodes. The voltage can be continously re
gulated by means of a step regulating transformer and six transductors. 

A signal from one of the resistance bridge type burnout detectors, used 
for protection of the heated rods, will automatically reduce or switch o~f 
the power. During transfer function measurements the power is oscillated 
by means of the transductors. A fast power signal, suitable for dynamic 
recording, is obtained by multiplying the voltage and the current signals 
in a Hall-device. 

2. 3 Test sections 

The results reported here were obtained with a 6-rod test section, FT-6b, 
simulating the central region of a boiler channel for the Marviken reac-
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tor, and a 36-rod test section, FT-36a, being a full scale simulation of 
such a channel. It should be noted that the power distribution was uniform 
for these test sections. Experiments are planned, however, with radial 
and axial power distributions, representative for reactor conditions. The 
most important data for the test sections are found in Fig. 2 and in Table 
1 , where the relevant data for a Marviken boiler channel are also given. 

Table 1 

Marviken FR6JA FRIGG 
boiler channel FT-6b FT-36a 

Number of heated rods 36 6 36 

Heated length, rom 4420 4380 4380 

Power distribution Nonuniform Uniform Uniform 

Heated rod, OD, rom 13.8 13. 8 13. 8 

Unheated center rod, OD, rom 20 20 20 

Shroud, ID, rom 160 71 159.5 

Equivalent diameter, rom 27.3 20. 1 26.9 

Heated equiv. diam. , rom 37.2 42.3 36.6 

Number of spacers 7 5 8 

Chimney height, rom 1470 1540 1540 

Operating pressure, bars 49.5 

Inlet subcooling, °C 2.5 

Inlet throttling, velocity heads 13 

The heated rods were of a type with a coaxia~ feeder rod eliminating the 
electromagnetic forces between the rods. There were two reasons for 
employing this type of rods. The first reason is that the outlet geometry 
of the reactor fuel channel is well simulated with this type of rods. This 
fact is of special importance in tests for a natural circulation reactor, 
where hydrodynamic instability may be an important limitation. The sec
ond reason is that: bowing of the rods by electror.nagnetic forces could 
cause difficulties for the void measurements performed with the gamma 
ray attenuation method. 

Most of the heat is produced in the 0. 8 rom stainless steel canning of the 
rods. This means that the reactor fuel time constant is not correctly sim
ulated by this type of rods. 

Each rod was provided with voltage taps for burnout protection with re
sistance bridge type detectors. 

A prototype reactor spacer was employed for both test sections. 

1 
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2. 4 Special instrumentation 

The conventional instrumentation has been supplemented by some special 
equipment to make possible the dynamic measurements and also some 
special static measurements. 

For dynamic measurements of mass velocity, a drag body flow meter 
(Ramapo) was used in the FROJA loop. A dynamic calibration of this me
ter [5] shows that the response is flat (within 0. J dB and 2 degrees) up 
to a frequency of 3 c/s. A similar instrument was installed in the FRIGG 
loop but could not be used because of trouble with the strain gauges. It 
was replaced by a fast DP-cell (Statham), also based on a strain gauge 
principle, connected to a venturi meter in the downcomer. No dynamic 
calibration has been performed for this unit, but the results obtained in
dicate that the response is satisfactory up to at least 1 c/s. 

Turbine flow meters have been tested in both loops but none of the results 
presented here were obtained with these instruments. 

An impedance void gauge, mounted at the exit, was used for the dynamic 
void measurements in the 6-rod cluster. This gauge is of the type de
veloped by Institutt for Atomenergi, Norway [6]. The time constant is 
negligible in the frequency range of interest. A static calibration of the 
gauge had to be performed frequently in order to correct for changes in 
the water conductivity. This calibration was performed with a gamma 
void meter used for axial and radial void distribution measurements. 

The gamma void meter [3] compl:'ises one gamma source (Ir-192 for 
6-rod cluster and Co-60 for 36-rod cluster) and four scintillation de
tectors with adjustable collimators. The pulses from the detectors are 
amplified, analyzed and counted in separate pulse chains built into the 
automatic data collection system RAMSES, described below. The penetra
tion paths of the four gamma beams can be changed between prefixed ra
dial positions within the channel. The void at a certain level is thus eval
uated from several measurements covering different parts of the channel. 

Up to now the gamma void meter has mainly been used for static meas
urements. Some preliminary dynamic measurements have been perform
ed on the 36- rod cluster but the evaluation of the results is not yet fin
ished. 

The data collecting and recording system used during the measurements 
is built up around the data acquisition unit RAMSES, an automatic and 
very flexible system for different types of measurements [7]. It can be 
used both for static and dynamic measurements. The programming of the 
equipment used for the loop measurements is such that a maximum of 8 
analog and 6 digital signals can be recorded simultaneously during static 
measurements. During dynamic measurements the maximum number of 
digital signals is reduced to 3 to avoid deadtime when read-out of the dig
ital registers is performed. The out~ut unit is a paper tape puncher with 
a maximum speed of J 50 characters/sec. This fact has been a limitation 
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as to the num.be r of channels used during the measurements. A block 
diagram of the whole equipment is shown in Fig. 3. 

The analog signals obtained from transducers for mass flow, tempera
ture, pressure etc. are filtered, suppressed by bias voltages and am
plified in operational amplifiers with active filters [ 8]. The transmis
sion of the filters is rapidly falling above the chosen break frequency 
(0. 03, 0. 1, 0. 3, 1 or 3 c/s). Recording was made on a 4-channel Sanborn 
recorder and on the RAMSES via an 8-channel multiplexer and an analog 
to digital converter. 

The automatic system RAMSES not only controls the recording process 
but also, during dynamic measurements, the generation of the perturba
tion function. For that purpose a program unit works synchronously with 
the other sequences of RAMSES. The program unit can generate an ar
bitrary function of the discrete interval binary type. The perturbation 
signal is fed to the control system of the power supply for the loop. 

3. DYNAMIC EXPERIMENTS 

The information on the dynamic characteristics has been obtained from 
measurements of noise, step responses and transfer functions for differ
ent parts of the system. Measurements have been performed on 6- and 36-
rod clusters and the transfer functions cover a frequency range of 0. 01 -
2 c/s. The influence of power, pressure (30-50 bars) subcooling (2-24 °C) 
and inlet throttling (4-20 velocity heads) has been investigated. 

The experimental results shown in Figures 20 and 21 were obtained 
from measurements on the 36-rod test section while all the other 
experimental information presented pertains to measurements on the 6-
rod test section. All measurements described in this report were per
formed with natural circulation. 

3. 1 Stability limits 

As burnout was the main power limitation in most of the cases an extra
polation technique had to be used for determination of the stability limits 
[9, 10]. Mass velocity noise, measured by the drag body flow meter, was 
recorded· at different power levels, and the standard deviation, cr, was cal
culated. Punched tape recordings were used for the calculations and pen 
recordings for visual inspection of the noise character. A low pass filter 
with a break frequency 'of~ c/s was used. Sampling time interval was 0. 1 
second and the len'gth of the recordings was 2-5 minutes. 

1/cr
2 

has been plotted versus channel power and a straight line has been 
fitted to the points and extrapolated to 1 /cr2 = 0 (cr =co). This point is de
fined as the threshold of instability. A few typical cases are shown in Fig. 
4. In the run at 30 bars the points fit very well to a straight line. In other 
examples, however, the points are rather scattered and, at least in one 
case, the points seem to follow a curve, similar to those ;reported in [ 11], 

1.2 
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rather than a straight line. The reason for so different behaviour in 
similar cases is not clear. Unfortunately, this means that stability lim
its obtained by large extrapolations are generally rather uncertain. A 
general noise program computing auto- and cross-correlation functions 
and power spectra is under development and this program will later be 
used for a more extensive analysis of the noise recordings. The mass 
velocity spectrum will then be analysed with respect to a narrow fre
quency band covering the resonance region. Tt is expected that this ana
lysis will make possible a more accurate determination of the stability 
limits. 

A survey of extrapolated stability limits, obtained for FT-6b, is given 
in Fig. S. In spite of the rather large uncertainty in several of the points 
and the comparatively small number of measurements, some interest
ing trends can be observed in the diagrams: 

1. The stability limit decreases slightly with the insertion of the outlet 
instruments at 50 bars. There is an indication that the influence 
of the outlet restriction on the stability depends on the inlet thrott
ling. 

2. A rather strong effect of subcooling is observed. In accordance 
with earlier experiences [12] there exists a stability minimum, 
which, in the case without instruments, seems to be in the region 
5 °C < f::t.6 b< 15 °C. su 

3. At 50 bars, the influence of the inlet throttling on the stability is· 
found to be small. In the case without outlet instruments a stability 
minimum is indicated at k. ::::::; 1 0 velocity heads. This is an unex
pected result, which is di§~ussed below. 

4. At 30 bars, the stability limit was significantly increased when the 
inlet throttling was increased from 4 to 12 velocity heads. 

5. The stability is better at 50 bars than at 30 bars. This trend is in 
agreement with theoretical predictions and earlier results and is 
most pronounced at low values of inlet throttling. 

A general result of the round tube single channel tests in Studsvik [ 13] 
was that an increased inlet throttling always increases the stability. The 
results obtained here indicate, however, that this is not necessarily true 
for more complex geometries. This may be explained, considering that 
a rod cluster consists of subchannels, by the observation that for parallel 
channels the critical power density decreases with increasing total down
comer throttling [ 11]. Because of the connection between the subchannels 
in a rod cluster the stability limit is expected to depend, in a very com
plicated way on the amount of restrictions placed before, within and after 
the cluster. If this is true, dynamic subchannel models are needed for 
accurate prediction of stability limits for rod clusters. 
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• 

An important question is also, whether the extrapolated or theoretical 
instability threshold is a practical power limit during reactor conditions. 
In-pile experiments have been performed in Halden at power levels con
siderably above the instability threshold [14], The oscillations were found 
to be damped by nonlinear effects and burnout did not occur because the 
fuel time constant was large compared to the period of the oscillations. 
For other reasons, however, large oscillations are not likely to be ac
ceptable in a power reactor. Hence, it seems desirable to supplement 
the instability criteria with a maximum amplitude, which should not be 
exceeded during normal operation. 

Because of the burnout limitation, no experiments with large oscillations 
were performed in FROJA. For power levels below the instability thre
sholds, however, the magnitude of the flow oscillations has been indicated 
in Figures 6 and 7 by limits of the standard deviation, cr. It should be 
noted, however, that the a-values depend on the measuring technique and, 
probably, also on specific properties of the loop. The maximum peak-to
peak value was found to be about 5 cr during these experiments. Hence, 
9" = 2 % corresponds to 1 0 % peak-to-peak value., 

For a < 1. 5 %the noise was found to be mainly of statistic nature. In the 
region 1. 5 % < cr< 2 % short bursts of oscillations at the resonance £.re
quency could be traced, and for a> 2 %periodic oscillations were ap
parent. Of course, no exact boundaries exist between the different re
gions. 

3. 2 Step responses 

In Figure 8 is shown an example of the responses in mass velocity and 
exit void to a negative step in power. The power level is 795 kW, and the 
corresponding power density (66. 5 kW /t) is close to that expected in the 
most loaded Marviken reactor boiling channel. 

The noise level is high in the signals, and the noise strongly affects the 
appearance of the step responses. This means that the step responses 
can preferably be used as a qualitative measure of the dynamic behaviour. 
For a comparison with a dynamic model the noise must be eliminated. 
This can be done by a frequency analysis with cross-correlation methods. 
Filters that must be used for the elimination of instrument noise, hum, 
etc., will also distort the time responses, while in the frequency re
sponses the distortion in the frequencies of interest is negligible. 

It is, however, important to remember that the noise is present in the 
actual easEl and that therefore the frequency responses, in which the 
noise is eliminated, are a description that is of value for the comparison 
with a dynamic model in the absence of noise. On the other hand the time 
responses tell more about the actual behaviour in the loop. 

It should also be noted that in the reactor much slower responses wul be 
obtained because of the large fuel time constant. 
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3. 3 Transfer functions 

The transfer functions have been measured by the introduction of pseudo
random perturbations [ 15, 16] in power and the registration of the re
spon.ses in mass velocity, void fraction, etc. The pseudo-random per
turbations are binary and periodic and have a Fourier spectrum of ap
proximately the same form as white noise of a limited bandwidth. By 
using this type of perturbation the transfer functions are obtained for 
several frequencies simultaneously. Time is saved, and all values of the 
transfer functions are obtained under the same loop· conditions. A cor
relation technique is applied in the analysis, and small perturbations can 
thus be used with satisfactory accuracy in the measurements, even when 
the noise level is high. Due to the boiling process the noise level is usu
ally high in mass velocity and void fraction, as observed in the step re
sponses. The possibility to use small perturbations is especially import
ant when measurements are performed under loop conditions close to 
burnout or instability limits. Large perturbations can in these cases cause 
burnout or errors in the measured transfer functions due to nonlinear re
sponses. 

The pseudorandom functions used during the experiments consisted of 19 
bit intervals. This rather low value was chosen to obtain a high accuracy 
at the individual points by limiting the number of frequencies at which 
the transfer function was determined. 

To avoid errors in the transfer functions measurements due to aliasing, 
the break frequency in the low pass filters, mentioned above, was always 
less than half the sampling frequency. The overlapping was good between 
measurements covering different frequency bands where different sam
pling and break frequencies have been used, and this shows that the in
fluence from aliasing can be neglected. 

As a test, identical perturbation signals were introduced at all channels of 
the measuring equipment before and after the measurements. Frequency 
analysis of the results showed that the difference was max. 0. 4 dB in gain 
and 1 degree in phase, and thus could be neglected. 

At high frequencies a correction should be applied for the dynamics of the 
heated tube, as the heat flux is somewhat attenuated and delayed with re
spect to the electric power. Due to the thin wall of the tube, however, the 
attenuation and phase lag are only approximately 0. 5 dB and 10 degrees 
respectively at a frequency of 1 c/s, and thus of the same or<ier as the 
experimental accuracy. 

Transfer functions from power to mass velocity, exit void fraction, inlet 
temperature and total pressure have been measured at two power levels, 
475 kW and 800 kW. At these levels the power densities (kW/t) are ap
proximately the same as for Marviken boiler channels loaded to average 
and maximum power. 



- 11 -

The influence on the transfer functions from power1evel, subcooling, in
let and outlet throttling and pressure has been studied. The frequency 
range 0. 01 - 1. 7 c/s was covered. 

Studies were performed in order to investigate to which extent the trans
fer functions depended on the perturbation amplitude. The pseudorandom 
perturbations applied during the experiments have been in the range from 
±: 3 o/o to i: 6 o/o of the steady state value, corresponding to amplitudes of 
the fundamental of between 1. 4 o/o and 2. 8 o/o. The amplitudes of the higher 
harmonics are somewhat smaller than that of the fundamental. In Figures 
9 and 1 0 are shown frequency responses from power to mass velocity at 
a power level of 475 kW, obtained from pseudorandom perturbations. The 
points in Figure 9 are obtained with steps of 6 o/o and the points in Figure 
1 0 with steps of 12 o/o of the steady state value. The functions agree within 
the experimental limits of± 1 dB in amplitude and± 10 degrees in phase. 
The same conclusion can also be drawn from the measurement of the 
transfer function from power to mass velocity at a power level of 800 kW. 
It can thus be assumed that the influence from non-linearities in the sys
tem at least for the transfer function from power to mass velocity can 
be neglected and that the responses obtained can be regarded as obtained 
from small sinusoidal perturbations. 

The influence of inlet throttling on the transfer function from power to 
mass velocity obtained at 800 kW can be seen from Figures 11 and 12. The 
decrease in inlet throttling from 16 to 4. 3 velocity heads is seen to in
crease the resonance and make the loop less stable. For the smaller 
throttling a weak resonance at a frequency of approximately 1. 1 c/s is 
found. The influence of the power level on this transfer function is found 
from a comparison between Figures 12 and 10, the latter obtained' at a 
power level of 475 kW. The resonance is much more pronounced at the 
higher power level and the resonance frequency has increased from 0. 4 
to 0. 45 c/s. 

The influence of inlet throttling on the transfer function from power to exit 
void measured at a power level of 800 kW can be seen from Figures 13 and 
14. A decrease in inlet throttlin~ from 16 to 4. 3 velocity heads is seen to 
increase the resonance at 0. 4 cfs and make the loop less stable. 

The influence of subcooling on the transfer function from power to mass 
velocity can be seen from the points in Fi¥; 15 and it is found that the in
creases of subcooling from 1. 7 °C to 8. 8 C and from 8. 8 °C to 18. 0 °C 
both make the loop more stable. With the very high subcooling of 18. 0 °C 
the resonance has almost disappeared. A stability minimum may exist in 
the region 1. 7 °C <A~ b < 8. 8 °C. 

su 

After the mstrumentation at the channel outlet had been removed, a few 
transfer functions from power to mass velocity have been measured to find 
the influence of the exit throttling. The influence of system pressure has 
also been studied.· For all measured transfer functions at a system pres
sure of 50 bars a slight decrease in the resonance is found when the out
let instrumentation was removed (Figures 16 and 17). 
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Figures .18 and 19 show the influence of pressure and power level on the 
transfer function from power to mass velocity. Both these transfer func
tions are obtained with no outlet instruments and approximately the same 
subcooling and inlet throttling. It is shown that for the current values of 
subcooling and inlet throttling a decrease in the system pressure from 
50 bars to 30 bars combined with a decrease in the power level from 800 
kW to 500 kW causes little change in the transfer function. The resonance 
frequency is, however, somewhat higher at the higher power level. 

A part of the transfer function from power to system pressure was meas
ured at a power level of 475 kW and a system pressure of 50 bars. In the 
frequency region of 0. 01-0. 1 c/ s the function was found to represent an 
integration, as expected. In the measurement the power modulation was 
approximately 2. 5o/oat a frequency of 0.01 c/s. The pressure amplitude 
was found to be 0. 15 bar corresponding to a temperature amplitude of 
0. 2 °C. Part of this temperature variat>m was then transferred to the 
test section inlet. The attempts to measure the inlet temperature varia
tion were, however, unsuccessful due to the small signal-to-noise ratio. 
The small variation of saturation temperature at the test section outlet in 
combination with heat losses and mixing in the outer loop indicates that 
the temperature variations at the test section inlet are negligible. This is 
also assumed in the calculations with the HYDRO model discussed in 
Chapter 5. 

A few transfer function measurements have been performed on 36-rod test 
sections. In Figures 20 and 21 are shown transfer functions from power to 
mass velocity, obtained at 2800 kW and 3600 kW respectively. The cor
responding power densities are 44. 5 kW /t and 57 kW /t. 
The transfer function in Figure 20 is obtained at approximately the same 
power density and other loop conditions as the transfer function for the 
6-rod test section in Figure 16, where the power density was 42 kW /t. 
The resonance is slightly higher for the 36-rod test section measurement 
and the resonance frequency has increased from 0. 38 c/s to 0. 45 c/s. 

As expected the transfer function in Fig. 21, obtained at a power level of 
3600 kW, shows a more pronoun.ced resonance peak and a higher reso
nance frequency than the one in Fig. 20. 

In this section the results from the measurements have been discussed 
qualitatively. A detailed comparison between results obtained from meas
urements on 6-rod test sections and from hydrodynamic models is given 
in Chapter 5. 

4. DESCRIPTION OF THE HYDRO .MODEL 

A short description will be given of the mathematical model for boiling 
channel hydrodynamics, HYDRO. which has been developed at AB Atom
energi. For a full description of solution methods, digital programs etc. 
we refer to internal reports [17, 18, 19]. 
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4. 1 Basic equations and boundary conditions 

The model is one-dimensional and treats a complete natural circulation 
loop. 

The basic laws o£ conservation £or mass, energy and momentum are: 
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( 4. 1 • 1 ) 

(4. 1. 2) 

( 4. 1 • 3) 

For .subcooled boiling the model o£ Bowring [20] is used. However, the 
zone with "highly subcooled" boiling (wall voidage) is neglected, leaving 
one zone o£ subcooled boiling which is called the "transition zone". This 
starts at~zt (= "transition boiling boundary") and ends at zb (="bulk boil:. 
~ng boundary") where the water reaches saturation temperature. For the 
transition zone separate energy balances for water and steam are estab
lished: 
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q(z, t) 
F·L 
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(4. 1. 4) 

(4.1.5) 

The boiling boundaries are determined from the following implicit equa
tions: 

(4. 1. 6) 

(4. 1. 7) 

The parameters 1ls (pressure -dependent) and 1!: are evaluated according 
to Bowring's correlation [20]. 

1. 
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For the relation between void and quality, which can be expressed by the 
slip ratio S, there are 4 different alternatives: 

a) The "AE slip correlation" [1 7, 18] 

2 
S=Ax +Bx+1 s s 

X< 0. 02 

S = (1+CsC(p)x
3
/"; (0. 795 + 0. 41 G. p{~)) .x ~ 0. 02 

m 

b) The von Glahn-Polcyn void correlation [ 21] 

[ 1-x J -B 
et = 1 t -x · AGP GP 

c) The ·slip correlation by Banko££-Jones [22, 23] 

d) 

S = ___ 1_-_cc __ _ 

KB -et + (1-KB)etr 

A constant clip ratio, S = S 
0 

(4. 1. 8) 

(4. 1. 9) 

(4. 1. 1 0) 

(4. 1. 11) 

For the two-phase friction multiplier cp 2 
there are two alternative form

ulas that can be used: 

a) The 11AE two-phase friction multiplier correlation" [ 17, 18] 

2 b{ b(p) 
cp = 1 + af · a(p) x (4. 1. 12) 

b) The Becker two-phase friction multiplier correlation [24] 

cp 2 = 1 + 2 3 55 (~ 0. 9 6 
p 

(4. 1. 13) 

c) For the pressure drop across spacers, which the program treats 
in their actual positions in the channel, there is a special formula that 
can be used alternatively to the above formulas: 

2 2 cp =1+A x+B x sp sp sp ( 4. 1. 14) 

For details concerning the coefficients in eqs. (4. 1. 8) - (4. 1. 14) we ·refer 
to [ 17, 1 8]. For the boundary condition at the channel inlet there are 3 
alternatives that can be used: 
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a) a constant or prescribed time-varying temperature subcooling, 

b) a constant feedwate r temperature, or 

c) a constant subcooled power. 

Boundary conditions at area changes are that the mass flow, the void 
fraction and the steam quality are continuous across such changes. The 
boundary condition for the momentum equation is that the integrated pres
sure drop around the loop is equal to zero. 

Pressure changes at the channel inlet, spacers, area changes and riser 
exit are calculated according to standard formulas [ 17]. 

As initial condition a steady state solution at t = 0 is used. The steady 
state solution is obtained by solving the equations with all time derivatives 
equal to zero. 

4. 2 Method of solution and application of the model 

The solution of the set of non-linear partial differential equations given in 
section 4. 1 must be carried out by numerical methods, as an analytical 
solution is impossible without considerable simplifications. Duringthe de
velopment of the model much effort has been devoted to choose suitable nu
merical techniques because the Eulerian formulation of the hydrodynamics 
equations leads to difficulties with obtaining sufficiently accurate solutions 
which are at th€l same time numerically stable. For the first two versions 
of the model a: finite difference method with two-point central differences 
for the spatial derivatives and two-point backward differences for the time 
derivatives was used. In a third version of the model the method of char
acteristics for partial differential equations is employed for solution of the 
mass and energy balances. eqs. (4. 1. 1} and (4. 1. 2). 

The equations are solved along the characteristics in the z-t plane, which 
means that they are reduced to ordinary differential equations in these di
rections. These must still be solved by finite difference techniques, but 
the great advantage is that the space mesh can be automatically adjusted 
to the time step for tracing the characteristics. Then the accuracy can be 
made optimal without numerical stability problems. 

The capabilities and properties of the digital programs HYDRO I - ill 
(written in FORTRAN-IV for IBM-7044) will now be briefly described. Pre
scribed perturbations can be put on the following 3 variables: the power, 
the inlet subcooling and the inlet throttling. The perturbation function can 
be one of 3 types: a step (modified with a ramp of prescribed length in the 
beginning), a ramp and a sinusoidal function. As output in time and space 
can be obtained all the characteristic variables describing the two-phase 
flow. 
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The main application for stability investigations with HYDRO is .through 
the use of a step perturbation and consideration of the step response. Built 
into the programs there is a routine for analyzing the step response of the 
inlet velocity by fitting it to the following expression after some pre
scribed initial time 

A.t 
e (4. 2. 1) 

supposing that the system behaves like a second order oscillatory system. 
The value obtained for the damping factor A is a direct measure of the 
stability. The stability limit is defined as that power level where the in
let velocity step response is changed from convergent (A.< 0} to divergent 
(A > 0). 

With the program versions HYDRO I - II there are also extensive possi
bilities to study the hydrodynamics in the frequency domain. This is ob
tained by Fourier transformation of step responses. The following varia
bles can be used for this: inlet velocity, void fractions in 5 axial positions, 
channel void volume, riser void volume, channel pressure drop, riser 
pressure drop and a special steam velocity gradient function. As the cal
culated step responses are of finite length in time, the above mentioned 
step response analysis is applied to all these variables and utilized to 
give "analytical predictions" of. the step responses beyond the calculated 
time range. 

As output,transfer functions can be obtained both between different calcula
ted variables, and between these and the input disturbances. For a disturb
ance ln power the following transfer functions can be obtained as output: 
power to inlet velocity, power to channel void volume, power to local void 
fraction, channel void to inlet velocity, riser void to inlet velocity, pres
sure drop to inlet velocity, channel void to pressure drop and riser void to 
pressure drop. For a disturbance in inlet throttling there can be obtained 
the transfer functions inlet velocity to channel void, inlet velocity to riser 
void, inlet velocity to local void fraction, and inlet velocity to s;team velo
city gradient. For a disturbance in inlet subcooling the transfer functions 
from inlet subcooling to inlet velocity, to channel void volume and to local 
void fraction can be obtained. 

5. COMPARISON OF 

EXPERIMENTAL DATA TO MATHEMATICAL MODELS 

The mathematical model HYDRO, described in chapter 4, was used for 
comparison to some cases of experimental data. Measurements from 
FROJA have also been used in an investigation performed by a Scandina
vian group for hydrodynamics model studies [25 ]. For a few cases, also 
the predictions of three other models used in that study have been includPd 
here. 
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5. 1 Transfer functions power to inlet velocity and power to exit void 

Two cases where both the power to exit void and power to inlet velocity 
transfer functions were measured have been chosen for comparison with 
models. The transfer functions were measured at two different power 
levels with approximately equal other system conditions (pressure, sub
cooling etc.). The results are presented in Figures 22 - 25. These 
figures are the same as in the above mentioned study [25] and include 
the models HYDRO and APRIKOS. 

The transfer functions power to exit void fraction are shown in Figures 
22 and 23. It is seen that the increase in power level leads to the ap
pearance of a resonance peak in this transfer function. This peak is 
caused by the flow oscillations that are characteristic for a natural 
circulation system. In a system with forced circulation and heavy inlet 
throttling the flow oscillations are eliminated, and the exit void response 
would be caused only by the induced power variations, in which case the 
resonance peak vanishes. This circumstance is studied more closely 
theoretically and will be discussed later in this chapter. 

The two models, HYDRO and APRIKOS, show fairly good agreement 
for the low power case. For the high power case, however, there is 
a larger discrepancy for the level of the gain curves. This is mainly 
due to a discrepancy in the steady state void calculation; the steady 
state increase in void fraction caused by an increase in power, the ratio 
being equal to the zero-frequency gain, is not correctly predicted. This 
results in the discrepancy in gain in the whole low-frequency region 
where the gain curves are flat. There is, however, also a discrepancy 
for the height of the resonance peak. 

Concerning the phase angle, the predictions are in good agreement up 
to at least 0. 6 c/s, which is well above the resonance frequency in both 
cases. For higher frequencies the deviations become larger, but still 
the trend· of the curves agree fairly welL 

Considering the transfer functions power to inlet velocity shown in 
Figures 24 and 25, a generally rather good agreement is seen between 
experiment and theory, although a slightly higher gain in both cases is 
predicted by the models. The phase curves are in excellent agreement 
in the resonance region but seem to deviate slightly at low and high 
frequencies. 

5. 2 Stability limits 

Stability limits for four different system conditions have been calcu
lated with the models APRIKOS, RAMONA (25] and HYDRO. The re
sults as well as experimentally determined stability limits are given in 
the table below. 

1. 
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Case p D.-o 
sub 

k. Power at stability limit Q (kW) 1n 

(bar) (oC) (v. h.) Experi- APRI- RA- HYDRO HYDRO 
ment KOS MONA modified 

201 001 - 49. 5 5.6 3. 7 11 00± 40 1070 1200 1015 921 
011 

201012- 49. 8 5.7 16. 4 1 200±1 20 1432 1 500 1297 111 9 
023 

201127- 50.0 5.2 4. 3 1270± 80 1168 1300 11 40 -
137 

201138- 50.0 23.2 11.9 1 530±1 30 1245 1250 950 -
149 

For the two first cases in the table, the exit void fraction was measured 
in addition to the inlet flow, both as functions of power. Concerning the 
void fraction it was found that there was a considerable disagreement 
between model predictions and experimental data. On the other hand the 
predicted mass flow was in good agreeD:lent with the measured mass 
flow [25 J. This may, however, be due to some other erroneous effect 
cancelling out the error in the static pressure d-rop in the channel due to 
a wrong void calculation. This circumstance. was studied further by 
means of HYDRO. First, the AE slip correlation was fitted to the ex
perimental slip ratio as calculated from exit steam quality and void frac
tion. It was not possible to use the same fit for both cases. For case 
no. 201001 -011 the constant Cs got the value 0. 065 (see equation (4. 1. 8)), 
while for case no. 201012-023 the value was 0. 35. Assuming now that 
the main uncertainty in the flow calculation is in the two-phase frictional 
pressure drop, the constants in the AE two-phase friction multiplier 
correlation were modified so that the calculated flow was fitted to the 
experimental flow. Also here it was not possible to use the same fit in 
both cases. The constants af and bf (see equation (4. 1. 12)) got the 
values af = O. 85, bf = 0. 85 respectively af = 1. 05, b£ = 0. 90. 

The result of this procedure is shown in Figures 26 and 27 where the 
dotted lines are the result of cc;tlculation with the original AE correlations, 
and the fully drawn lines are the fitted results. 

Before the further discussion a few comments on the experimental void 
values have to be made. It should be noted that the measured void values 
for the second case (201 012-023) were about 3 o/o higher than the meas
ured average in the region a> 75 o/o, x > 0. 1 2. This may be due to an 
experimental error. It has also been observed experimentally that the 
exit void fraction, measured just above the end of a rod cluster,is not 
necessarily the same as within the cluster at the same quality. Unfortu
nately complete void distributions have only been measured for an earlier 
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6-rod cluster, without the unheated center rod, and for the 36-rod clus
ter. For the 36-rod cluster significantly higher void values have been 
measured above the end of the rod cluster, than within the cluster, 
especially in the high quality region. 

This means that the fit to the experimental exit void values are likely to 
give somewhat too high void fractions for the cluster. Especially in the 
case 201012-023 the values must be regarded as extreme. On the other 
hand, all the void measurements performed in the clusters indicate 
that the void is generally significantly underestimated by calculations 
in the region 0. 08 < x < 0. 3. The accuracy in the void measurements is 
estimated to ± 3 o/o. 

With the new steady state values as initial condition for the transient 
calculations, the stability limits for the two cases were again calculated 
with HYDRO. The results are shown in the table under 11HYDRO, modi
fied11. Considerations of the agreement of the experimental and theo
retical stability limits should be made with these results in mind. It is 
noticed that HYDRO, with the modified correlations for slip and two
phase friction, gives considerably lower stability limits than those with 
the original steady state calculation as basis. For the first case the 
agreement with experiment is poorer, and for the second case the agree
ment is slightly improved. With only two cases investigated it is diffi
cult to draw conclusions, but it seems that the model, with the original 
steady state conditions, gives the better agreement, which thus is only 
apparently good. This shows that it is essential to have correct steady 
state conditions predicted before trying to evaluate the predictions of 
the dynamics conditions. 

5. 3 Analysis of transfer functions power to exit void 

The transfer functions shown in Figures 22 - 25 were also calculated 
with the original steady ~tate conditions. For the high power case the 
calculation was repeated with HYDRO after a fitting of the steady state 
similarly as mentioned in the previous section. In this case, however, 
there was only one flow condition to fit as no flow-power curve had been 
experimentally determined for the actual system conditions. The fit was 
however, based on the earlier results, and the following constants were 
used: Cs = 0. 08, af = 1. 024 and bf = 0. 90. 

The results of the calculation with these modifications are shown in 
Figures 28 and 29. The prediction of the power. to exit void transfer func
tion, Fig. 28, is improved in the low frequency region, as expected, but 
the discrepancy still observed indicates that there is still not good enough 
c;tgreement in the steady state conditions. Concerning the resonance re
gion there is now a poorer agreement than obtained before; the difference 
in the resonance top height is larger than before and the resonance fre
quency is lower than before. The same trends are observable for the 
power to inlet flow transfer function shown in Fig. 29. This is again con
sistent with the results of the stabilit~r limit calculations which gave a 
lower stability for the new calculations. 
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An investigation of the reasons for the discrepancies in the resonance 
region should start with a separation of the two contributions to the exit 
void response. One contribution is directly from the induced power 
variations, and the other is from the flow variations: 

'(;' (s) 
ex D -7irW D w~ (s) = y s • s + y s • 1n 

qcr ( ) q o wcr ( ) w. (o) 
ex ex 1n 

(5.3.1). a (o) 
ex 

The YD -transfer functions give the direct, primary connection between 
two variabies in the system, while transfer functions denoted by Y 
connect two variables where the output variable have other contributions 
too. Dividing eq. (5. 3. 1) by-q' (s)/q(O) we obtain 

~~ (s)/cr(O) D 
ex = y (s) + yD (s) . 

q' (s)/q(O) qcrex wcrex 

w! (s)/w. {0) 1n 1n 

q' (s)/q(O) 
(5. 3. 2) 

or in our notation, 

Y (s) = YqDcr (s) + Y~cr (s) · Yqw(s) 
qcrex ex ex 

(5. 3. 3) 

All the 4 different transfer functions in eq. ( 5. 3. 3) are possible to cal
culate with HYDRO II. Yqcr (s) and Yqw(s) are calculated from the 
Fourier transformation of tfi~ void and velocity responses to a step in 
power. Y~cr (s) is calculated from the transforms of the velocity and 
void respon:JCs to a step in inlet throttling. Y~crex(s) which is identified 
as the power to void transfer function for a forced circulation system, 
was calculated as follows: A heavy inlet throttling {kin = l 000) was ap
lied as well as an increased driving head that was adjusted to give exactly 
the same inlet mass flow as by natural circulation and normal throttling. 
In the response to a step in power .the 'inlet flow variations are now neg
ligibly small, while therefore the void response is entirely due to the 
power perturbation. From this the function yDcr (s) is calculated. 

q ex 

The results of these calculations are also shown in Figures 28 and 29. 
Y~cr (s) is shown in Fig. 28 together with Yqcrex(s), and it is seen how 
the ~~sonance top has been removed. The funcbon Ywcrex(s) is shown in 
Fig. 29 together with Yqw(s). Y~crex(s) ia similar to Y~O' (s) except 
for a 1 80 degrees difference in phase lag. ex 

The FR()JA experiments also comprised a few measurements of power 
to void transfer functions for forced circulation conditions, i.e. Y~o- x{s). 
However, these measurements have so far not been evaluated, excepl1n 
one case, where however the scattering of the experimental points was 

1 
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too large to make that case useful for a comparison of Y~a {s) and 
Yqaex(s). Available measurements of Y§>aex(s) and Y*Ja {~Jwill be very 
valuable for the evaluation of Yqa (s) through the 11dec5~position 11 of 
transfer functions as made here. ex 

It is seen from Fig. 28 that the gain of the function Y~a (s) is also higher 
than the gain of the experimental Yqa (s) for small vafJ'es of s. 

ex 

This indicates that there is an error in the gain level of the calculated 
function Yij_laex(s). The same may be true for the function Y&a x(s). In 
addition the too high resonance top of the calculated Yqw{s) wifl also 
give a too high resonance top in the calculated function Yqaex(s). Because 
of the feedback from void to flow through momentum changes, this ex
plains in turn the discrepancy for the function Yqw(s). Without more ex
perimental information for this case, the analys1s is mostly qualitative, 
but the possibilities to penetrate the system dynamics in detail are dem
onstrated. 

In Fig. 30 is shown the ratio Yqae,x;,{s)/Y~aex(s). This gives an interesting 
picture' of the much less stable vold. response in a natural circulation 
system as related to a forced circulation system. The points shown are 
calculated according to the right hand side of eq. (5. 3. 3), and represent 
thus an accuracy and linearity check on the calculations carried out with 
the· model. 

6. CONCLUSIONS 

The results of the measurements indicate that there is a margin of about 
1. 5 to instability for the Marviken boiling fuel elements. Final conclu
sions cannot be drawn, however, until more experiments have been per
formed on 36-rod clusters, preferably with an axial and radial heat flux 
distribution characteristic of the reactor conditions. 

Rather detailed information on the hydrodynamic behaviour of the rod 
clusters has been obtained from the measurements of transfer functions 
by means of the pseudo-random perturbation technique. This technique 
has proved to be a reliable means to obtain the function for many fre
quencies simultaneously. 

The calculated stability limits are generally in fairly good agreement 
with the limits obtained by the extrapolation te~hnique.· Certain dis
crepancies exist, however, indicating that improvements should be made 
in the model. Such improvements require both static and dynamic tests. 
The correlations for slip and two-phase friction are very important and 
should be checked "both in the static and the dynamic case. A subchannel 
analysis will probably be necessary to take into account the radial dis
tribution of mass flow and void fraction. The dynamic test includes a 
comparison between measured and calculated transfer functions for sev
eriil parts of the model and for different loop conditions. 

1 
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Measurements along the above mentioned lines on rod clusters with 
uniform and nonuniform heat flux distributions are planned to be per
formed in the near future. 
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NOMENCLATURE 

Description 

Heated surface 

Heated perimeter 

Specific heat capacity of fluid 

Hydraulic diameter 

Friction factor (Weisbach) 

Flow area 

Acceleration of gravity 

Mass velocity pfw/1 -a)+pgw ga 

Coolant enthalpy 

Heat of evaporation 

Energy function= p/1 -a) (h-hf)+pgahfg = Hf+Hg 

Inlet throttling (velocity heads) 

Energy flow function = G(1 -x) (h-hf)+G xhf = 
= Kf+Kg g 

Heated length 

Number of bit intervals, 8t, in pseudorandom 
sequence 

Pressure 

Heating power 

Heating power 

Laplace variable 
w 

Slip ratio = ..:.:..& = x 
Wf 1 -x · 

Time coordinate 

Sampling time interval 

Period 

Volume of test section 

Velocity 

1 -a Pf ----
a Pg 

p w Q' 

Steam quality = g g( 1 ) + 
PfWf -Q' Pg w g Q' 

Transfer function 

Transfer .function from x to y 

Dimension 

2 
m 

m 

Ws/kg · °C 

m 

2 
m 

m/s
2 

kg/m
2

s 

Ws/kg 

Ws/kg 

Ws/m
3 

m 

bar 

kW 

w 
-1 

s 

s 

s 

s 
3 

m 

m/s 
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ils 
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A. 
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Description 

Transfer function, gain 

Transfer function, phase 

Length coordinate 

Transition boiling boundary 

Bulk boiling boundary 

Void fraction 

Deviation, dynamic 

Deviation, static 

Parameter in Bowring's model, e = 1. 3, 
eqs. (4. 1. 4) and (4. 1. 5) 

Parameter in Bowring's detachment criterion 

Temperature 

Inlet subcooling temperature 

Damping coefficient, eq. (4. 2. 1) 

Frequency 

Filter break frequency 

Density pf( 1 -a)+ p a . g 
Densit~ for axial acceleration 

1 X ] -1 +--
Pg a 

Standard deviation 

Phase angle 

2 
[-1 (1 -x) 

Pf 1 -a 

Two-phase flow friction multiplier 

Angular frequency 

+ 

Dimension 

dB 

degrees 

m 

m 

m 

oc 
oc 

-1 
s 

c/s 

c/s 

kg/m
3 

kg/m
3 

degrees 

rad/s 
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ex 
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g 

in 

s 

sub 
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Exit 

Fluid {water) in state of saturation 

Gas (steam) " " " " 

Inlet (of heated channel) 

Sampling 

Subcooling 

Primed variables mean deviations from steady state. Overbarred sym
bols denote Fourier transformed variables. 

1 
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TRANSFER FUNCTION FROM POWER TO MASS VELOCITY Ao 800 kW. 
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TRANSFER FUNCTION FROM .POWER TO MASS VELOCITY AT 800 kW. 
LARGE INLET THROTTLING. 
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19 13.68 0.18 1.0 4·4 49·5 5·4 800 70.2 855 19.1 85.0 
" 5.~2 0.14 ~.o 4.2 " 5·7 .. .. 873 118.6184.4 

• 
IV I I 'd "dl 0 I • 0 

c 
Cb l • I The • 0 phase 11 un-

I cer ain to a :or.l\n 0 ... , ~ ... ,. ,..,. ·250 
• % 0 1 in hie region --• al -

I D • -• D 
-500 • - • I • 

I 
a 

-
• •I 

I • 
·150 

_a a 

I -

I . 

I 
-1000 

• 
. -• -

j • • 
I j l ·-

0 1 0.2 0 1 0.5 1.0 20 

Fr•qu•nc:y, -..'. c:ls ___. 

TRANSFER· FUNCTION FROM POWER TO EXIT VOID FRACTION AT 800 leW. 
SMALL INLET THROTTLING. 
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Fig. 14 - TRANSFER FUNCTION .FROM POWER TO EXIT VOID FRACTION AT"''IOO leW. 

LARGE INLET THROnLING. 
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TRANSFER FUNCTION FROM POWER TO MASS VELOCITY AT 500 kW. 
OUTLET INSTRUMENTS REMOVED. 
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Ptrlurbation Sampling Loop conditions 
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TRANSFER FU.NCTION FROM POWER TO MASS VELOCITY AT 800 kW. 
OUTLET INSTRUMENTS REMOVED. SYSTEM PRESSURE 50 BARS. 
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Perturbation Sampling Loop conditions 
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kW s s c/s ba" •c kW W/cm2 lrgtm2a .,, 'I. 
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TRANSFER FUNCTION FROM POWER TO MASS VELOCITY AT 2800 kW. 
36-ROD TEST SECTION. 
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Perturbation Sampling Loop conditions 

bQ N T ~ts vb ktn p ~\Ysub I Q q/A G ••• CICel 
kW s s C/S bars •c I kW , W/c:m2 ltg/m2a . ,, ., . 
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Frequency, v. cis --•• 

TRANSFER FUNCTION FROM POWER TO MASS VELOCITY AT 3600 kW. 
36- ROD TEST SECTION. 
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POWER TO EXIT VOID TRANSFER FUNCTIONS AT 800 kW 
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IN -PILE AND OUT -OF -PILE HYDRODYNAMIC EXPERIMENTS IN 

NATURAL CIRCULATION BOILING WATER CHANNELS 

Authors: J. H. Post, K. Romslo, and V. Tosi, 
OECD Halden Reactor Project, Halden, Norway. 

ABSTRACT 

The hydrodynamic performance of natural circulation boiling water 
channels has been investigated both in the Halden Boiling Water Reactor 
and in an out-of•pile loop. 

The in-pile experimental programme has been conducted with an instru
mented tubular fuel assembly with annular coolant flow area, and with 
instruments permitting dynamic measurement of channel power, tempe
rature, coolant velocity and exit void fraction. Sinusoidal perturbations 
were introduced in reactivity and hence in the heat flux of the assembly. 
The experimental results include steady state hydraulic characteristics, 
approaches to flow instability as determined by noise analysis, and 
transfer functions correlating heat flux and inlet coolant velocity. 

The experiments in the boiling loop were made with a mock-up\'. hich 
had channel design and instruments very similar to the reactor assem
bly. In addition to the measurement of steady state hydraulic characte
ristics and approaches to instability, the channel power was perturbed 
sinusoidally, so that the same transfer functions as in the in-pile studies 
could be measured. Due to greater flexibility of the mock-up and less 
restrictions in time and maximum power, the influence of additional 
parameters could be studied in the loop. The experiments were con
ducted with system temperatures in the range ZOO - Z300C (15 - Z8 ata), 
channel powers ZO - ZOO kW, and subcooled powers 0 - 35 kW. Rather 
significant differences have been found between in-pile and out-of-pile 
results. 
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1. INTRODUCTION 

The work reported in this paper is part of the rather extensive dynamics 
programme carried out at the OECD Halden Reactor Project during the 
period 1965 - 1966. The programme included in-pile and out-of-pile 
natural circulation hydrodynamics studies conducted with tubular fuel 
assemblies and in-pile investigations of the coupling between such assem
blies. 

This paper covers only the channel hydrodynamics studies, while the 
coupling experiments are treated in another paper to· the symposium (1). 

The main objectives of the experiments were to 

i) make available experimental data on two-phase flow 
hydrodynamics 

ii) compare out-of-pile with in-pile experimental results. 

As the channel hydrodynamics phenomena can only be fully understood 
when a reliable mathematical description is available, much effort at 
different research establishments has been placed on the development 
of mathematical hydrodynamics models. However, to check. the applic
ability of the correlations and assumptions incorporated in the models, 
testing against experimental data is necessary. 

The experiments were performed by varying one single parameter at 
a time, allowing the evaluation of the parametric influence of e. g. 
channel power, subcooling power and system temperature on the steady 
state and dynamic characteristics. This niakes the comparison to 
theoretical models more valuable as the influence of the different para
meters (as much as possible) is separated. 

The great interest and activity in the two-phase flow field to-day is 
mainly due tb the implications on boiling water reactor design and 
operation. A good understanding of the problems related to the two
phase flow hydrodynamics can result in improvement in the economics 
of the boiling water reactor concept. However, even though a great 
number of experiments which can contribute to the general understanding 
of the two-phase flow problems, have been carried out at different places, 
the authors do not know of any in-pile dynamic experiments where trans
fer functions have been measured or experiments where in-pile and out
of-pile measurements have been systematically compared. As the design 
of power reactors must be based largely on out-of-pile experiments and 
theoretical model studies,· it is of great importance to know how confi
dently these results can be extrapolated to reactor conditions. 

In the reported experiments the performance of a metallic uranium, 
tubular fuel assembly, IFA-13, under HBWR conditions has been com
pared to that of an electrically heated mock-up, IDA-3. The two assem-
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blies have hydraulic designs which are very similar, and they are · 
equipped with basically the same channel instrumentation. The experi
ments have permitted comparison of steady state as well as dynamic 
characteristics. 

2. EXPERIMENTAL FACILITIES, EQUIPMENT AND TECHNIQUE 

2.1 Description of IFA-13 and IDA-3 

The reactor assembly; IFA-13, is a metallic uranium fuel assembly, 
. having a tubular geometry, thus giving an annular coolant flow area 
between the outer fuel surface and the shroud. Inside the fuel tube. no 
water flow is possible and during power operation this space is filled 
with slightly superheated steam. 

The thin:..walled metallic uranium tube was chosen as fuel in order to 
obtain fast thermal response making possible transfer function measure
ments by reactivity perturbation. 

The test assembly, IDA-3, used in the out-of-pile boiling loop; is an 
electrically heated mock-up of IFA-13, with very similar design and 
instrumentation. 

Simplified sketches of IFA-13 and IDA-3 and their instrumentation are 
given in Figure 2. 1 and 2. 2, respectively. 

Both assemblies are designed with removable shrouds. Two different 
shroud sizes, i.e. inside diameter of 60. 6 Ilim and 65. 0 mm, were 
used for IDA-3, the first corresponding to the IFA-13 geometry. 

The riser exit is fitted with an adjustable sleeve, thus giving different 
openings of the exit port. IFA-13 was only u.sed with minimum outlet 
opening (maximum throttling); IDA-3, however, was used both with 
minimum and maximum opening. · 

The main hydraulic parameters of IFA-13 and IDA-3 are listed in 
Table 2.1. · 

Table 2. 2 lists the instrumentation of both assemblies. All the instru-. 
mentation has a sufficiently high break-frequency to cover the frequency 
range of interest(O. 05 - 2. 0 Hz), except the gamma thermometers, 
which have f l':::s 0. 001 Hz. Thus the gamma thermometers were used 
to measure &e steady state channel power, while the fission chambers 
measured the channel power during transients. 

2. 2 Reactor System and Reactivity Oscillator 

The Halden reactor {HBWR) is a natural circulatioJ:l., boiling heavy water 
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reactor. A simplified sketch of the reactor vessel and the primary 
circuit is given in Figure 2. 3. At the exit of the fuel elements the steam 
and water are separated. The water flows down through the downcomer 
and enters the fuel elements through natural circulation inl~t ports. The 
condensed steam, together with water from the bulk of the moderator, 
is subcooled a few degrees below the system saturation temperature. 
The subcooled water is pumped into a plenum chamber, and returned to 
the fuel elements through an opening in the lower end of the elements. 

The in-pile transfer function measurements were performed using a 
reactivity oscillator. This is a special neutron abso.rber used to perturb 
reactivity and neutron flux sinusoidally and hence oscillate the channel 
power of IFA-13. The oscillator was designed to produce oscillations 
in the frequency range 0. 002 - 10Hz. A detailed description of the 
reactivity oscillator is given in reference (2). 

The base charge assemblies of HBWR consisted of uranium oxide 
cluster assemblies with a fuel thermal time constant of about 6 - 8 
seconds. In the present investigations, the lowest interesting frequency 
was sufficiently high, so that feedback effect from the overall reactor 
system through the base charge assemblies were negligible. 

2. 3 Out-of-Pile Boiling Loop 

The boiling loop at Halden has been described in reference (3); the loop 
has since been subjected to modifications and improvements. Figure 2. 4 
gives a simplified sketch of the loop, which has a principle lay-out and 
flow path very similar to that of the reactor. The loop is design;;;;d to 
operate at pressures up to 40 ata, and the DC -generator can deliver up 
to 400 kW. 

The subcooling power may be varied in the range 0 - 35 kW. 

The magnetizing current of the generator can be perturbed sinusoidally 
or linearly, thus making transfer function measurements or power ramps 
possible. 

The purification circuit proved capable of maintaining the conductivity in 
the water at or below a few J.t S. 

The water level in the test chamber was under automatic control. The 
system pressure and the subcooled power were controlled manually by 
the amount of cooling water supplied. 

2. 4 Data Handling and Processing 

In Figure 2. 5 the different steps in the data handling (8, 9) are indicated. 
The Electronics makes the different signals compatible with the recor-
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ding equipment. Beckman is a Beckman/Ease general purpose analogue 
computer, used for on-line calculation of steady state characteristics, 
which are displayed on the x-y recorder. 

An eight and a two channel Sanborn recorder are used to monitor the 
dynamic signals. It is possible to suppress the DC level of the input 
signal and the dynamic part of the signal is thus recorded. 

The Datalogger has a 12-channel fast scan unit with a scan repetition 
rate of 0. 01 sec. to 4 hrs. The input range is ~ 5. OV, and the accuracy 
of the A/D converter is 1 bit ~ 0. 01 V. 

The output from the datalogger is stored on Magnetic Tape, and the data 
on the tape are analysed by a Gier Computer. Several programmes exist 
for this purpose. 

The same equations used in the analogue computations of the steady state 
characteristics were programmed for Gier. Very good agreement be
tween the .analogue and dig~tal calculations was obtained. During a power 
ramp the datalogger was run continuously with a sampling speed of 
1 sample/sec. The filtering used in the analogue circuits was digitally 
duplicated by averaging 30 successive samples. 

For the calculation of transfer functions obtained by sinusoidal pertur
bation techniques, a Fourier Analysis programme was used. The pro
gramme had several options. For the present wox:k .the most useful was 
the possibility of obtaining transfer functions normalized to the steady 
state values. 

A Noise Analysis programme was used to calculate the auto-power 
spectra and the variance cr 2 of the noise s~gnals (10, 11). 

During the transfer function and noise measurements a recording time 
of 180 sec. and sampling speed of 20 samples/sec. was used. This 
sampling rate corresponds to a folding frequency of 10Hz. Therefore 
a low-pass filter with break-frequency 10Hz was used;. this is well 
above the frequency range of interest (0. OS - 2Hz). · 

2. 5 Experimental Procedure 

The in-pile and out-of-pile experiments are in principle similar and 
the experimental procedures are basically the same. 

The steady state hydraulic characteristics were obtained by raising the 
channel power in a slow ramp and continuously recording the output · 
signals from the sensors. In the loop experiments the ramp was inter
rupted when the noise in the inlet flow reached a level such that the safety 
margin from oscillatory burn-out would be exceeded by further power 
increase. In the reactor the maximum obtainable channel power was 
determined by power limitations on the test assemblies being irradiated. 



-5-

From the highest obtainable channel power down to about 50 kW, noise 
runs were taken at every 10 kW. 

By on-line calculation of the steady state characteristics with the ana
logue computer, the experiment was continuously monitored. 

During the transfer function measurements the channel power and sub
cooling power were calculated by Beckman and displayed on a digital 
voltmeter. In this way it was easy to insure that these operational 
parameters were kept within the specified limits. 

3. LOOP EXPERIMENTS AND RESULTS 

3. 1 Experimental Conditions 

The loop experiments were conducted with two different shroud sizes 
on IDA-3. ·The small shroud has hydraulic data close to that of IFA-13, 
and the larger one was used to investigate the effect of changing shroud 
size. 

As the noise level was relatively high in the small shroud measurements:, 
most of the parametric studies were carried out with the larger shroud. 

In Figure 3.1 the experimental conditions investigated.are presented. 
The linear power variations indicate slow power ramps where steady 
state characteristics and approaches to instability were obtained. 

In the drawings the experimental conditions are indicated according to 
the following scheme ' 

Channel power Sub cooling Sub cooled System Water level 
flow temperature above riser 

kgs-l 
exit 

kW kW oc m 

Inlet throttling Outlet ·Hydraulic Coolant flow Axial power 
throttling diameter area distribution 

Velocity heads Velocity 
2 

m m 
heads 

In the inlet throttling is included the total pressure drop, except the gra
vitational, from outside the natural circulation inlet ports to the coolant 
channel inlet. 

The outlet throttling includes the total pressure drop, except the gravi ta
tional, from the coolant channel outlet to outside the riser exit. 

The inlet and outlet throttlings are both referred to the coolant channel 
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inlet velocity and thus connected to the flow area of the coolant channel. 

This paper includes anly a selection of the experimental results 
obtained. 

3. 2 · Experimental Results 

3.2.1 Steady State Characteristics 

The influence of some parameters on the steady state characteristics 
is presented in Figures 3. 2 ta 3. 9. 

From Figures 3. 2 and 3. 3 it is seen that increasing subcooling has two 
effects: the maximum velocity is shifted towards higher channel power, 

. and the maximum velocity decreases .. The first effect is easy to under~ 
stand, as increased subcooling is compensated by increasing channel 
power. The second is connected to the increased non-boiling length in 
the channel. Both effects are in correspondence with predictions from 
computer models (12). 

The influence of shroud size is shown in Figures 3. 4 and 3. 5. Here 
it should be noted that a change in the shroud size of IDA-3, varies three 
parameters simultaneously; namely the hydraulic diameter of the coolant 
channel, the inlet throttling and the outlet throttling. This o~curs be
cause the inlet and outlet parts remain constant when the shroud size is 
changed, and since the throttling is referred to the coolant channel flow 
area, it is changed. 

It is seen from the figures that the inlet velocity is somewhat lower 
for the larger shroud. The method of comparison is perhaps misleading 
in this case as the ma.ss flow increases with increasing shroud size. To 
compare the mass flow inlet velocity should be reduced by 301o for the 
small shroud and increased by 101o for the large one. 

The influence of the outlet throttling is shown in Figures 3. 6 and 3. 7. 
For both shroud sizes an increase in outlet throttling appreciably de
creases the channel inlet velocity. 

· In Figure 3. 8 the effect of raising the water level from 0. 28 .m below 
riser exit to 0.10 m above is shown. A drastic increase in the inlet 
velocity is the result. The improvement is due to raising the water 
level to the riser exit, and further increase has no effect •. 

The effect of the system temperature is shown in Figure 3. 9. With in
creasing temperature the maximum velocity is shifted towards higher 
channel powers, but the height of the maximum is almost the same at 
the two temperatures. 
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3. Z. Z Approach tp Instability 

The noise in the inlet velocity was recorded and the variance O"Z was 
calculated. The normalized value (u in/ 0" ) 2 was plotted versus channel 
power (13). In all cases, by increasing channel power, an increasing 
lack of stability was observed without any abrupt change from stable to 
unstable condition. The curves all have a parabolic shape, and thus 
an extrapolation to obtain the stability limit in the linear sense, is 
difficult to make. In Figures 3. 10 to 3. 17 the approach to instability is 
shown for the same conditions as presented .in Figures 3. Z to 3. 9. 

The influence of subcooling is shown in Figures 3.10 and 3.11. The· 
effect of the subcooling is small in the range studied. From Figures 
3.1Z and 3.13 it is seen that the stability is improved when the shroud 
size is increased. This means that the stabilizing effect of the increased 
hydraulic diameter and inlet throttling dominates over the destabilizing 
effect of the increased outlet throttling. 

In Figures 3.14 and 3.15 the effect of the outlet throttling is given. In 
both figures the noise level is higher for maximum throttling, thus indi
cating a lower stability with maximum throttling. 

Raising the water level improves the stability as indicated in Figure 3.16. 
The high water level seems to present better experimental conditions 
than the low one, as the noise is extremely low at the lowest channel 
power level. It then increases slowly with the channel power without 
much spread in the calculated 0". 

Increasing system temperature (pressure) has a stabilizing effe2t on 
the flow as seen from Figure 3.17. 

3. z. 3 Transfer Function Measurements 

Transfer functions from heat flux to inlet velocity and from heat flux 
to exit void were measured in the frequency range 0. 05 - Z Hz, and the 
results obtained are shown in Figures 3.18 to 3. 33. The gain of the 
transfer functions is normalized to the steady state values and equals 
5 uin/5 q • qfuin and 5aex/5 q • qfaex in the heat flux to inlet velocity 
and the heat flux to exit void transfer function respectively. 

When comparing the maximum gain of the heat flux to inlet velocity 
transfer functions, it is expected that qualitatively the same influence 
of the various parameters on the gain as found from the noise plots 
will be observed. This is because. the maximum gain, which occurs at 
the resonance frequency of the system, is representative of the channel 
stability, and the .main contribution to the noise in the inlet velocity 
comes from the resonance frequency .. 

The destabilizing effect of increasing power, seen from the noise plots, 
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is confirmed by the transfer functions presented in Figures 3. 18 to 3. 21. 
Both types of transfer functions show the same tendency, i.e. the maxi
mum gain increases with increasing power. 

The influence of the subcooling is shown in Figures 3. 22 and 3. 23. By 
comparing the peak in the heat flux to inlet velocity transfer functions, 
it is observed that at a channel power of 125 kW the 6 kW subcooling 
case has the lowest stability, while the 2 kW, 12 kW and 27 kW cases 

· are about equally stable. The heat flux to exit void transfer function 
indicates lowest gain in the 12 kW case. These observations are in good 
agreement with the noise measurements at 125 kW. 

The improved stability obtained with the larger shroud is reflected in the 
lowering of the maximum gain as seen in Figures 3. 24 to 3. 27. 

With maximum outlet throttling two peaks occur in the transfer functions. 
The highest one is approximately at the same frequency as for the mini..:. 
mum throttling, the lowest one is at about half of this value. This was 
also found for other conditions where maximum throttling was used. 

The destabilizing effect of an increased outlet throttling is clearly seen 
from the transfer functions in Figures 3. 28 and 3. 29. 

The influence of water level and system temperature is shown in Figures 
3. 30 to 3. 33. Increasing water level and temperature both lower the 
maximum gain of the transfer functions. This is in full agreement with· 
what was observed from the noise plots. 

3. 2. 4 Scattering in the Transfer Function Measurements 

The spread in the transfer function measurements was investigated by 
repeating the measurement at some intermediate frequencies several 
times. In Table 3.1 the results are given. 

The spread is indicated by the value of 3 cr, which shows the range 
within which 99. 7% of the measured values are grouped. It is seen 
that the spread is rather small both absolutely and relatively in the 
heat flux to inlet velocity transfer function measurements, but some
what higher for the heat flux to exit void transfer function. 

3. 2. 5 System Linearity 

The linearity of the system was investigated using different modulation 
levels in the power modulation, and the results are given in Table 3. 2. 
The system is linear up to 10'1o modulation. The decreasing gain In the 
heat flux to exit void transfer function in condition 26 could indicate a 

. non-linearity becoming large enough to have an influence. The accuracy 
for this condition, however, is about the same as for condition 2 7 in 
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Table 3.1. From this it is seen that the accuracy is of the same order 
as the difference in the amplitudes observed in condition 26. 

It is interesting to compare the observations above with the noise plot 
in Figure 3.11. Condition 27 should be compared to condition 21 in this 
figure, and it is seen that 125 kW corresponds to a point very far down 
on the noise curve. The system is,· however, still linear. 

3. 2. 5 Comparison of the Two Void Gauges 

A comparison of the heat flux to exit void transfer functions measured 
by the two void gauges is shown in Figure 3. 34. The gain curves are 
practically identical up to 1 Hz, while the difference in phase increases 
with frequency, thus indicating a transport delay due to the 0. 20m 
difference in height between the gauges. 

The possibility of evaluating the local steam velocity from the phase 
difference, and thereby checking the steady state void fraction measured 
by the turbines, is at present being investigated. 

4. COMPARISON OF REACTOR AND LOOP RESULTS 

4.1 In-Pile Experimental Conditions 

The different conditions investigated in the in .. pile experiments with 
IFA-13 are displayed in Figure 4.1. As seen from the figure some of 
the conditions comprised a study of the influence of the subcooled flow. 
As the amount of subcooled water pumped into the assembly from the 
bottom plenum constitutes a rather large f-raction of the water flowing 
through the element, it was believed that the element could be in an 
intermediate condition between natural and forced circulation. The 
effect of the sub'cooled flow turned out to be negligible, and this investi~ 
gation was therefore not repeated in the loop experiments. 

Because IDA~3 was much less stable than IFA-13, only some of the in
pile conditions could be repeated in the loop. 

The results obtained for IFA~l3 and IDA-3 at the same conditions are 
compared in the following sections. 

4. 2 Comparison of Steady State Characteristics· 

The steady state characteristics measured in IFA-13 and IDA-3 are 
compared in Figures 4. 2 and 4. 3. It is seen that the inlet velocity is 
more than 20~ higher in IFA-13. Possible reasons for the disagreement 
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are discussed in section 4. 5. 

The exit void and quality are higher in the loop due to the reduced inlet 
velocity. 

4. 3 Comparison of Noise Levels 

·Figure 4. 4 clearly shows the difference in the inlet velocity noise levels 
for similar reactor an.d loop conditions. Due to power limitations, the 
power range which could be investigated in-pile was too small, so that 
the difference in stability thresholds could not be evaluated. It is seen 
that for the same channel power, the noise level is three to four times 
higher in IDA-3. The increase in n:oise with channel power, however, 
is higher in the reactor case. 

4. 4 Comparison of Transfer Functions 

The transfer function of heat flux to inlet velocity is compared in 
Figures 4. 5 to 4. 8. For all four conditions the gain is higher in the 
transfer functions measured in the loop, thus indicating a lower stability 
of IDA-3. 

It is interesting to observe that even if the IDA-3 transfer functions 
have a higher gain than those of IFA-13, the peaks are generally 
broader. 

In IFA-13 maximum outlet throttling was used, and two peaks in the 
gain curves were observed as with IDA-3. It seems, however, that the 
peaks are shifted towards .higher frequen,cies for the reactor functions. 

The phase curves are very similar for IFA-13 and IDA-3 and support 
the observations from the gain curves. 

4. 5 Reasons £or Disagreement between In-Pile and Out-of-Pile Results 

Several possible explanations for the observed discrepancies between the 
in-pile and out-of-pile results have been considered. 

There are systematic differences between the assemblies: 

I.FA-13 IDA-3 

i) Type of water DzO HzO 

ii) Axial power distribution cosine uniform 

iii) Fuel time constant .... 1 s negligible 
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IFA-13 IDA-3 

iv) Coupling with other channels possible none 

v) Reactivity feedbacks possible none 

vi) Internal circulation in the 
downcomer possible none 

Computer studies of i) and ii), using the programmes VOIFLO and 
RAMONA (14 and 15), show negligible differences in steady state charac
teristics and stability limits. However, it may be that the axial power 
distribution has influences which the models at present cannot treat. 

The fuel time constant has no influence on the steady state characteri
stics, but the extent to which it affects the dynamic behaviour of the 
flow is not known. 

. . 

From the in-pile coupling experiment (1) it is concluded that there is no 
coupling between the channels, thus IFA-13 can be treated as a single 
channel. These experiments also show that reactivity feedbacks are of 
no importance. Large flow oscillations were imposed on the elements, 
but no influence on the rteutron flux could be detected by the adjacent 
flux chambers. 

Theoretical evidence exists that there is an upward flow between the 
fuel assemblies in the reactor, due to nuclear heating of the moderator. 
The influence of such a circulation on the behaviour of IFA-13 is difficult 
to evaluate. 

As the differences between the curves have common features with the 
differences found when varying the outlet throttling of IDA-3, the dis

.agreement could be explained by a leakage in the upper part of IFA-13. 
However, from the design of IFA-13 it has been concluded that leakages 
only can develop between the shroud and the lower turbine housing. 
Measurements revealed _that these leakages could be at most in the order 
of a few percent of the total flow. At present, it is thus not possible to 
give any satisfying explanation of the observed discrepancies between 
in-pile and out-of-pile results. 
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TABLE 2.1 MAIN HYDRAULIC PARAMETERS OF IFA-13 AND IDA- 3 

HYDRAULIC PARAMETER DIM. · IFA-13 
IDA- 3 

· small shroud large shroud 

Core length m 1.700 1.720 1.720 

Riser Length m . 0.578 0.546 0.546 

Flow area core m2 7.84•10•4 7.77tc10•4 11.93ac1o·4 

Flow area riser m2 20.0•10-4 22.5•10.4 22.5•1()
4 

Hyd rau lie diameter core m 8.83•10-3 8!.0•10-3 
13•103 

In let throttling v.h. 2!t 2.8 4.0 
maxtmum v.h. 2.8 3.0 8.4 

Outlet throttling 
minimum v.h. - 0.1 0.8 

Chan net wall surface - smooth smooth ·smooth 

\ 



TABLE 2.2 INSTRUMENTATION OF IDA-3 AND IFA-13 

INSTRUMENTATION 

Subcooled flow thermocouples 

Mixed inlet thermocouples 

Fuel canning thermocouples 

Outlet coolant thermocouples 

Inlet flow turbine 

Outlet flow turbine 

Void gauge (standard design ) 

Void gauge (prototype) 

Differential transformer 

Gammathermometer 

Calibration valve 

Resistance burn-out detector 

PURPOSE OR MEASURED QUANTITY 

Subcooled flow temperature 

Channel inlet temperature 

Fuel canning surface temperature 

Channel outlet temperature 

Water inlet velocity 

Outlet steam I water mixture velocity 

Dynamic void variations 

Dynamic void variations 

Variation of fuel length 

In-pile channel power determination 

Gives natural /forced flow condition 

Burn-out protection 

NUMBER IN- NUMBER IN-
ST~L~ED IN STALLED IN REFERENCE 

. IUA- 3 IFA-13 

2 

2 

1 

1 

1 

. 1 

1 

1 

2 

2 

4 

2 

1 

1 

1 

1 

1 

3 

1 

2 

2 

2 

2 

2 

2 

3 

3 

4 

3 

2,5 

7 



TABLE 3.1 

• ACCURACY OF THE MEASURED TRANSFER FUNCTIONS 

Heat flux to inlet vE'locity Heat flux to exit void 
Condition Frequency transfer function transfer function 

N.Q Hz 3(J gain 3 cr phase 3 rJ gain 3 (J phase 
db de a. db deg 

5 
0.5 0.1 t2 0.2 3.7 
0.6 0.2 1 ') 0.2 1.6 •• I!, 

-
14 0.5 0.3 i.:J 0.7 5.0 

-.. ""'"" -

27 0.6 0.2 1.2 0.3 1.6 
0.7 0.1 2.0 0.5 3.0 

r 
29 0.6 0.3 

! 
1.5 0.3 2.0 ! 

! . 
--r 

33 0.8 0.3 2.6 0.2 4.0 

• The accuracy is given in terms of 30" where r:! is the standard deviation obtained 
from 5 repeated measurements. 



TABLE 3.2 

TRANSFER FUNCTIONS FOR VARIOUS MODULATION AMPLITUDES 

Heat flux · 
Heat flux to inlet velocity Heat flux to exit void 

Condition Frequency 
modulation transfer function transfer function 

gain phase gain phase 
N.Q Hz .,. db deg db deg 

0.6 6 15.4 -16 2 -8.3 -70 
10 15.0 -162 -8.2 -69 

4 
0.8 6 18.0 -194 -7.3 -136 

10 17.8 -194 :.. 7.4 -138 

0.8 4 17. 5 -153 1.6 -105 
7 17.2 -154 t7 -107 

10 17.5 . -154 1.5 -108 

26 
0.9 4 19.7 -184 3.2 -149 

7 19.3 -184 2.5 -150 
10 19.2 -185 2.3 -152 

1.0 4 18.5 -214 1.1 -197 
7 18.1 -217 0.7 -:200 

10 18.2 -216 0.4 -200 
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HEAT FLUX TO INLET VELOCITY TRANSFER FUNCTION 
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THE OSCILLATION ONSET IN A PRESSURIZED 

WATER NATURAL CIRCULATION LOOP 

PART II : Experimental investigation 

C.A. Arneoc:lo, G. Gaggero, P. Gregorio, E. Lavagno, R. La:z:zerini, C. Merlini, B. 
Panella, A. Taricco. 
Politecnico di Torino, Turin, Italy 

ABSTRACT 

Natural circulation instability with water has been investigated in Politecnico 
of Turin,. using two different facilities. A brief description of the two natural circula -
tion loo~is given. The LV 100 facility is 7 m high. It has a tubular Hastelloy X testsec 
tion; 8 and 9 mm inner diameters, and 1000 to 1500 mm lenghts have been tested. The
pressure mainly investigated is 60 kg/cm2, but testshave been performed also at 40to 140 
kg/cm2. ·.The LV 400 loop has larger dimensions: heigth, 14m. The test section is a 10 

. mm-10 1 2000 mm long tube. AIJ tests have been carried out at 60 kg/cm2 pressure. 
Oscillations have been invariably encountered in subcooled outlet conditions (ou 

tlet temperature 4° to 150C below saturation). Instability thresholds have been investiga 
ted and system conditions (power input., flow rate and inlet/outlet temperature) are di:: 
scussed. · 

The experimental results satisfactorily agree with the predicted threshold condi ... 
tions (see port I). 
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1) INTRODUCTION 

Flow instability has been encountered with both forced and natural circulation 
systems. Generally forced circulation investigators use by-pass or parallel heated chan
nels on the test section, or large pressurizing systems connected at the testsectioninlet. 
Natural circulation systems can be unstable with single-channel not by-passed test sec
tion too.Moreover 1 according to the experiments reported in this paper, the pressurizer 
connection with the loop has little or no influence on the oscillation onset. An investi
gation on heat transfer an~ two-phase flow with natural circulation of water under high 
pressure (40 to 150 kg/em ) is under way at the Politecnico of Turin. Two different foci 
lities are being used: one (LV 100) with up to 100 kW d .c. power supply; the other (LV 
400), having larger dimensions, with up to 400 kW d.c. power supply. 

The investigation mainly consisted in obtaining steady-state running conditions 
or the systems up to the onset of oscillatio~ then defining the instability threshold para 
meters: power or flow rate (flow rate is power dependent on natural circulation) and teSt 
section temperatures. Instability has been encountered with subcooled fluid at the hea
ted channel outlet. Minor effort has been devoted to the investigation of oscillations (pe 
riod, amplitude, etc.) and of stable running conditions which have been encountered -
with net steam generation in test sections behind the instability region • 

. The pressure effect has not been widely studied. Most of the test reported in this 
paper have been performed with 60 kg/cm2 pressure. Only a limited amount: of testing 
has been carried out with the LV 100 Facility with pressures ranging from 40 to 150 
kg/cm2 • 

FinaHy the experimental instability threshold have been compared with the pre
dicted ones (see Part I) and the results are listed here. 

2) DESCRIPTION OF THE EXPERIMENTAL FACILITIES 

2 - 1 • The 100 kW natural circulation loop (LV 100) 

The features of the 100 kW natural circulation pressurized water loop are speci
fied in detatl in (1): they are summarized here. The facility, which is usually called 
LV 100, is 7 m high:fig. (2-1). 1 • (0 } The loop is made of stainless steel 26 mm 10 1 

( 0 } see footnote at the following page 
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38 mm OD pipe, except test section and riser. Working pressures up to 300 kg/cm2 can 
be accepted. Test sections having different diameters,. 8 or 9 or 10 mm,have been used. 
The ends are flanged to the remaining loop. The test section is uniformly heated by 
means of a d .c. rotating generator set 1 for currents up to 2500 Amps. 

Above the test section the riser is a 32 mm ID 1 50 mm OD 1 3000 mm long stain
less steel pipe. In the upper horizontal section a water-to-water 1 counterflow heat ex
changer is located. A flow-meter is located between down-comer and test section in the 
lower horizontal section. The test section inlet can be modified in order to make it pos
sible to use heated channels having lengths of 1 QOO to 1500 mm. 

·A pressurizer with electrical heaters can be connected to the loop at various 
points. Water is demineralized by a resin-bed ion exchanger. 

The following temperature measurements are made and recorded: fluid temperatu 
re at the inlet and outlet of the test section, fluid temperature at the flow-meter and at 
the heat exchanger ends and temperatures of the test section outer surface. 

The flow rate is measured by means of an orifice and a cold water injection sy
stem (a small quantity of cold water is injected and the time interval between two ther
mocouple outputs is picked up). The orifice can be substituted by a turbine flow-meter. 
Pressures are measured by means of Bourdon-type manometers and recorded. Recording 
also covers current and voltage measurements. 

2 - 2 • The 400 kW natural circulation loop 

Essenth:d ly the loop consists of a heated section,. riser 1 cross-over with heat-ex
changers, downcomer and return leg. It has been built using AISI 304 stainless steel pi-
pe. The general arrangement is shown in figure (2-2). 1 • f) . 

· The loop can be operated at pressures up to 140 kg/cm2. The maximum power 
supply is 400 kW: from here on, the facility will be referred to as LV 400. The pipe of 
the loop, without test section and heat exchangers, has 50 mm imer diameter and 60 
mm outer diameter • 

. The test section used for the runs described in this paper 1 is a 10 mm ID, 12 mm 
OD 1 2:000 mm long AISJ 304 tube, electrically heated by a d.c. static power generator 

(<>)The symbols used in figs. (2-1).1 and (2-2).1, are the following: 
A, V =current and voltage measurements, D = demineralizer:, Dr= drain control 
valve, F =water feed, G = d.c. power supply, HE

1
, HE

2 
= heatexchangers, I = 

injection pump, L =level indicator, P =pressure gauge, 6. P =pressure drop mea 
surenient, Pr =pressurizer, S =Safety valve, T

1
, T

2 
=injection flow rate measure: 

ment thermocouples, TS =test section, V =vent 1 W =Venturi flow rate measure 
ment, n = conductivity probe. -
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(current up to EK>OO Amps). A 10120 mm long riser follows the test section. 
In the upper horizontal cross-over 1 made of six 20 mm ID 1 26 mm OD 1 6000 mm 

long parallel pipes, the primary water is cooled in a water-to-water, counterflow heat 
exchanger, each pipe having two indipendently controlled cooling systems. A pressurizer 
with electrical heaters is connected to the loop. The connection can be made at various 
points of the loop: i.e. test section inlet or outlet, downcomer 1 etc. Flow-ineters and con 
trol valves are located before the test section inlet. -

During the tests, the following quantities have been measured and recorded: pres 
sure 1 pressure drop aver the test section, fluid temperature at test section and heat ex : 
changer inlet and outlet, mass flow rate 1 power input 1 pressurizer temperature and water 
level. The instrumentation used is as follows : 

a) absolute and differential pressure: strain-gauge transducers 
b) water temperature: chromel-olumel thermocouples 
c) wall temperature: iron-constantane thermocouples 
d) mass flow rate: Venturi tube with strain-gauge differential pressure transducer 
e) pressurizer water level: series.ofsubmerged electrodes working on water/vapour electri 

cal conductivity difference. 

The LV 400 has larger dimensions than the previously described LV 1001 but inot
her aspects it is quite similar. It has been designed, constructed and operated in order to 
study how the various heat transfer pc:1rameters are affected by geometry. The main dimen 
sions of the two facilities are summarized and compared in Table 1. -

test section length 
test section 10 
riser length 
riser 10 
loop volume 
pressurizer volume 

Tab.le 1 

LV 100 

1000 ""1500 mm · 
8-9-10 mm 

- 4 -

3000 mm 
26mm 
15 dm~ 
10 dm 

LV 400 

2000 mm 
10 mm 

10120 mm 
50mm 
70dm3 
50 dm3 



3 -THE EXPERIMENTAL RESULTS 

3 - 1 • The results of LV 100 

3 - 1 • 1 - General 

Most of the investigation have been carried out at a system pressure of 60 kg/em~ 
In order to analyse the pressure effect, tests have also been performed in the range40 to 
140 kg/cm2, although not as widely. 

During tests, instability has been encountered in either one of the following cases: 
i) very slow transient: at a constant electric-power supplied to the test section,if the p~ 
wer removed by the heatec:hanger is a little lower than that corresponding to the power 
given to the test section, a very slow increasing temperature transient occurs, up to the 
instability threshold. ii) power increase: when the loop is in steady-state conditions 1an 
increase of the power supplied to the test section (even a very slight increase 1 in many 
cases) may lead to instability. iii) external perturbations: under equilibrium conditions, 
an external perturbation (for instance cold water injection for flow rate measurements 
etc.) may determine instability 1 when the system is very near to the threshold. 

Instability invariably occurs when the fluid is in subcooled conditions in all the 
heated channel. When this happens outlet temperature at the onset is below saturation 
too. The amount of outlet 1 as well as inlet subcooling, depends upon the power inputpr 
upon the flow rate which is a function of power with natural circulation. 

The thermal-hydraulic instability is revealed by oscillations of the fluid tempera
ture in the test section, of flow rate and pressure. Oscillations of fluid temperature may 
be detected at test section inlet 1 when there is an inversion of flow in the lower part of 
the test section. 

This occurs, as will be specified Jater1 when the pressurizer connection is close 
to the test section inlet. The osci !lations have different shapes and may diverge (and so 
metimes lead to burn out) or continue with a constant period and amplitude or evenda;-p 
down and disappear. 

11Threshold of instability 11 has been considered a type of system condition, when 
the flow rate and the temperature distribution 1 produce a first oscillation in the ex i t 
fluid temperature. The various parameters (inlet and outlet temperature, pressure, flow 
rate, electric power, walln temperatures} are recorded before and during oscillations. 

A power increase does not necessarely lead to instability: sometimes, expecially 
for high power 1 burn out may occur. 

3 -1 • 2 -Oscillation onset at 60 kg/cm
2

• 

The tests described here have been generally carried out using the increasing tem 
perature slow transient procedure. Some of them have been continued all the way through 
the instability1 until the oscillations disappear when net steam generation occurs in the 
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heafed channel. In these runs1 a sort of outlet instability threshold can be recognized. , 
The results of the experimental investigation under a pressure of 60 kg/cm2 are re 

ported in detail in (2). -
In fig. (3-1).1 1 threshold flow rate is plotted against power input for two diffe

rent test section inner diameters. Under these pressure conditions, oscillations occur befo 
re burn out. Power has a great influence, namely when : i) at high power,,oscillations are . 
regular and a slight increase of the inlet temperature at constant power causes a burn out; 
ii) at medium power 1 oscillations are self-sustaining. If power increases and inlet tern~ 
rature remains constant, amplitude diverges and period decreases until burn out occurs.At 
constant power 1 if inlet temperature increases enough, the burn out is probable. iii) at 
low power 1 oscillations are irregular and have low amplitudes and long periods, which so 
metimes slowly disappear with inlet temperature increasing. When oscillations disappeai; 
there is net boiling in the test section end, with calculated void fraction about 60%. 

The locus of threshold points described in fig. (3-1).1 is not clearly distinguisha
ble from the running characteristics of the system. In fig. (3-1).2 the steady-state condi
tion points are illustrated, together with the threshold points for the 8 mm 10 test section. 

The location of the pressurizer connection to the loop and the dimensions of the 
connecting pipe have influence on oscillation shape but not on the threshold. 

This can be seen in fig. (3-1).3, where three different types of connections are 
considered: i) small diameter at test section inlet; ii) small diameter at heat exchanger out 
let; iii) large diameter at test section inlet. -

The testsection inlet and outlet temperatures dependence on flow rate, at oscilla 
tion onset1 is illustrated in fig .. (3-1).4.. . -

As can be seen1 outlet subcooling is fairly constant or slightly increasing while in 
let subcooling is significantly increasing with flow rate. -

The oscillation amplitude and period dependence on power has been recognized 
and is illustrated in fig. (3-1) .. 5 and fig. (3-1) .. 6 where experimental points and best fit 
can be seen .. Generally it can be said that amplitude increases and period decreases with 
increasing power 1 and the dependence tends to desappear at high power .. Actually 1 above 
a certain amplitude and below a certain period burn out becomes the most probable event. 

Above we have seen the behaviour of threshold 'inlet temperature versus flow rate. 
A clearer picture is given by the plot of threshold power input against inlet subcoolingfor 
1005 inm long, 9 mm ID test sections: see fig. (3-1) .. 7 .. The experimental points, despite 
a certain spread ( + 1 SOk) 1 can be described fairly well by a linear fit. 

The region-on the right hand side of the threshold line can be considered a stable 
system operating condition, while on the left hand side the system is unstable .. 

The effect of test section length has been also considered: in fig. (3-1).8 the sa
me plot has been obtained with 1155 mm long1 8 mm ID test sections. With constant po
wer input, the longer the test section.tfie higher is the inlet subcooling for instability to 
occur. 

In order to explore the extent of this unstable region, tests have been carried out 
in which the system temperature distribution, at constant pressure and power supply 1 was 
kept slowly increasing, until oscillations disappeared and steady-state conditions were re 
stored .. When this happened the outlet temperature was at saturation (quality 5 to 10% f 
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and the inlet subcooling. significantly smaller than at oscillation onset. Above the U!!, 
stable region, the flow rate is some SOOk higher than belaw it. 

3 - 1 • 3 - The effect of pressure 

A few tests have been carried out at pressures other than 60 kg/em 
2 

: and name 
ly~t40, 80,100,120and 140kg/cm2. The effect of pressure is illustrated in fig-. 
(3-1).91 where the power input is plotted versus inlet temperature. For a given inlet 
temperature 1 instability threshold power is higher 1 the higher is the pressure. There is 
a point where, with the reduction of power 1 instability almost disappears, and the 
loop can reach the net boiling condition withoutunstable operation: the curves in fig. 
(3-1).9 show a flattening for low power points. 

In fig. (3-1).10, power input is plotted versus inlet subcooling. 

3 - 1 • 4 - Supplementary observations 

During the experiments, heated wall temperatures have been also measured and 
temperature profiles have been analyzed. It has been found that in the local boiling re 
gion wall temperatures are higher than commonly accepted. The temperature profile -
sh~a maximum in this region and decreases to a lower value where water reaches sa 
turation. In figures (3-1).11 and (3-1).12 1 wall temperature experimental values hav-; 
been taken from different tests at 60 and 64 kg/cm2 and related to a common water tern 
perature profile. -

The wall temperature profiles calculated according to Jens-Lottes (dotted lin~) 
and to Thorn (solid line) models are indicated. 

Except for the initial local boiling region, the wall temperatures are fairly well 
illustrated by the two models. The wall temperatures seem to follow the same profile be 
fore and after instability oscillations. -

During tests under local boiling conditions, audible pressure vibrations, deduced 
as due to boiling noise, have been encountered. 

Frequencies have been measured: they fall in the range of 120 to 250 cps, and 
mean fluid temperature has great influence on them. The lower the temperature the hi
gher is the frequency: therefore sounds are probably generated by stationary waves in 
the fluid, associated with a constant wave length. As discussed in (3) with more details, 
frequency is linear with speed 'of sound calculated at the loop mean temperature. 

During runs with a test section having abrupt inlet internal profile very high po
wer densities (up to 2.103 kW/1) were attained in the test section. With a very smooth 
test section inlet the attainable power densities were much lower (max. 1 o3 kW/1). 

With lower power ,audible noises were recorded and the flow rate was lower (a
bout 10%). The source of noises is still unexplained. Throttling the inlet with a con
centric quartz rod (5 mm diameter) no noises were recorded, and power could again at 
tain 2.103 kW/1. -
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A series of runs were performed to study the influence of mechanical vibrations 
on pressure drop in a tube of the same diameter as test section. When Reynolds number 
was lower than 5000 wall vibrations have a considerable effect on friction factor (an in
crease of 1 SOh was remaked); for Reynolds number hig~er than 5000 the increase was lo
wer. 

3 -2 • The results of LV 400 

During the tests the pressure has been kept at 60 kg/cm
2

• Instability onset, at 
constant power input, has been observed at the end of a very slow transient, obtained by 
gradually decreasing cooling water flow. 

Water outlet temperature and flow rate experimental data recorded during a tran 
sient of this type, have been plotted versus water inlet temperature in order to compare
them with LUPO program predictions .. In fig .. (3-2) .1 steady-state running points,aswell 
as instability threshold points, are reported for tests at 40 kW power supply. In the upper 
part of the figure, experimental flow rate is plotted versus inlet temperature and compa 
red with calculated values (solid line). Points are affected by some spread. In the lower 
part of the figure 1 outlet temperature is plotted against inlet temperature. The reproduci 
bility and the agreement with calculation (solid line) is fairly good. The black point fs 
an instability threshold. On the left hand side of it, points denote steady-state running. 
On the right hand side, oscillations are under way, as is shown by the absence of points 
in the flow rate vs. inlet temperature plot. Figures (3-2) .21 3, 4 and 5 reproduce the 
same parQmeters for power inputs respectively of 60, 80, 90 and 100 kW. The behaviour 
is almost the same. It is evident that instability thresholds do not occur invariably at the 
same conditions, but can vary in a range around the calculated minimun of flow rate. 
Then steady-state points are possible behind instability of other tests. 

Instability manifests itself as a flow rate and pressure oscillation. The experimen 
tal observations show that oscillation onset occurs, for a given power input, when outl;t 
temperature is some degrees below saturation (4° to 15°C subcooling). When outlet 
subcooling is small; usually oscillations have large amplitude and often diverge leading 
to departure from nucleate boiling. The onset might occur slightly before, i.e. for lar
ger outlet subcooling: when this does fle oscillations have smaller amplitude the larger is 
the outlet subcooling 1 and are selfsustaining. If the inlet temperature is kept gradually 
increasing, as outlet subcooling is reduced, oscillations increase in amplitude and again 
may diverge. 

Oscillations do not affect inlet temperature 1 unless departure from nucleate boi 
ling is reached. In this case, inlet temperature shows a noticeable peak. Therefore,wh;n 
DNB occurs, it can be deduced that steam volume fills the heated channel and causesre 
verse flow at the inlet. Venturi-meter output supports this conclusion showing a net te,; 
porary stop of flow rate. 
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In steady-state conditions, before oscillation onset 1 two different types of phe
nomena have bec:~n observed: a) very small flow rate and pressure fluctuations; b) genera 
tion of sounds with simultaneous reduction of a few percent in flow rate. These pheno: 
mEma are probably due to vapour formation and collapse on the test section wall: it must 

·be pointed out that they never occur simultaneously. The only threshold points for all~ 
wer inputs are illustrated and compared with calculated curves (solid lines) in fig.(3-2)-:6 
In .the lower part of the figure, the locus of the flow rate versus inlet temperature mini
ma (dotted line: m) and the locus. of instability threshold calculated using the LUPO co
de, as describedTn Part I (dotted line: a) 1 are also illustrated. 
. Power input at the oscillation omet is plotted versus inlet temperature in figure 
(3;.,.2) ~7. The comparison with the predicted curve 1 shows that with an uncertainty of 
+ lS %, all the points but one can be described by a linear fit. The outlet and inlettem 
'Pe:ratures are plotted in fig. (3-2) .8 and compared with calculated values. -
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AH!U.C!. 
!o operate with higher gasteaperatures tor iaproved efficiency the 

gasturbiae require• better high temperature resistant rotor-blade 
aaterial• or some !ora ot blade cooling or both. 

One possible aethod of blade cooling is to use a closed-ther

aOS7Phoa cooling a7stem. !he cavity of a hollow blade is filled with 

a liquid aetal and the blade root is cooled b7 a secondarycoolmg _,stea. 

DR• to the high centrifugal force, a strong tree-convection flow is 

created in the cavit7, whereb7 the heat !rom the blade tip can be 

tranaterred to the blade root. 
'l'o iaveatigate the tree convection heat-transfer characteristics of 
liquid aetala in a closed theraoa7phon, a teat rig has beea built, 

coaaiatiac of a closed vertical tube, heated at the lower end and 

cooled at the upper endJ tree convection flow ia created b7 gravity 

force. 
!he following variatioaa are possible: 

1) ratio le._t~ to di ... ter of tke tube. 

2) ratio ~eated le~ll to oooled length or the tube. 

') fluid properti•• (~7 usinc different liquid metals). 

j) a pare liquid (oae phase) or a boiling s7st••• 

') tiltiac aacl• ot the tu.be (a •ar siaulation ot the influence or 

Coriolia torcea). 

tor aiaplicit7, the initial experiaents uaed aercur7 as the fluid 

ta a aiacl•-•ha8• •7•t•• aad the f'irat two paraaeters only were varied. 

Wall t.aperat.rea ••r• aeasured d7naaicall7 at a rate of 600 readings 
,.. as. .. te. "- reaults are aaial7 p~eaented aa heat !low veraua diffe-
r. ..... ..._. taotberaal ~all teaperatur•• of heated and cooled part• of 
tie ..... r.r o~•oa .... teata.wti• water &ave .... aarried put. 

ftc• I ....art••• tbe reaulta tor the ranges teatedc 
t) t.ee ..-.eotioa heat traaater rate• are .. ch higher than the coa

... ,t .. ~at traaater ratea tbrowck the .... liquid it it doe• aot 

11• .... -• ll:t.per tbaa tbe axial heat traaater rate• tbroqh the 
..._walla. 

I) •tt.M• wiUl •HUJ' ..r nG •ter waa ur·tatl .. aM du to tbe 

1. 
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fluid properties found, i.e. at the same temperature difference 

between the hot and cool parts the same heat transfer rates were 

measured: 

3) the length-diameter ratio does not influence the heat transfer rat~ 

Further no change in heat transfer rates has been observed when either 

constant wall temperatures or constant heat flux is applied to both 

parts of the thermosyphon: the influence of the heated length-cooled 

length ratio is only of minor i~portance in the range of this in

vestigation (see table 1). Figures 5 and 6 give essentially the same 

information as figure 2, but in the form a dimensionless represen

tation has been used, following the usually accepted procedure in pu

blished literature on the subject. 

tor a better understanding of the fluid flow temperature measure

menta have been taken and plotted versus time (fig. 7). It can be seen· 

that the flow is very unstable. The natural frequencies of the oscil

lations in the free convection flow are now systematically under study, 

for it ia believed that insight into these periodical phenomena is ne

cessary before a fundamental study or two-phase tree convection flow 

in a closed thermosyphon can be attempted. 
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a 
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II 

theraal diffuaivity {• _!_) 
pep 

surface area 

apecitio heat at constant pressure 

iaternal diaaeter of tube 

acceleration due to gravity 

length of tube 

teaperature 

teaperature difference 

heat transfer coefficient 

coefficient of volumetric expansion 

density 

kineaatic viscosity 

heat flow 

theraal conductivity 

IUd 

lu1 
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). .. " .. .. 
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" " " • 

Gr4 

Gr1 

Ra
4 

Pr 

Rayleigh nuaber ( • Gr d .Pr) 
Prandtl number i 
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SUBSCRIP!S 

h heated section of tube 

o cooled section of tube 
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.. g/)A'fd' diameter .JZ 

.. length &~1, y2 
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1flc 
kg/•' 
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1o IITRODUCTIOB 
Free convection heat transfer to a variety of fluids in enclosed 

tubes (commonly called thermosyphon tubes) has been the subject or a 

good deal of research in recent years. Application in the field or 

nuclear power might be the emergency removal of heat in the event or 

pumping failure. The posibility of internal cooling or gasturbine 

blades has been or considerable interest tor quite some time due to 

the increased thermal efficienc7 resulting, when hotter gases can be 

used aucceadUll7 than are presentl7 possible with uncooled 

blades. 

The thermosyphon may be or either the "open" or the "closed" 

t7pe. lluch attention has been directed toward the open thermosyphon, 

in which a heated tube, closed at one end, opens at the other into a 

large reservoir or fluid from which the heat is removed. The circul

ation or the fluid is brought about by density differences under the 

influence or an acceleration field (gravitational in stationar7 and 

centripetal in rotating experiments). The "rising" heated fluid along 

the tube wall is thus replaced by cold fluid !rom the reservoir, 

which flows "down" in the core of the thermos7phon. 

An unusual confined-free-convection-flow situation exists, as 

the two streams or fluid, moving in opposite directions, are com

pelled to create their own internal boundary. The flow regimes asso

ciated with this condition have been examined theoretically ~-5]• 

and experimentall7 [6-16] by a number of investigators, tor mer

cuey and for various non-metallic fluids and for different wall con

ditione {uniform wall temperature and uniform wall heat flllX). 

Little attention has been paid to the closed thermosyphon, con

sisting or a tube, closed at both ends, its axis lying parallel to 

the direction or the bod7 force, heated over the "lower• part or its 

leacth and cooled over the "upper" part. An additional complication 

results !roa the requireaent that the fluid layers rising over the 

heated wall and !allinc along the cooled wall respeotivel7. 

• Iuabera ia bradteta refer to the literature list. 

,., 



•ho.t•, •o .. how, at the lunotioa or the two region•, radiall7 trans

po•e theaael;e• •o a• to !ora the oore• or each section. Detailed 

theoretical aaal7•i• ot the !low condition• in this coupling region 

appear• to be yer,r dittioult. 

It i• ooa•idered that the closed •7stea could be treated as a 

•Tathe•i• of open •7•teas [1]. 1Xperiaentall7 it has been inYesti
pte• la a rotating apparatu• with an ••aporatiYe sy•tea, using 

water an4 aeroU%'7 [17, 18] • Station&%7 experiments, in a one-phase 

•7•te• (to ia•e•ticate the influence or fluid and geoaetr7 parame
ters [19,20] ) lla•e been carried out, using a variet7 0 ! non-metallic 

fluids. 

fhis paper describeB an inYestigation into the performance of 

the closed. lberao•7phoa, u•ing aercur7 in the liquid phase as the 
heat traa.a.ter !llli4 .. So* "eul ts !.01" water q.I"e also r•ported for. 

cpeapari••· 

,., 
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2. !HE APPARATUS 

!he apparatus used is shown diagrammatically in cross section in 

fig. 1. It consisted of a nuaber of stainless steel tube•, of 50 am 

internal diameter, which could be connected in various combinations to 

form thermosyphon tubes of different lengths. 

The heating coils round the outersurface of the lower end of the 

tube were subdivided and supplied with 4.c. power through separate 

circuits so that the local heat transfer rates requiredtogive an isother

malinternal surface could be obtained. !he bottom plate carried a guard 

heater to reduce heat losses. The part of the tube which was provided 

with heating coils was surrounded by a thick layer of insulation ma

terial to minimize radial heat losses. 

The upper end of the thermosyphon was closed and cooled by a num

ber of water jackets, each jacket having a separately controllable 

water supply so that in this section also an isothermal internal wall 

could be obtained. 

Measurements of wall temperatures were obtained from chromel

alumel thermocouples carefully plugged into the tube wall at various 

points along its length. The readings were corrected to evaluate the 

internal surface temperature. In addition a long slander probe, carry

ing three shielded thermocouples, could be traversed along the axis 

and at radii of 12 and 18 mm in the same cross-sectional plane. 

The mean wall temperature or the hot (or cold) end was used in 

the evaluation of the final resultSJ this mean value was taken as the 

arithmetic mean of those indicated by the individually placed ther

mocouples. Before readings were recorded however, care was taken to 

ensure that all the thermocouples of the hot (or cold) end indicated 

a temperature which differed by leas than 5 percent of the mean tea

perature difference between the heated and the cooled walls. 

Thermocouples were also placed on the heating coils, in the 

insulation and in the cooling water supply and discharge. A tube with 

heated and cooled lengths of 45q mm each, contained about 100 ther

mocouples altogethe~. The temperature readings were recorded with a 

Hewlett Packard Data acquisition system up to a rate of about 600 

readings per minute. 
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The heat trana!er rate could be measured either !roa the power 

suppl7 or !roa the cooling water !low and ita temperature change. The 

latter aethod was leas accurate, hence heat !lux meaeurements were in 

!act derived !roa the electrical input and corrected !or radial heat 

loss through the insulation and axial conduction loss through the 

\ube wall. The heat loss calibrations were carried out in auoh the 

aaae manner aa the teste, the onl7 difference being that the tube was 

tilled with theraal insulation (abeetoe cord). These calibration re

••lta are plotted in tic. 2, together with the other experimental re

eulte. 
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3. THE TEST PROGRA~m 

The heated tubes were of ,50 and 300 mm length, the cooled tubes 

of 150, 500 and 450 mm length. These could be combined to form 21 dif

ferent thermosyphon arrangements. Besides the influence of different 

fluids, both in a one or two phase system, the effect of different 

wall conditions (uniform temperature or heat flux distribution) and of 

tube inclination from the vertical position could also be investigated. 

Thus it becomes possible to use the apparatus for a very comprehensive 

test programme. The range of variables actually covered in this paper 

is indicated in table 1. 

TABLE I. Test programme (vertical tubes only) 

test . fluid • .lh/d lh/lc wall condition 
series 

1 mercury 3 1 uniform temperature 
2 " 6 1 " 
3 " 9 1 " 
4 water ~ 1 " 
5 " 6 1 " 
6 " 9 1 " 
7 mercury ~ 1/2 " 
8 " 3 1/3 " 
9 water 3 1h " 

10 " 3 1/2 uniform heat flux 

The programme divides into three parts. In tests 1-6 both the 

effect of fluid property and heated length-diameter ratio were in

vestigated, in tests 7+8 that of heated length-cooled length ratio and 

in tests 9+10 that of the wall condition. 

1 •. 
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4. EXPERIMENTAL RESULTS 

The test results are presented as the total heat flow through the 

fluid versus the difference of internal wall temperature between the 

heated and the cooled parts. 

4.1 EFFECT OF FLUID PROPERTIES AND HEATED LENGTH-DIAMETER RATIO 
The results of tests 1-6 for mercury and water are shown in fig.2. 

The water tests were carried out over a smaller temperature range in 

order to prevent boiling. Also plotted are the calculated heat flows 

by conduction through a same column of non-flowing fluid, and the ca

libration curve for the axial conduction heat loss through the tube 

wall. The figure shows that the free convection flow mainly deter

mines the heat transfer rate. 

It is also observed that the fluid properties have no influence 

on the heat flow results in these tests. The heated length-diameter 

ratio does not appear to affect the results as this ratio varied from 

) to 9 in these tests. 

The greater part of the data amoo represented by a mean curve, 

giving heat flow as a function of temperature difference: ¢! (aT)
1'3 • 

• 

4.2 EFFECT OF HEATED LENGTH-COOLED LENGTH RATIO 
The results of tests 1, 7 and 8 for mercury are plotted in fig. ). 

They show that for a constant heated length-diameter ratio the iL

crease in cooled length is followed by a small increase in heat flow; 

however, the rate of increase is diminishing, indicating that the ad

ded cooled length takes a minor part in the heat ~ransfer process.This 

is also shown by the heat flux distribution; the lower cooling j~ckets 

extract much more heat than the higher ones. 

4.) EFFECT OF WALL CONDITION 
Fig. 4 represents the results of test series Q and 10 for water 

as the convective fluid and different wall c~nditions. Uniform tempe

rature distribution and uniform heat flux distribution resulted in the 

same heat flow in these tests. 
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5. CORRELATION OF ~HE RESULTS 
It is evident, so far, that more fundamental knowledge is ne

cessary to come to justified correlations. Following, however, the 

usually accepted procedure in published literature to present the 

results in a non-dimensional form, we present the graphs fig. 5 and 

6. Fluid properties are here based on the arithmetic mean of the 

temperatures of the heated and of the cooled parts. 

Fig. 5 shows the heat flow results of fig. 2 for mercury (se

ries 1-3), in which the Nu-number is based on the heated length& 

The Rad-number represents the non-dimensional temperature difference and 

the pl"oduct of ~ -and Rsa,-numbers represents the non-dimensional heat 

flow. The pointshof this graph yielda 

Using this result, fig. 6 has been prepared, where the Nu-number 

is now based on the tube diameter, giving: 

No effect of the heated length-cooled length ratio follows from 

these graphs as this ratio equals 1 in all ~hese test series. The in

fluence of this ratio is still under study. 
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6. :;:>ISCUJSION 

For a theoretical analysis of the heat tr~nsfer characteristics 

of the closed thermosyphon more information is req~ired on the flow 

pattern and characteristics at the junction of the two tube sections. 

Measurement of the fluid temperatures may provide information on the 

nature of the process by which the sections are coupled hydrodynami

cally. 

The fluid temperatures at different radii and the adjacent wall 

were measured in test series 2 during a period of 50 seconds. An ex

ample of the results is given in fig. 7, which shows the temperatures 

at a distance of 18 em from the bottom of the tube. 

There appears to be considerable flow instability. Measurements 

at other heights show that the temperature variations reach maximum 

values in the coupling region. 

Fig. 7 seems to show also some periodicity in the variations. 

The averaged values of the wall-thermocouple readings, used in 

the calculations, show much less variation with time, hence the wall 

condition can be considered as isothermal. 

The high degree of macroscopic turbulence in the tube hinders a 

theoretical analysis. A study of the dynamic nature of the described 

one-phase system is in hand now, as a good understanding is thought 

to be necessary before a systematic investigation of a two-phase sys

tem can be initiated. 
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TEST LENGTHS FOR THE DYNAMICS OF HEAT TRANSFER IN STEAM-WATER 
MIXTURES 

Heinz Schmid! 

Osterreichische Studiengesellschaft fUr Atomenergie Ges.m.b.H. 

Vienna, Austria 

ABSTRACT. 

A test length for dynamics measurements on single and two 
phase flow will be described. It consists mainly of two 
concentric tubes with 4 and 12 em diameters. The tubes·are 
divided in an input, a middle, and an output part. Only the 
middle section is instrumented at different places, in o~der 
to measure temperature, velocity, pressure and void. ~he 
thermocouples and the Pitot gauges can be moved in radial 
direction. The time constants of all instruments are small. 
The transient response and the transfer fur£ction of heat 
transfer, the radial temperature or velocity distribution and 
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the friction losses at single and two phase flow will be 
measured. The void ratio will be measured at the input and output 

the test length. 



1. INTRODUCTION 

The control·of a power plant is to be effected in a way that 
an optimal operating behaviour is obtained. For this purpose 
an accurate knowledge of the dynamic behaviour of its various 
components is essential. 

The heat exchanger is considered to be one of the most 
important components of a reactor plant,. It is of special 
significance in boiling water re·actors, where heat transfer 
can take place in one-phase-flow or two-phase-flow. The Austrian 
National Society for. Atomic Energy, veactor centre Seibersdorf, 
has been undertaking a systemat~investigation into the 
dynamics of the heat exchanger, but will also engage in 
additional research work of a more basic nature, which is, 
however,· closely connected with heat transfer, such as the 
turbulence problems. For the one-phase-flow (water without 
steam), part ot the investigations has been completed. The 
transfer functions of the heat exchanger obtained for water 
circulation without steam formation differ widely from the 
.results calculated by conventional methods(see ~1_7). On 
account of these divergent results a critical study of the 
dynamics of heat transfer in the two-phase-flow seemed to be 
necessary. On the basis of the experience gained with the 
one-phase-flow a heat exchanger was built, which will soon 
be ready for operation and appears to be particularly suited 
for measurements of this kind. 

2. DESCRIPTION OF THE TEST INSTALLATION 

As can be seen in fig. l , the plant has been constructed in 
a way as to permit an application as diversified as possible. 
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It is used mainly for two-phase-flow dynamic measurements. 
In order to avoid lengthy development work of the complicated 
instrumentation the operating pressure was limited to 3o atU. 
Thus it was possible to take advantage of the experience made 
by the Institutt for Atomenergi of the OECD Reactor Project 
Halden. 

The following test lengths exist in Seibersdorf: 
Electrically heated test length TL with an electrical power 
of 4oo kw. (available power - 12oo kw} 

Heat exchanger HE with a heat transfer of approx. loo kw. 

In the following only that part shall be considered in fig. 1 
which is important for the heat exchanger (bold line}. 
In the primary circuit the heat exchanger HE is fed with 
saturated steam by an electrically heated vessel EV. This 
saturated steam can be transformed into superheated steam 
by means of the superheater SH. The condensed steam in the 
primary circuit.is pumped back into the vessel EV by means 
of the pump P-2. The two-phase mixture, which forms in the 
secondary circuit in HE is conducted into a larger vessel v. 
From there ~lso the feedwater for the secondary loop of the 
HE is pumped'back by means of the pump P 1. The vessels V 
and EV serve to dampen the vibrations when the transfer 
functions are being measured and prevent unwanted feedback. 
From V the steam is directed to the condenser c. The condensed 
steam is again pumped back into V by means of P 3· For better 
control of the feedwater in the secondary circuit an electrically 
heated preheater PH has been provided. The electrically heated 
test length has been in operation.:for a considerable period 
of time. The heat exchanger will presumably be ready for use 
in the autumn of this year. 

2 



3· DESCRIPTION OF THE 
HEAT EXCHANGER 

For greater lucidity a schematic diagram of the heat exchanger 
is shown in fig. 2. The geometry of the heat exchanger has 
deliberately been kept simple providing two concentric tubes 
of 4o mm and 125 mm inside diameter respectively. 
Within the heat exchanger the liquids are subject to the 
principle of counterflow. It consists of the inlet, the central 
or measuring section and the outlet. No measurements are 
performed in the inlet and outlet section, but they contain 
straighteners which ensure an axisymmetrical flow in the 
secondary circuit. The central section has been designed to 
contain the major part of the instruments. 

The instruments of the heat exchanger can be basically divided 
into two groups. As can be seen in fig. 2, measuring units · 
have been provided at the inlet and outlet pipes of the primary 
and secondary circuit of the heat exchanger, which are largely 
identical and·are therefore interchangeable. They consist of 
a temperature measuring unit with thermocouples and a pocket for 
the mercury thermometer, a voidmeter for the determination of 
the void ratio, a turbine flow meter and finally a pressure 
gauge. At the inlet pipes, where one-phase-flow may be assumed, 
an orifice for the measurement of the flow has been provided and 
a vaposcope at the outlet pipes. The testing units have been 
designed for the measurement of the mean velocity, the mean 
temperature and the mean void ratio and are, therefore, located 
outside of the heat exchanger proper. Within the heat exchanger 
the temperature is dependent on the ·axial distance and cannot, 
therefore, be used for the determination of a mean value. 
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-The second group of measuring instruments is situated in the 

central part. They are arranged radially in two levels, with 
a distance of 1 m between the two levels. A schematic diagram 
of the cross sections CD and EF is shown in fig. 2 • Above all 
temperature and pressure measurements are to be carried out, 
but measurements of velocity my means of Pitot tubes will also 
be attempted. For the measurements it is essential that the 
thermocouples as well as the Pitot tubes can be radially 
displaced, thus permitting the recording of temperature and 
velocity profiles. 

The time constant of all instruments is being kept as low as 
possible; with the thermocouples it ranges from 3o to loo ms. 

The details of the design are more distinct in fig. 3 • From 
the previous experiments with one-phase-flow it became evident 
that asymmetric flux in the secondary circuit (in the outside 

I . . 

tube) of the heat exchanger led to major distorions of the 
heat transfer through the wall of the tube and thus resulted 
in asymmetric temperature distribution in the primary tube. 
Therefore painstaking attempts were made to achieve a symmetri
cal flow in the secondary circuit by means of straighteners 
and other constructional measures. In section AB of fig. 3 a 
cross section of the straightener is shown. 

As can be seen in the upper left part of the diagram, the 
liquid is also diverted at the inlet pipe in an attempt to 
achieve a distribtion as uniform as possible. 

In the sections CD and EF details of the sensor guidance are 
shown1 which permits a radial displacement of the sensors. They 
are fixed by the tightening of a cone. In the internal tube 
(primary circuit) the pressure and the radial temperature 

distribution are measured. In the external tube three measuring 
units are available, which together with the primary units have 
been arranged to form a cross. In the external tube pressure, 
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temperature and velocity will be measured. The various 
measuring probes can also be moved by means of small motors. 

The figures 4 and 5 finally present the entire plant as well 
as the measuring cross. 

4. TEST PROCEDURE 

Since the electrically heated test length has been in operation 
for some time, the instrumentation, which is virtually 
identical for both cases, does not seem to be a problem. Void 
measurements within the heat exchanger would be an interesting 
proposition. So far an appropriate measuring assembly has not 
yet been decided upon. The test procedure results from the 
instrumentation at hand. 

The test procedure is.divided.according to the two groups of 

instrumentation. 
4.1 Investigation into the dynamic behaviour of the heat 

exchanger in the case of two-phase flow, which is to be 
regarded as an entity. 
There are two possibilities : 

- one phase flow in the primary circuit (water) 
two-phase-flow in the secondary circuit (water-steam 
mixture) and 

- two-phase-flow in the primary and secondary circuit 

The following measurements will be carried out for both 
possibilities : 

- stationary behaviour, which serves as a basis for the 
subsequent measurements 

- transient response, a solution to the step change of the 
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input quantity. The perturbations accompanying the 

water circulation are temperature and velocity : 
they are brought about the so-called mixing chamber 
(see ~2_7), by means of which water of equal or higher 
temperature can be injected into the feeding water. 

In the case of saturated steam a control valve has been 
provided, by means of which the flow rate can be rapidly 
changed. The same holds true for superheated steam. 
Injection of water into the steam is also possible. In 
accordance with the amount injected the temperature and 
the velocity can be changed to a greater or lesser 
degree, or a transition from one-phase-flow to,two-phase 
flow can be brought about. 

A uniform step change of the perturbations can, of course, 
not be achieved. The rise takes place rather in 
approximation to an experimental function with a low 
time constant (see ~2_7). 

- transfer function, if the perturbation occurs periodically 
and its amplitude remains small, the transfer function 
is obtained. As in the case of the transient function, 
the perturbations are caused-by the mixing chamber or by 
valves respectively. 

-Describing function, it is.derived from the transfer 
function, if the amplitude of the perturbation is 
increased. 

4.2 Investigation into the heat transfer, the formation of 
bubbles and turbulence problems of the two-phase-flow. 
For the greater part of these measurements the two 
radially arranged measuring units in the heat exchanger 
will be used. 

1.6 
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If the instruments employed for these measurements are 
sensitive enough it becomes obvious that the measured 
values are subject to heavy statistical noise as a 
result of turbulence. Thus we find for the velocity of 
the flow within the tube 

u = u + u' 
v = v' 

for the axial 
for the radial 
direction 

The same can be said for pressure and temperature 

generally 

p = p + p' 
T = T + T' 
X= X+ X' 

The values for X representing mean values, the values 
for X' deviations from the mean value. 

As the one-phase-flow measurements have shown, the 
radial temperature profile is heavily perturbed by a 
larger T' in the case of heat transfer through the wall. 
If the ·measurements are performed for a sufficiently long 
period, a stationary temperature profile is obtained. 
The dynamics of such a profile can only be determined by 
means of periodic repetition of these artificial 
perturbations and the resulting mean value Td. 

On,the basis of these considerations the value Xd can be 
determined as a function of the location, the frequency, 
and the amplitude of the input perturbation. The 
determination of a mean value of X' 1 e. g. as "X'72 1 could 
also be of great significance. In one-phase-flow 
measurements temperature noise could be observed in the 
stationary state, which was especially heavy in the 
vicinity of the wall of pertitltion • In the secondary 
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circuit the noise was considerably stronger than in the 
primary circuit. For an analysis of the turbulence 
problems mentioned the correlation functions and the 
power spectral density functions appear to be 
particularly suited. 

The test series indicated above can only be performed, if 
data handling systems, such as they have already been used 
in the study of the electrically heated test lengths in. the 
reactor centre Seibersdorf, are available. 
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IN-PILE HYDRAULIC INSTABILITY EXPERIMENTS 
WITH A 7-ROD NATURAL CIRCULATION CHANNEL 

G. Kjaerheim and E. Rolstad 
OECD Halden Reactor Project 
Institutt for Atomenergi 
Halden, Norway 

ABSTRACT 

The hydraulic stability of a 7- rod cluster assembly has been 
investigated in a natural circulation, boiling DzO reactor. Measurements 
were performed at two system pressures over a wide range of channel 
powers and at different degrees of inlet throttling. The change in noise 
level and frequency content of the coolant mass flow as measured with 
turbine flow meters were· studied as a function of channel power. The 
instability threshold was determined at 15 and ZS bars ·system pressure. 
Increased inlet throttling was found to have a strong stabilizing effect 
on the channel. 

Paper presented at the Symposium on Two Phase Flow Dynamics, the 
Technological University of Eindhoven. September 4th - 8th, 1967 
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1. INTRODUCTION AND SUMMARY 

1. 1 Introduction 

Most of. the experimental work that has been done on ~tudying 
oscillations in natural circulation channels has been performed in 
boiling water loops. Several investigators have reported on their 
observations (1. 2. 3, 4). 

Less information is available from in-pile experiments. Our 
experience in Halden includes measurements on an instrumented fuel 
assembly (IFA-4) during January - March 1964. In addition to deter
mining the steady state hydraulic parameters, the effects of system 
pressure and water level on the channel stability were studied (5). 
The results did not agree very well with loop experiments performed 
at the University of Eindhoven, Holland 1961 and 1962, on a 7-rod 
bundle element with a geometry very close to that of IFA-4 (6, 7), 

This paper will describe experiments carried out on a 7 .. rod fuel 
cluster assembly (IFA-40) at two system pressures and at different 
degrees of inlet throttling. The variable inlet throttling is accomplished 
by a remotely operated valve installed at the bottom of the test fuel 
assembly. This permits a wider range of measurements than was 
possible with IFA-4. This assembly is a 7-rod cluster similar to the 
3rd charge fuel assembly design, but with 9. 5 w/o enriched uo2 
pellets in all fuel pins so that high channel power could be reached 
without exceeding limits on other assemblies in the reactor. Two 
burn-out detectors were mounted on each fuel rod (8). The measure
ments had the .following objectives: 

1. Demonstrate that the 3rd charge fuel assembly design will 
permit operation at 25 MW without exceeding instability and 
burn-out limitations. 

2. Determine the burn-out and insta,bility limits for this type 
of fuel assembly design, to help in planning future test fue~ 
assemblies irradiations. · 

3. Contribute to the basic understanding of the ins~bilitY and 
burn-out mechanisms and provide checkpoints for mathe
matical models. 

1. 2 Summary 

The instability threshold for the channel was defined at two system 
pressures, 15 and 28 bars. The throttle valve at the inlet of the 
channel was in its fully open position, giving an inlet pressure drop 
of about 20 velocity heads. The instability threshold was found to be 
at about 660 kW at 230°C and 400 kW at 200°C. A noise function was 
computed to aid in identifying the transition from random noise to 
periodic oscillations of the inl.et turbine. 
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Unstable coolant flow operation is possible, but its negative effect 
upon the burn-out limit makes this kind of operation less attractive. 
Furthermore, heavy hydraulic oscillations will excert additional 
mechanical strain on the fuel assembly, resulting in fatigue failure. 

·The throttling valve permitted study of the change in noise level with 
changing inlet pressure drop. Increased throttling has a strong sta
bilizing effect on the flow. One result from the experiments was that 
the inlet pressure drop on the planned 3rd charge fuel assemblies 
was changed from 20 to sa velocity heads. ·At 200°C .the inlet and 
outlet flow oscillated 180 out-of-phase at 445 kW, whereas the 
oscUlations were in-phase at 475 kW. The detailed character of the 
oscillations could not be explained as a simple coupling between void 
volume and ma'ss flow, but requires some heat storage, during the 
cycle. 

The instability points determined on IFA-40 agreed well with 
instability points determined previously on IFA-4 which is an assembly 
with a geometry identical'to that of IFA-40. 

2. SYSTEM DESCRIPTION 

2. 1 General 

The reactor is of the natural circulation boiling D20 type. 

Prior to this experime.nt it was generally operated at 16 MW and 
system temperature 230°C for test fuel irradiation. The core consisted 
of "'100 fuel assemblies, out of which about ZO were test fuel assemblies 
of different design, fuel weight and enrichment. 

A schematic diagram of the system is shown in Figure 2-1. The 
water level in the reactor tank during all experiments was· maintained 
at 2440 mm from the bottom plate. Other important axial dimensions 
are given in the assembly drawing Figure Z-2. The most important 
instrumentation specific for this test is the inlet throttle valve which 
is described in more detail later in this chapter. 

z. Z Description of IFA-40 

The test ass.embly, IFA-40, is a seven rod cluster similar to the 
3rd charge fuel assembly design, but with 9. 5 w/o .. enriched UOz pellets 
in all fuel pins. 

The assembly has: 

An overall active length of 1718. 5 mm. 

Two fuel pin clusters, each with six pins assembled on a pitch 
circle diameter of 46 mm, and one center pin. 
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A fixed shroud tube. 

Instruments to measure power, flow, central oxide tempera
ture, coolant temperature and for safety monitoring. 

A throttling valve for coolant inlet. 

Burn-out detectors mounted on the seven upper fuel pins. 

Coolant flow area 2880 mm2 • 

Sintered uo2 pellets. 

EnriclUnent in U 235; 9. 5 w/o, except the lower pellet in 
the bottom fuel pins and the upper pellet in the top fuel pins 
which are natural uranium, -and the upper pellet in the bottom 
fuel _Pins ~nd the lower pellet in the top fuel pins whic:J:l'contain 
4 wfo enr1ched U02. 

Fuel density 10.4 g/cm3• 
+ Pellet diameter 12. 54 - 0. 2 mm. 

Pellet length 16 mm, except natural pellets which have 8 mm 
length.· 

Spherical (dished) profile at one end. 

Total fuel volume 1114.5 cm
3

, of which 1373 cm3 has 9:3 5 w/o 
enrichment, 28 em has 4 w/o enrichment and 13. 5 em is 
natural. 

Total fuel weight; 14.71 kg (measured), of which 14.28 kg . 
(measured) has 9. 5 w/o enrichment, 0. 29 kg (measu~ed) has 
4 w/o·enrichment, and 0.14 kg (measured) is natural. 

Cladding 

Material Zircaloy-2. 

Inner di.am~ter 12.76 ~~· 1 mm. 

Wall thickness 0. 6 f 0. 06 mm. 

Fuel Pins 
. +5 . 

Active length 824 -0 mm. 
+ Length between shoulders 890.5 - 0. 1 mm. 

Fuel can clearance 0. 22 mm max. 

Seven fuel pins contain one insulation resistance burn-out 
detection wire. 

One fuel pin contains a ?entral oxide thermocouple. 

Fuel Bundle 

Fourteen fuel pins forming two seven pin clusters with six 
pins arranged on a pitch circle diameter of 46 mm and one 
cent~r pin. 



Shroud Tube 

!4aterial Zircaloy-2. 

Outside diameter 73 !' 0. 7 mm. 

Wall thickness 1 ! 0.12 mm. 
+ Total length 1889 - 0. 5 mm. 

Shroud tube consisting of two separate tubes, one>tube welded 
to the center collar and one tube fixed to the center collar by 
screws, similar to 3rd charge spike element design. 

Instrumentation 

Two mixed in1et thermocouples. 

One inlet flow turbine (tubular size). 

One outlet flow turbine (normal size). 

Two outlet coolant thermocouples. 

Three type Bl gamma thermometers each with reference 
thermocouple. 

One fission gas sampling unit. 

One central oxide thermocouple. 

Pneumatic throttling valve with differential transformer for 
position indication. · 

Seven differential transformers to monitor cladding elonga
tion of upper seven pins. 

Seven insulation burn- out detectors to monitor hot spots on 
upper seven pins. 

42 cable penetrations through the lava top seal. 

The design of the complete assembly including all instruments 
has been carried out by the HBWR staff. !4anufacture of fuel pins, 
instruments and other hardware was done at Kjeller. 

2. 3 Throttle Valve 

The bur.n-outand instability tests were performed with the assembly 
operated on natural circulation. In order to bring the assembly to 
burn-out conditions at different power level$, variations in the coolant 
mass flow through the assembl}" was required. For this reason a 
pneumatic valve was designed (9), capable of changing the size of the 
inlet natural circulation ports, thereby also changing the coolant flow 
through the assembly. The valve was also designed so that forced 
circulation water from the subcooled plenum could be supplied for cali
bration purpose. 

A drawing of the throttle valve is shown in Figure Z-3. The valve. 
is moved between two end- stops by two be~owez operated by pneumatic 
pressure. The end- stop reached at "'3 kg/em overpressure in the 



bellows gives forced circulation flow fronz the subcooler plenum. 
The other end stop, reached at "' 3 kg/em underpressure, gives 
fully open natural circulation ports. The valve can also be held in 
any intermediate position giving partly open ports, with the actual 
position determined by a signal·from the differential transformer 
mounted to the valve. · 

The pneumatic pressure control system used to operate the 
valve is shown in Figure Z-4. 

Z. 4 Data Handling 

All outputs from in-core sensors are terminated on a connection 
rack (test rack) located in our experimental control room (10). Inputs 
and outputs from the available electronics equipme,nt are also termi
nated at this rack so that all connections can be made at one point. 
The test rack is equipped with special connectors to provide facilities 
for connecting sum and difference og signals from thermocouples as 
required. 

The electronics equipment used during these experiments is shown 
in Figure Z-1. 

Pulses from the turbine pick-up coils are differentially amplified 
in the turbine electronics to trigger a monostable multivibrator. The 
output is smoothed in an active filter. 

The Sanborn differential amplifiers model 860 - 4300 were used 
for thermocouple difference signal. Input impedance is 500 K and 
~nput is isolated from chassis and output. Ma~mum output voltage is 
- 5 volts across a Z K ohm load. Zero drift is - Z microvolts referred 
to the input. Gain stability is :1- 0. OSo/o at constant ambient temperature 
for 40 hours. 

One 8-channel and one Z-channel Sanborn recorder using stabilized 
d. c. preamplifiers modell50- 1800 and driver amplifier and power 
supply modell50- 400 were used during the experiments. The pre
amplifier has a fixed gain of 1000, but different levels of attenuation 
of the input signal can be selected. It is possible to suppress the d. c. 
level of the input signal. 

The analog computer is a Beckman/Ease machine of the 1100 series. 
It is equipped with 60 amplifiers, Z function generators, 10 multipliers, 
80 servo potentiometers, 10 hand potentiometers, 3 patch panels and 
a null-voltmeter. The amplifiers have a drift of ZO JUV per day referred 
to the summing junction. Noise is 10 mV peak-to-peak at output of the . 
amplifier with feed- back. The X- Y recorders used in conjunction with 
the analog computer were a Moseley model 135 and Moseley model 
ZD-3M recorders. The adjustable time delay unit is an Elliott D. V. 
Log. Sim. Type N.D. 461A. The digital voltme~e:r is He"!'Vlett-Packard 
model 3440A with an automatic range selector model 344ZA. 
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The data logger was built by Regnecentralen, Copenhagen to 
suit the HBWR requirements for·fast data acquisition. It has a 
lZ-channel solid state multiplexer and an A/D converter of the 
successive approximation type, with a resolution of 01! 1 Ofo. Conversion 
speed is about 70 microseconds. The input range is - 5 volts. The 
data is taken out in pure binary form through a 51Z word buffer unit 
to an Ampex TM-7 magnetic tape unit. There is considerable flexi
bility in selecting scan repetition rates and the number and sequence 
of channels to be included in a scan. Identification numbers and dates 
are set by switches, and timing information is supplied by a digital 
clock. The system has provision for expansion to about 500 signals. 

The GIER digital computer has a ferrite core memory of 1 OZ4 words 
of 4Z bits. Back-up memory is a drum store of 1Z800 words. Operation 
times for fixed point arithmetic is 49 ;u sec. for addition, 180 ;u sec 
for multiplication and Z70 ;u sec for division. The computer lfas a 
powerful ALGOL compilet. 

3. PRESSURE LOSS MEASUREMENTS 

During the turbine calibration, the pressure was me~sured at the 
following points; 

Pt. 1 Before the inlet. 

Pt. z In channel 600 mm above lower end of assembly 

Pt. 3 D 1300 n u 

Pt. 4 D 1500 a D 

Pt. 5 u zzoo II a 

Pt. 6 After the outlet. 

The pressure was measured by water column manometers, and 
the loss coefficients were calculated as follows: 

Inlet: (Pt. 1 - Pt. Z) 

Channel and spacer: 

Outlet: (Pt. 5 - Pt. 6) 

K;::; vZ/zg 

6 h 
K;::; vZ/zg 

- 1 

+ 1 

The pressure drop along the channel are extrapolated from the 
measuring points linearly to the top and bottom end of the fuel to give 
the K values in Table _1. 



4. STEADY STATE HYDRAULIC CHARACTERISTICS 

During most of the experiments the data·logger was recording 
inlet and outlet turbine,gamma thermometer, channel temperature 
difference and throttle valve position signals. These data were analyzed 
by our computer programme 8, 3-1. From these results FigUres 5-33 
and 5-34 were drawn showing the velocity through the channel as a 
function of inlet throttling. The accuracy of the inlet thro~ling for 
throttling values below 500 are believed to be better than - 5o/o. Figure 4-1 
shows the hydraulic characteristics of IFA-40 at 230°C as recorded 
during the experiment performed 5/11-66, and Figure 4-2 the results 
obtained at 200°C (25/11-66). The axial flux profiles are presented in 
Figures 4-3 and 4-4. The flux shapes numbered 1 and 5 apply for the 
steady state hydrauAic characteristics shown in Figure 4-1. During the 
experimepts at 230 C there _was a gradual change in the axial flux shape 
as the experiment proceeded. This did not happen as a step change at 
the time of the unloading of test assemblies after a fuel failure, but seemed 
to be a gradual and continuous process right from run 1 through run 18. 
This means that the channel power from run 7 and up is underestimated 
by an increasing amount, with a maximum of 5% at about 600 kW. The 
assembly was then recalibrated for the axial flux shape .. numbered 17 iii 
Figure 4-3. The new calibration constant was used during operation 
between 600 and 700 kW. No change in axial flux shape was detected 
during operation at 200°C. · 

5. CHANNEL INSTABILITY INVESTIGATIONS 

5.1 General 

In the sip,.gle phase water regime of the channel the heat transfer 
coefficient is fairly constant. This coefficient is improved in the 
subcooled boiling region, but remains about constant in the nucleate 
boiling region. There_ is a further increase in the heat transfer 
coefficient in the annular flow and film flow regimes. The slug flow 
region of the nucleate boiling regime represents the transition between 
the continuous water phase .and the continuous steam phase. The smaller 
bubbles interact to create larger bubbles or slugs which in fact are 
unstable void columns. Boiling is inherently a noisy phenomena. 

Figure 5-l shows a simplified diagram of the parameters that 
determine the thermal and hydraulic behaviour of a channel. For a 
given channel power and axial flux shape the fuel temperature and the 
can temperature are determined for a constant heat transfer coefficient. 

_For a constant subcooled power· there will be a constant steam production 
and equilibrium between the driving force Ja dl and the pressure drops 
in the channel. ' 
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The details of the mechanism which causes oscillations are not 
well understood. It may be that the boiling noise is transferred to 
the heat transfer coefficient and causes changes in the steam production. 
During the formation and growth of bubbles on the surface and detach
ment of the bubbles from the surface and into the water st'ream, the 
surface temperature will fluctuate. An instantaneous higher temperature 
will produce more steam, resulting both in an increased two-phase 
pressure drop and an increased driving force. In the lower voidage · 
range the increase in Jadl is likely to dominate over the increase in 
two-phase friction, and consequently the mass flow will increase. 
When the average inlet velocity has passed its maximum value and is 
decreasing with an increase in channel power, an increased steam 
production will result in a lowered mass flow. The lowered mass flow 
will increase the void volume in the channel and the increased Ja dl 
will tend to increase the mass flow. Since these interactions have a 
time delay associated with the transport time through the channel, the 
unstable coupling between void volume, and mass flow may very well 
produce selfsustained oscillations. 

5. 2 Experimental Technique 

The hydrodynamic behaviour of the IFA-40 channel was studied 
at two system pressures as a function of channel power. The throttle 
valve at the inlet of the channel made it possible to also study the 
effect of a varying inlet pressure drop on the channel stability.· The 
moderator water level was kept constant throughout the experiment. 
The subcooled power of the channel was also kept constant and close 
to zero(less than one kilowatt). The axial flux shape was basically a 
chopped cosine, although a measurable change in the profile was 
detected during the experimental period (Figs. 4-3 and 4-4). 

The experimental technique used at 200 and 230°C of moderator 
temperature was basically the same. 

Initially a ramp in power was made with the throttle valve in its 
fully open position. Signals were connected to the data logger and to 
the Beckman analog computer for calculation: of steady state hydraulic 
parameters. :From the on-line analog computer the results were 'plotted 
out on an X- Y recorder. For smoothing of input signals 10 JUF con
densers were connected between output and grid of operation.al amplifiers. 
An undamped inlet velocity signal was supplied to the Y -axis of one 
X- Y recorder to show the change in noise level as a function of channel 
power. 

Periodically during the ramp a dynamic recording of the inlet 
velocity signal was made on the Sanborn recorder. These recordings 
show the change in level and frequency of the noise and how the basic 
frequency of the oscillations of about 1. 2 cps is gradually emerging. 
Simultaneously, noise measurements were made of the inlet velocity 
signal on the data logger. 
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After completion of the power ramp, several throttling runs were 
performed at different power levels. The purpos·e of these runs was 
to show the change in noise level as a function of the inlet throttling. 
During these runs dynamic recordings were made of throttle valve 
position and inlet velocity. On an X- Y recorder the average inlet 
velocity was recorded against the undamped inlet velocity. These 
plots provided information on the amount of throttling required to 
obtain a 0 stable u channel. 

5. 3 Noise Function 

The results discussed in following sections show that the exact 
Dinstability pointn is not easy to specify, since there is some noise 
in the flow even at low power levels. The instability point may be 
defined in several ways. One possibility would be to take the channel 
power at the point where the noise band starts to become strongly 
divergent (670 kW at Z30°C and 410 kW at 200°C). Anoth·er method 
would be to extrapolate tangentially back from the unstable region, so 
that the intersection with the avera~e velocity curve would define the 
instability threshold {650 kW at 230 C and 400 kW at 200°C). 

A different method was developed which relies upon a change in 
the character of the flow noise from random to periodic as power is 
increased above the instability point. To clearly show the point at which 
this change occurs, a Unoise function° was defined as 

T z 
N (,. ) = f [ f (t) - f (t -,. ) ] dt 

0 

and computed during the experiment with the analog circuit shown in 
Figure 5-Z. If the delay time, ,., is chosen as half the period of the 
basic frequency of the sustained oscillations, the function amplifies 
the periodic signal relative to a random signal. It has the advantage 
over the conventional autocorrelation function 

T 

\11 xx (,. ) = 2
1 

T J .£ (t) f(t - ,. ) dt 

-T 

that any d. c. component is eliminated in computing N (,. ). 

Basically the integration period was 30 sec, but could be varied to 
suit the rate of change of experimental parameters (i.e. inlet flow). 

The efficiency of the noise function computation is indicated in 
Figure 5-3. As the periodic component becomes more pronounced, 
the value of the computed noise function increases fast. The inter
section of the tangent to the noise curve and the X-axis defines the inlet 
velocity that would give a stable channel. A stable channel in this case 
means a channel with such a noise level as is present below the instability 
threshold. When computing the noise function during increases in power, 



the intersection of the tangent with the X-axis defines the instability 
threshold {660 kW at 230°C and 410 kW at 200°C). 

5. 4 Results at 230°C 

During a ramp increase in reactor power of about 4 MW /hour the 
inlet velocity was calculated on the analog computer and plotted out 
on an X- Y recorder as a function of channel power. The pulses from 
the turbine pick-up coils are differentially amplified in the turbine 
electronics and used to trigger a monostable multivibrator. The output 
is smoothed by an active low pass filter having the 3 db down point at 
7 cps. 

The results obtained with the throttling valve in its fully open 
position are presented in Figure 5-4. When the valve is fully open the 
pressure drop across the inlet section is about 20 velocity heads. It 
is seen that. on this particular channel the inlet pressure drop has to be 
increased in order to get a stable channel. 

The noise level in the flow increases evenly with an increase in 
power. At 670 kW the peak-to-peak amplitude of the noise is roughly 
twice of what it was at 150'kW. 

Above 670 kW there is a much faster increase in the noise level. 
Although the channel is noisy at any power level, there is a difference 
in the level and frequency of the noise that is present below and above 
approximately 670 kW. The channel power at which this change in noise 
takes place is normally called the instability threshold, or onset of 
severe hydraulic oscillations. The computed noise function is also shown 
in Figure 5-4. This demonstrates very clearly the change from random 
to periodic fluctuations. Extrapolation of the periodic noise to the X-axis 
gives an instability point of 660 kW channel power. 

5. 4. 1 Frequency of Oscillations 

At this system pressure {28 bars) the maximum channel power of 
700 kW was barely in the unstable region. Figure 5-9 shows a recording 
of the inlet velocity at 700 kW. The traces no. 1 and 3 used filters at 
the output of the turbine electronics with a break-frequency of 1. 75 cps, 
whereas traces 2 and 4 are obtained with a filter having a break-frequency 
of 7 cps. It is seen from the recordings that the dominating frequency 
is 1. 21 cps. Sporadically, a lower frequency of about 0. 05 - 0. 07 cps 
seems to be superimposed on the basic frequency. 

5·. 4. 2 Throttling Runs 

At 700 kW and 625 kW the throttling valve was operated slowly to 
facilitate a detailed examination of the noise level on the inlet flow as 
a function of inlet pressure drop. In Figures 5-5 and 5-6 the average 
iill.et velocity is plotted against the undamped inlet velocity. The cor
responding inlet loss coefficients are presented in the same figures. 
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It is seen that initially a very slight throttling has a strong stabilizing 
effect on the flow. A further increase in the inlet pressure drop 
gradually makes the channel mor~ and more stable. 

In Figures 5-7 and 5-8 the average inlet velocity is plotted against 
a computed noise function. There is excellent agreement between the 
two methods of determining the transition point between two noise levels. 

Figure 5-10 shows a dynamic recording of inlet velocity from a tully 
open valve position to a throttled down position of the valve. The average 
velocity has changed from 0. 4Z7 m/sec to about 0. Z8 m/sec. The noise 
level is improved by a factor 10 ·to 15. Figure 5-11 shows another 
throttling run at the same power level with the corresponding throttling 
valve position. 

5. 5 Results at Z00°C 

Due to reactor limitations during operation at Z30°C moderator 
temperature the unstable region for the channel was barely entered. 
At Z00°C moderator temperature, however, the instability threshold 
was exceeded by about 75 kW of channel power. Consequently more 
time was devoted to instability inveStigations. The types of measure
ments performed were basically the same .. as at Z30°C. The instability 
threshold was determii~ed during a positive ramp in reactor power, and 
then throttling runs were performed at five different channel powers. 

5. 5. 1 Power Ramp 

The undamped inlet velocity measured with the throttling valve 
in its fully open position is in Figure 5-lZ recorded against channel 
power. From ZOO kW and up to approx.imately 400 kW +there is a gradual 
increase in the noise level from about - • 04 m/sec to - • 08 m/sec. 
Above 400 kW the noise level increases at a much faster rate up to 
about :t 0.36 m/sec at'475 kW. This corresponds to oscillations of 
about :t 90o/o. Extrapolation of the tangents to the amplitude of the velocity 
curve back from 475 kW inter.sects the average velocity curve at about 
0.44 m/sec and gives an instability threshold of about 400 kW. This 
agrees. well with the result obtained (410 kW) from the plot of the computed 
noise function versus channel power (Fig. 5-lZ). The channel power at 
the point where the noise band starts to become strongly divergent 
{defined by the breakpoint of the envelope to the noise amplitude) is also 
about 410 kW. 

. Du:r;ing a rampwise incre~se in power, recordings were made at 
different power levels for investigating the frequency content of the 
noise. Figures 5-Z3 through 5-ZS show the gradual change in the 
character of the noise in the flow velocity, as discussed in the following 
paragraphs. 

Figure 5-Z3 presents traces of recordings of inlet velocity ma4e 
at Z05, ZZ6 and Z48 kW. The noise seems to be basically random in 
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character, although one can distinguish, already at these low power 
levels, a frequency of about 1 cps lasting for one or two periods. 
Generally the amplitude of the 1 cps noise is higher than the average 
peak-to-peak noise level. 

Figure 5-Z4 shows traces from inlet velocity recordings at Z7Z, 315 
and 34Z kW of channel power. These recordings show that.the 1 cps 
oscillations occur mor~ frequently than at lower power levels, and 
that they last a bit longer. 

Figure 5-ZS presents one recording at 395 kW and two traces.at. 
415 kW •. The basic frequency of the oscillations is about 1.13 cps at 
395 kW, and between 1.18 and 1.19 cps at 415 kW. There is a marked 
change in the duration of the oscillations at these two power levels. 
At 395 kW the basic frequency is present for 5 to 10 seconds, for then 
to be followed by a longer perioc;l without a clear 1 cps frequency. At 
415 kW the basic frequency of the oscillations is present most of the 
time, although there are shorter periods when this frequency cannot 
be clearly detected. The peak-to-peak amplitude of the oscillations 
have increased by about SO% going from 395 to 415 kW. The instability 
threshold was determined by other methods to be between these limit,s. 
The recordings of inlet velocity illustrates that there is' no sudden change 
in the behaviour of the channel. The location of the .instability threshold. 
is consequently to a large extent a matter of definition. 

In Figures 5-Z6 and 5-Z7 the inlet velocity is recorded during a 
ramp increase in power from 415 to 4Z3 kW. At 415 kW, (the top trace 
on Fig. 5-Z6) the frequency of oscillations is about 1. Z cps. At 4Z3 kW 
the frequency is about 1. 18 cps, and for certain time periods the ampli
tude is fairly constant (Fig. 5-Z7). This ha·s not been the case at lower 
power levels·. 

Figure 5-Z8 shows· recordings of inlet velocity at 445 and 475 kW, 
and the outlet velocity at 475 kW. At 445 kW the inlet velocity is at 
all times oscillating at around 1. z cps, but the amplitude of oscillations 
is still not constant. At 475 kW the frequency of the oscillations is 
1.175 cps and the amplitude is constant. While at this power level, a 
stop watch was used to time the duration of 10 periods of the -oscillations. 
This was repeated several times, and the result was always 8. 5 sec for 
10 periods. The amplitude of the oscillations is about :1- 90o/o of the 
average inlet velocity.·· Oscillations of roughly 'the same frequency are 
present at the outlet of the channel. The oscillations which are more 
irregular, are in-phase with the oscillations at the inlet. 

s. s. z Throttling Runs 

Throttling runs were performed at 3ZS, 370, 415, 443 and 475 kW. 
The results are presented in Figures 5-13 through 5-ZZ. Two sets of 
results at each power level are available. On one set of figures the 
average inlet velocity is platted versus the undamped inlet velocity. 
The corresponding inlet loss coefficient is plotted on the same; figure 



versus the average inlet velocity. The other set of results are figures 
showing average inlet velocity plotted versus the computed noise, 
function. The tangent to this curve· is drawn to intersect the inlet 
velocity axis. The inlet loss coefficient corresponding to the velocity 
at the point of intersection, defines a stable channel at that particular 
power level. 

The average inlet velocity versus the undamped inlet velocity 
curves have the same general character as the undamped inlet velocity 
versus channel power curves. From the fully open position the throttle 
valve was operated carefully and slowly towards its closed position. In 
the beginning there is a sharp reduction in the noise level with increased 
throttling. From a .certain point {instability point), or position of the 
throttle valve, there is a much slower rate of noise decrease. 

When throttling the inlet at 475 kW, where the amplitude of the 
oscillations is constant, {Fig. 5- Z9) it can be seen that the amplitude 
becomes irregular after a certain increase in the inlet1oss coefficient, 
and resembles very closely the type of oscillations that were observed 
at 415 and 443 kW with afully open calibration valve. 

5. 6 Analysis of Results 

Figure 5-30 shows the oscillations at Z00°C and 445 kW, with inlet 
and outlet velocities oscillating out- of-phase. The ;>eak-to-peak ampli
tude of the oscillations at the outlet is about 1. 7 mfsec, compared to 
0. 325 m/sec at the inlet. At 475 kW, however, the outlet flow was 
oscillating in-phase with.the inlet flow (Fig. 5-31). The:: peak-to-peak 
amplitude of the oscillati~ns at the outlet is about 0. 9Z m/sec compared 
to 0. 48 m/sec at the inlet. 

There is no gradual change from 180° out -of-phase to in-phase 
oscillations. It is reasonable to assume that the rate of change in the 
amplitude of the inlet flow oscillations is higher when the inlet and outlet 
are oscillating out-of-phase than when they are in-phase. Figure 5-lZ 
shows that above 450 kW there is a lower rate of increase in the ampli
tude of the oscillations, and 450 kW is therefore believed to be the channel 
power where the out-of-phase oscillations are cpanged to in-phase oscil
lations. 

The simplest assumptions regarding channel behaviour would be the 
following: 

1. Coolant incompressible 

Z. Constant rate of heat transfer from can to coolant 

3. Inlet water at saturation temperature 

4. No flashing void effects due to pressure changes 

5. Inlet and outlet turbines read real volume· flow. 
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Based on these, any change in the inlet flow should cause an identical 
change in the. outlet flow, and in-phase with the inlet flow change. 
It was observed, however, that the outlet flow was oscillating with a 
larger absolute amplitude than the inlet; out-of-phase at 445 kW and 
in-phase at 475 kW. Therefore one or more of the assumptions is 
incorrect. 

Assumption numbe.r 1, although not strictly t}.me, holds for the 
pressure variation observed in the experiment. The pressure difference 
needed to accelerate and retard the water present at the lower end of the 
channel is only of the order of 1 m n2o. The flow oscillations of the 
inlet turbine have a smooth sine shape, without sharp velocity changes 
expected if large pressure changes had taken place. We can therefore 
conclude that the pressure changes in the channel during oscillations 
are of the order of ::1- 0. 1 bar. At an operati~ pressure of 15 bars, this 
will result in volume variations of less than- lo/o, which is negligible. 

Assumption number 3 holds because the channel subcooling was 
virtually zero for all the experiments. 

Assumption number S is supported by the results shown in appendix 
B, in which the effect of the water content at the outlet on the outlet 
turbine reading was found to be small. Also, the fact that at a certain 
power level the oscillations of the outlet turbine change suddenly from 
bei:qg in-phase to 180° out-of-phase with the inlet turbine signal supports 
this theory. If the fluctuations in the water content were responsible for 
the difference in oscillations, one would rather have expected a continuous 
change in phase, coupled to the transport time for water through the 
channel · 

Therefore it can be concluded that either or both assumption Z and 
4 are incorrect. The relative difference in oscillations between the 
inlet and the outlet thus ind1cates that the steam production is varying, 
caused by either a change in heat transfer rate from can to coolant, or 
from flashing void effects due to pressure changes, or a combination of 
these effects. Since the heat production in the fuel is constant, there 
must be an accumulation of neat, between where the heat is created and 
where the steam is formed, in-phase with the difference in flow oscil-
lations. · 

The magnitude of the heat accumulation can be estimated from a 
typical set of data {Fig. 5- 3Z). 

The integral 
t=O. 416 

A . ,[ {Vout - Vout) - {Vi~ - Vin ) dt 

t=O 
represents the additional steam volume produced in the channel during the 
first half cycle of the oscillation, and the corresponding accumulation of 
heat during the second half. Inserting the numerical values: 
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0.416 

V =A J (Vout - Vout ) - (Vin- Vin) dt = (0. 46 - O. Z4) x Z900 

0 

X 10- 6 X 0.416 X Z/rr : 1. 69 X 10•4 m 3 

This is equivalent to 1. 4Z grams of steam which again corresponds to 
Z610 w s of heat. 

One possible explanation of the heat accumulation is that a change 
in the saturated water enthalpy with pressure will cause part of the 
water t~ flash into steam durip.g the low pressure part of the oscillations, 
with a corresponding accumulation of heat during the high pressure part 
of the oscillations. The differential pressure required to oscillate Vin, 
with such an amplitude as was meas~red at 475 kW, is approximately 
t o. 3 m of DzO. If half the channel is filled with water at saturation 
temperature,4thi~ pressure change would result in a steam production 
of 0. 65 x 10· m due to flashing. This is only about 1/3 of the actually 
observed variation in steam production. 

The other possible explanation is that the heat is stored in the fuel 
rods due to changes in the heat transfer .coefficient between can and 
coolant, caused by the oscillations. If this is the case practically all 
the heat is stored in the c;:an, due to the lar&r heat impedance of the gap 
beey.teen fuel and can. For the can to store .. Z610 w s of heat, its 

t 0 . 
average temperature must oscillate 4. 8 C. 

The recordings from the fuel elongation detectors indicated average 
can temperature fluctuations, of the same frequency, but with an ampli
tude of just 30% of what is required to store this amount of heat. The 
explanation for this may be that the can,· at this high power level, is 
held firmly by the fuel and thus follows the length variation of the UOz 
which will be small. It is therefore possible that the oscillations of the 
elongation detector signals represent only a part of the real can tempera
ture variations. These temperature variations will therefore mainly 
change the stresses in the can.· 

In conclusion the experiments have shown that .the oscillation of 
steam production is caused either by a change in the heat transfer rate 
from can to coolant, by flashing void effects due to pressure changes, 
or most likely by a combination of these effects. The estimate of the 
relative importance of these effects is only an indication and may be 
incorrect. 

5. 7 Comparison of IFA-4 and IFA-40 Instability Threshold 

During January- March 1964 the instability threshold was deter
mined on an instrumented fuel assembly (IFA-4) at 15 and Z8 bars 
system pressure. IFA-4 has a geometry identical.to that of IFA-40, 



but with an inlet pressure drop of 3 to 4 velocity heads. Although 
the IFA-4 instability points were determined at slightly different 
subcooled powers and water levels, the agreement with IFA-40 results 
is remarkably good {Figs. 5-33 and 5-34). 

6. CONCLUSIONS 

The experiments have provided information on the thermal 
hydraulic behaviour of a channel at two system pressures and at 
different degrees of inlet throttling. 

It is seen that increased inlet throttling has a strong stabilizing 
effect on the channel. The instability threshold occurred at about 0 . 
660 kW at Z30 C of moderator temperature, compared to roughly 
400 kW at Z00°C. 

With the throttle valve in its fully open position and an inlet 
pressure loss coefficient of ZO velocity heads, there is up to a certain 
point a steady increase in the noise level with increase in power. Above 
this point or instability threshold there is a much sharper increase in 
the noise level. 

At low channel powers the noise on the inlet mass flow is basically 
random in character, but with shorter bursts of oscillations of a 
frequency of about 1. Z cps •. With an increase in channel power the 
1. Z cps frequency is occurring more often, and above the instability 
threshold, this is the dominating frequency. At a given channel power 
the amplitude of the oscillations is constant only above approximately 
460 kW. Between 400 and 450 kW the flow oscillations at the inlet are 
180°C out-of-phase with.the oscillations at the outlet. Above 450 kW 
of channel power, these oscillations are in-phase. The detailed 
character of the oscillations, however, could not be explained as a 
simple coupling between void volume and mass flow, but requires some 
heat storage during the cycle. 

The throttling runs provided information on the noise level of the 
inlet mass flow as a function of inlet pressure loss coefficient. 

The inlet pressure drop on the planned 3rd charge fuel assemblies 
was changed from ZO to 50 velocity heads as a result of these experiments. 

There is good agreement between IFA-4 {lZ) and IFA-40 instability 
results, to the extent that they can be con;1pared. 



7. FUTURE WORK 

The reactor is scheduled for start-up on its third fuel charge 
in the middle of October 1967. IFA-40 will then be available for 
continued testing. We will then repeat some of the experiments that 
are reported here, and pay more attention to the behaviour of the outlet 
turbine. 

We will further study the influence of subcooling on the channel 
stability. · 

At low system pres sure the channel will go unstable at a sufficiently 
low power to insure that there is clearance between pellets and can. 
This should enable us to determine the relative importance of flashing 
void and heat transfer changes on the channel stability. 

We are interested in learning more about the effect of the outlet 
pressure drop on the channel stability, but no definite plans have yet 
been made for a new test fuel assembly with a throttle valve at the outlet. 
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APPENDIX A 

Pre- Irradiation Tests and Instr~ment Calibration, IFA-40 

1. Introduction 

. Before loading the assembly into the reactor, a number of tests 
are made· to control the conditions of all instruments. The. top seal 
and calibration valve bellows are pressure and leak tested.' All cable 
loop and insulation resistances are measured. As far as possible, the 
identification marks on the cable plugs are controlled. A number of 
the plugs are simply controlled by their ·signal, as turbine coils and 
calibration position indicator. The thermocouples are identified by 
heating t.he thermocouple tip. 

A number of calibration tests are also made, and will be described 
on the following pages. 

2. Calibration Valve Test 

With the gas supply connected, the pressure was raised in steps. 
Valve opening and position indicator signal was read. The result can 
be seen in diagram, Figure 3-1. 

3. Measurement of Channel Flow Area 

The flow area of the channel was measured by filling it with weighed 
amounts of water, and measure the rise in water level. From these 
observations the area was calculated to: 

2900 mm
2 

and all numbers for turbine equations and loss coefficients are referred 
to this area. 

4. Turbine Flow Meter Calibration 

The turbine flow meters were calibrated using our standard methods. 

The results of the calibration are given in the following equations: 

Upper turbine: (2 coils in series, 16 pulses/rev.) 

Vout:::; 3. 39 • FO · lo- 4 V > 0. 75 m/sec 
FO > 2200 pulse~ 130 

o. 75 > v > 0. 20 

sec 
-4 Vout:::; 3. 29- FO • 10 + 0. 022 

2200 > FO > 550 



Lower turbine: (one coil, 8 pulses/rev.) 

Vin;:; 0.930 • FO • 10- 4 

Vin;:;.0.847 • FI • 10-
4 + 0.017 

Vin;:: 0. 694 · FI • 10- 4 + 0. 030 

v > o. zo 
FI > ZZOO 

0. zo > v > o. 09 
ZZOO > FI > 850 

0. 09 > v > o. 07 
850 > FI > 550 

The results can also be seen in Figure A-1. The scales are 
unusual, but this type of diagrams have proved to be convenient for 
handling the calibration data. 



APPENDIX B 

Power Calibration by Means of Inlet Turbine, 
Outlet Turbine and the 1nlet Throttle Valve 

A fuel assembly cooled with saturated water will produce an amount 
of steam given by: 

W = Qa/r where W is the. weight of steam produced in kg, 

Qa the assembly power in kW and r the heat of vaporization in 

K J/kg. 

This amount of steam plus the part of the coolant water that has 
not been converted to steam will pass through the outlet of the channel. 

The water component through the outlet has two effects on the outlet 
turbine speed relative to the speed at which it would rotate without the 
water. 

The water increases the volume flow and therefore also the 
average spe~d at the outlet 

The water however flows slower than the steam, and will 
therefore tend to slow down the turbine. 

The first effect is the biggest one at very low quality but at higher 
quality the second factor is the dominating. 

The effect of these two factors will of course diminish if the water 
content is reduced. 

During the IFA-40 tests the mass flow through the channel was 
gradually reduced by mea.ns of the inlet throttling valve. The assembly 
was _operated at a constant power level and the.inlet and outlet turbine 
speed recorded by a data logger. Vout were plotted against Vout/Y.in 
as shown in Figures B-1 and B-Z. The curve obtained was extrapolated 
to the value p w/p steam which is the value of Vout/Vin when the mass 
flow is reduced to such a value that all of the coolant water is converted 
to steam. 

The value of Vout at Vout/Vin :;:; P w / P s was plotted against the 
power obtained from the standard calibration. 

In the same plot (Fig.B-3 ) is also shown the lines giving Vout as 
a function-of assembly power from the equation. 

. . 

Qa = Vout x Ax P s x r 

where 

z 



Vout 

A 

pS 

r 

Qa 

.; the outlet velocity in m/ sec 

.; the channel flow area in m 2 

.; steam density in kg/m3 

.; the heat of vaporization inK J/kg 

.; assembly power in kW 

It can be s~en from Figure B-3 that this new method gives·-3o/o 
higher assembly power than the standard calibration. 

The advantage. of this method is that it can be used on a boiling 
channel where it is impossible to suppress the boiling and do a calibration 
by means of our standard technique. 

The disadvantage is that a complicated device for changing the 
mass flow through the channel is needed. Also a burn-out detector is 
needed in order to allow us to reduce the water content in the channel 
to a minimum which is necessary in order to obtain the best accuracy. 

S'ome work need be done in order to check that a turbine calibrated 
with water can be used directly to measure steam flow, using the equation 
found from the water calibration. 

The non-linearity of the turbine operated with ~earn will start at 
the corresponding mass flow for water operation :X tP steam/ p water • 
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Table 1 

Inlet Loss Coefficients 

Part of Channel Loss Coeff. K- t. p 
- vZ7zg 

From inlet to lower end of heated channel Dependent on valve 
position 

Lowe.r half of heated channel 1.43 

Spacer 1. 05 

Top half of heated channel 1.12 

From top of heated channel to outlet 3.35 
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FREQUENCY RESPONSE OF A FORCED-FLOW SINGLE-TUBE BOILER 

by Robert G. Dorsch 

National Aeronautics and Space Administration 
Lewis Research Center 

Cleveland, Ohio 

ABSTRACT 

The frequency response of a pump-fed single-tube heat exchanger 
boiler employing Freon 113 as the boiling fluid and hot water as the heat
ing fluid was determined experimentally. An electro-hydraulic servo
valve was used to impose quasi-sinusoidal perturbations on the mean flow 
into the boiler. Frequencies between 0. 04 and 4 Hz were employed. In
let pres sure and flow perturbations were measured with dynamic pickups. 
A transfer function analyzer (tuned only to the fundamental imposed fre
quency) was used to obtain the amplitude and phase of each pressure and 
flow response. 

From this data the boiler inlet impedance as a function of frequency 
was determined for a variety of steady state operating conditions. Pri
mary steady state variables were heat flux and exit quality. Data were ob
tained with two boiler tube configurations: a hollow tube, and a tube with a 
spring-plug insert to swirl and turbulate the flow. 

A brief summary of the experimental data is presented. The boiler 
inlet impedance plots indicate that feed- system coupled instabilities will 
occur at many of the steady state operating conditions if sufficient feed
.system stabilization is not provided. The impedance data provide a meas
ure of the amount of feed system stabilization needed. The data also can 
be used to predict the frequency at which a given system will go into nat
ural oscillation. 

INTRODUCTION 

Two phase stability problems are frequently encountered in the devel
opment of systems in which liquid flows through heated pas sages (ref. 1). 
The Rankine cycle turboelectric power plant with a reactor heat source is 
typical of this class of system. 

A key component of the Rankine cycle system is the boiler or vapor
izer. For space vehicle applications the system must operate in a zero 
or low gravity environment and will employ low vapor pressure alkali 
metals as the working fluid. In contrast to earth based systems the boil-
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ing mode is therefore likely to be forced flow at low pressure rather than 
natural circulation at high pressure. Stability problems are increased 
with low boiler pressures because large increases in specific volume occur 
as the liquid vaporizes. 

In low pressure forced flow boilers an important type of low frequency 
instability results from the interaction between the flow supplied by the 
feed system and the pressure determined by the boiler and its exit hard
ware. This type of instability has frequently been encountered (at higher 
frequencies) in liquid rocket engines where it is known as chugging. The 
coupling mechanism for feed-system combustion-chamber interaction in a 
monopropellant rocket (refs. 2 and 3) is very similar to that for a boiler 
and its feed system (ref. 4). 

In order to describe this interaction analytically the dynamic charac
teristics of the feed-system, boiler, and exit hardware (system components 
downstream of the boiler) must be known. Since little is known about boiler 
dynamic characteristics an experimental and analytical study was initiated 
at the NASA Lewis Research Center. The objective is to obtain verified 
analytical models for dynamic representation of forced flow boilers in 
terms of measurable steady state parameters. 

In the first phase of.the study experimental data were obtained with 
self-induced flow and pressure oscillations in or near the onset of an un
stable operating condition. These data (refs. 4, 5, and 6) were found to 
be difficult to interpret in dynamic terms. Recent emphasis has therefore 
been on forced oscillation experiments at stable boiler operating conditions. 
In these experiments frequency response techniques used successfully in 
studies of the dynamics of hydraulic and liquid rocket propellant systems 
{refs. 7 and 8) were employed to measure the dynamic impedance of the 
boiler inlet {complex ratio of inlet pressure perturbation to inlet flow per
turbation). The use of these techniques is based on the hypothesis that for 
small amplitude disturbances a boiler can be treated as if it were a linear 
element. 

This paper gives a brief summary of the Lewis Research Center single 
tube boiler frequency response studies which have been completed to date 
(refs. 9 and 10) and discusses the implications of the results on the sta
bility of forced-fed boiler systems. 

APPARATUS 

The test facility is shown schematically in figure 1. The boiler test 
section was a shell and tube heat exchanger with hot water flowing counter
currently in the annulus between the tube and shell. Freon 113 (trichloro
trifluoroethane) flowed within the tube. A gear pump forced the liquid 
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Freon through the vertically mounted boiler tube where it was vaporized. 
The boiler tube exit was located in a plenum chamber connected by a low 
pressure drop line to a large water cooled condenser which was vented to 
the atmosphere to provide constant pressure. An accumulator downstream 
of the pump acted as a quasi-constant pressure supply for the electro
hydraulic controlled valve used to impose flow oscillations on the mean 
flow into the boiler. The valve open area was varied sinusoidally about a 
mean value in response to a command oscillator signaL 

Two different test sections (fig. 2} were employed in the study. The 
first (fig. 2(a)) had a hollow copper boiler tube with an I. D. of 8. 0 mm 
and a wall thickness of 0. 76 mm. The heated length was 91.4 em. The 
second boiler test section (fig. 2(b)) had a stainless steel tube with an I. D. 
of 10.92 mm and a wall thickness of 0. 89 mm. The heated length was 
81.3 em. This tube had a spirally wound spring in the two phase region 
and an inlet plug insert in the subcooled liquid region as shown in fig-
ure 2(b}. The inlet plug was a rod which made contact with the spring so 
that the entering subcooled liquid flowed through a spiraled annular channel. 

Steady state flow rates, pressures, and temperatures were measured at 
the locations given in figures 1 and 2 and Table I. Freon perturbation pres
sures and flows at the boiler inlet were measured with a quartz crystal 
pressure transducer and a fast response turbine flowmeter, respectively. 
The flow and pressure perturbation signals from the dynamic pickups were 
processed with a transfer function analyzer. This device made a Fourier 
analysis of the perturbation signals. This analysis isolated the funda
mental sinusoidal component of each signal at the test frequency and com
puted its amplitude and phase relative to the command oscillator signal. 

PROCEDURE 

Dynamic data were obtained with each test section at several heat flux 
levels and for a range of exit vapor qualities. The water flow rate was 
held at approximately the same value (0. 088 kg/ sec} for all runs. The in
let water temperature was adjusted to a selected level and held constant 
over a range of Freon mean flow rates. At a given inlet water temperature 
the Freon mean flow rate was varied in order to obtain different exit quali
ties. The inlet temperature of the Freon was held constant during each 
frequency response run. 

Frequency response data were taken at the selected steady state condi
tions over a frequency range from 0. 04 to 4Hz. The amplitude of the 
servo-valve area variations was maintained constant over the entire range 
of frequencies for each run. In addition, the amplitude of the area oscil
lation was kept small compared to the mean open area of the valve in order 
to reduce nonlinear effects. 
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At each frequency the amplitude and phase angle (relative to the com
mand sine wave signal) of the boiler inlet pressure and flow sinusoids were 
obtained from the transfer function analyzer. From this data the complex 
ratio of inlet pressure perturbation to flow perturbation was obtained. In
asmuch as the pressure in the plenum tank at the boiler exit was main
tained constant, this complex ratio is the inlet impedance of the boiler. 

FREQUENCY RESPONSE RESULTS 

Steady-State Operating Conditions 

Frequency response data were obtained with each test section at sev
eral heating fluid temperature levels and are reported in detail in refer
ences 9 and 10. For this paper, representative data were selected from 
runs which (with one exception) had a nominal water inlet temperature of 
372° K. The steady-state data for the dynamic runs selected are given in 
Table II. The steady-state pressure drop as a function of Freon mass flow 
rate is shown for the two test sections in figure 3. Exit qualities (in per
cent) are given adjacent to the data points. The operating points for the 
dynamic runs of Table II are shown as solid symbols. 

For the conditions of Table II it was found that crosscoupling effects 
between the boiling and heating fluid sides of the heat exchanger boiler 
were small. That is, during the dynamic runs the perturbations in water 
outlet temperature were found to be negligible. 

Boiler Inlet Impedance 

The inlet impedance of the 8. 0 mm hollow tube boiler is given in polar 
,coordinate form in figure 4. The real and imaginary axes of the corre
sponding complex plane are also indicated in the figure. Data for three 
different exit qualities are shown. The amplitude of the impedance is the 
distance from the origin to the locus curve. Note that the amplitude scales 
differ considerably for parts (a), (b), and (c) of the figure because of the 
large change in amplitude with change in exit quality. With increasing fre
quency the amplitude vector rotates in a clockwise direction. The angle 
measured clockwise from the positive real axis is the phase lag of the 
pressure perturbation with respect to the flow perturbation. This phase 
lag generally increases with frequency as can be seen from figure 4. 

The curves of figure 4 show that the real part of the dynamic imped
ance is negative (phase angles between -90 and -270 degrees) over a con
siderable range of frequencies at each steady state operating condition. 
The existence of negative boiler impedance implies that there is the poten
tial for instability as will be discussed later. 
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The data of figure 4(a) were taken at a low exit quality (13 percent) 
operating point in the negative resistance (negative slope) region of the 
steady state pressure drop against flow curve (fig. 3). As would be pre
dicted from the negative resistance operating point the boiler dynamic im
pedance of figure 4(a) starts with a -180 degree phase angle at low fre
quency. The magnitude of the boiler impedance at -180 degrees is small 
because the steady-state pressure drop curve (fig. 3) has only a small 
negative slope at this operating point. As the frequency increases the 
magnitude vector rotates in the clockwise direction so that the real part of 
the impedance becomes positive at frequencies above 0. 6 Hz. Thus, the 
boiler becomes inherently stable above 0. 6 Hz. 

The data of figures 4(b) and (c) w.ere taken at operating points in the 
positive slope region of the steady-state pressure drop against flow curve 
of figure 3. Predictions based on these steady-state operating points indi
cate that the real part of the dynamic impedance (resistance) should be 
positive at very low frequencies. Figures 4(b) and (c) confirm these pre
dictions. It should also be noted that the magnitude of the impedance at 
low frequencies tends to increase with quality. This results from an in
crease in boiler resistance as the vapor void fraction increases. 

The curves of figure 4 show that the impedance phase angle continually 
becomes more negative (the lag increases) with frequency. This is typical 
of response in which dead time makes an important contribution to the dy
namics. The shape of figure 4(c), for example, is typical of the imped
ance locus of a rocket engine combustion chamber where the dead time is 
the amount of time required for the fuel to vaporize and react. The dead 
time in the boiler is believed to be the time required for a particle to 
travel from the boiler inlet t'o the end of the subcooled liquid region (ref. 4) .. 
That is, the subcooled dead time is obtained by dividing the subcooled 
length (given in Table II) by the liquid velocity. The effect of dead time can 
be seen by comparing the response of run 2 with that of run 3. Run 2 
(fig. 4(b)) and run 3 (fig. 4(c)) have calculated subcooled dead times of 
0. 79 and 0. 27 seconds, respectively. In agreement with these values the 
magnitude vector rotates with frequency more than twice as fast in fig
ure 4(b) as in figure 4(c). For example, the impedance loci crosses the 
negative real axis (-180 degree phase angle) at a frequency of 0. 43 Hz in 
run 2 and at a frequency of 1. 05 Hz in run 3. The phase angle is, of 
course, also affected by other boiler parameters. 

The boiler inlet impedance for the 1 0. 92 mm I. D. boiler with swir 1-
turbulator inserts is given in figure 5. Data are shown for exit qualities 
of 20, 75, and 99 percent and for 100 percent with 5. 6° K superheat. In 
general, the data of figure 5 for the boiler with inserts have similar im
pedance loci to those for the hollow tube boiler {fig. 4). Figure 5(a) is an 
exception, however, in that at this low exit quality (20 percent) the boiler 



2.·1. 

6 

impedance has a positive real part over the entire frequency range. At 
higher exit qualities (figs. S(b) and (c)) the impedance has a negative real 
part over some portion of the frequency range as was found for the hollow 
tube boiler. Achievement of vapor superheat at the boiler exit (fig. S(d)) 
resulted in frequency response data grossly similar to that obtained at 
99 percent quality. For this run the water inlet temperature was raised 
to 383° K as superheat was not obtainable at the 372° K temperature level. 

STABILITY IMPLICATIONS 

Feed System Coupled Instability 

A negative real part of the boiler inlet dynamic impedance (i.e., neg
ative resistance) exists over a significant part of the frequency range of all 
except one of the polar data plots shown. This implies that feed-system
coupled hydrodynamic instabilities are possible. This is particularly true 
at the higher exit qualities where the larger values of negative impedance 
were measured. 

Resistive feed system. - Consider the boiler used in this study (with 
constant pressure at the exit) to be supplied by a hypothetical feed system 
which is entirely resistive. This would correspond physically, for ex
ample, to the boiler being fed through a resistive orifice in a constant 
pressure tank. For a given boiler test section and steady state operating 
condition the magnitude of the boiler impedance at -180 degrees (figs. 4 
and 5) is then a measure of the amount of feed-system hydraulic resistance 
needed for neutral stability. Feed system dynamic resistances larger than 
this value would permit stable operation of the boiler at the selected oper
ating condition. Resistances equal to or less than this value would result 
in system flow and pressure oscillations. The frequency of the natural 
oscillations would correspond to the perturbation frequency for which the 
boiler dynamic impedance had the -180 degree phase angle. More than one 
system oscillation frequency is possible at some steady state conditions. 
For the boiler without inserts at 63 percent exit quality (fig. 4(c)), insta
bility frequencies of 1 and 4 Hz are possible. It is also seen that greater 
feed system resistance would be required to prevent an instability at 1 Hz 
than at 4Hz. 

Complex feed system. - Forced flow boiler feed systems, including 
the one used in this study, are usually complex devices that contain not 
only resistance but hydraulic inertance and compliance as well. These 
latter parameters are a function of frequency. Therefore, the feed sys
tem dynamic impedance is a function of frequency as well as steady 
state operating conditions. To illustrate this point, typical impedance loci 
for the boiler and feed system of this study are shown in figure 6. The 
solid feed system curve in figure 6 represents the impedance as a function 
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of frequency at a typical high impedance steady state condition for a fre
quency response run. The locus shown is for the servo-valve at the half
open position and stationary. At this operating condition the feed system 
provides sufficient boiler stabilization so that the system will not go into 
natural oscillation while obtaining the forced (by oscillating the valve 
about the mean open position) response curve shown for the boiler. The 
dashed curve of figure 6 represents the feed system response when the 
servo-valve is adjusted to a more open position while maintaining the 
same supply flow to the boiler. Because of the drop in servo-valve dy
namic resistance the feed system provides less stabilization. It should be 
noted that a change in the feed system dynamic impedance has no effect on 
the boiler curve so long as the steady state flow (and boiler conditions) re
main the same. 

In this complex system (constant pressure at the boiler exit) a hy
draulic instability will occur if at some frequency the feed system dynamic 
impedance is equal to (or less than) the boiler dynamic impedance and 
180 degrees out of phase with the boiler impedance. This corrl.ition (for 
neutral stability) is illustrated in figure 7 for two different steady state 
operating conditions. For simplicity, only boiler impedances between 
0. 04 and 0. 8Hz and feed system impedances between 0. 04 and 4Hz are 
shown. The feed system impedances shown in figures 7(a) and (b) are for 
highly open servo-valve positions. Neutral stability conditions for the 
boiler - feed-system exist at 0. 44 and 0. 475Hz, respectively. 

Experimental Check 

The validity of the overall approach used.in this study was checked 
experimentally as follows. The frequency response runs shown in fig
ures 4 and 5 were taken at stable steady-state (or mean) operating condi
tions. At the completion of each run the servo-valve (no longer oscillating) 
was adjusted to a more open position. The pump rotation speed was then 
adjusted to provide the same Freon flow rate into the boiler as was used 
during the frequency response run. This sequence was repeated using 
small steps in valve position. Each step change decreased the dynamic 
impedance of the feed system by a small amount. Pressure and flow sig
nals were continuously recorded during the sequence. The system went 
into natural oscillation (flow and pressure) for the two cases shown in fig
ure 7. For both these cases the oscillations occurred when the servo
valve was almost fully open. The resulting pressure and flow traces from 
the oscillograph are shown in figure 8. The oscillations shown in figure 8 
have already grown to the point where their amplitude is limited by system 
nonlinearities. Figure 8(a) shows that for the 99 percent quality run the 
natural oscillation frequency is 0. 44 Hz and the phase difference between 
the flow and pressure is approximately 160 degrees. For the superheat 
condition (fig. 8(b)) these values are 0. 475 Hz and 170 degrees. 
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The frequency and phase difference values obtained from the natural 
oscillation traces for the two runs of figure 8 are very close to the neutral 
stability frequency and phase difference predicted by the dynamic data 
(fig. 7). Natural oscillations did not occur upon opening the servo-valve 
at the conclusion of many of the runs because the magnitude of the boiler 
negative impedance was so small that the feed system impedance was 
larger even with the valve fully open. That is the pipe friction pressure 
drop alone provided sufficient resistance to stabilize the boiler. These 
results indicate that frequency response data can be used to predict feed
system-coupled boiler instabilities. 

Effect of Boiler Inserts 

In order to obtain high (near 100 percent) quality vapor from a single 
tube boiler some type of swirl-turbulator insert is usually required to pre
vent transition to film boiling. The frequency response data obtained with 
the test section having the spring-plug insert indicate that at the higher 
exit qualities (figs. S(b) through (d)) the insert used had no major effect on 
the dynamic response. At low exit qualities (fig. S(a)) there was a strong 
stabilizing effect demonstrated by the real part of the boiler inlet imped
ance being positive over the entire frequency range. The boiler would 
therefore be stable with any passive feed system. The plug and spring 
insert appears to increase stability at low exit qualities because the liquid 
resistance and inertance in the channel region of the plug is large com
pared to the dynamic resistance of the two phase region. 

CONCLUDING REMARKS 

The results of this study indicate that measured boiler response to 
forced flow oscillations at a given stable steady- state (mean) operating 
condition can be used to predict the occurrence of natural flow and pres
sure oscillations in a system. That is, if the dynamic response of a par
ticular boiler and its feed supply is known then the stability of the system 
can be determined. If, as is often the case, a boiler does not have con
stant pressure at the exit, then boiler inlet to exit transfer functions as 
well as the dynamic impedance of the exit hardware must be measured or 
calculated. Under some circumstances it may be convenient to measure 
at the boiler inlet the combined impedance of the boiler and downstream 
hardware by frequency response techniques. 

Thus boiler frequency response data should prove to be useful for 
making stability calculations for a specific system at its operating condi
tion. The primary use of this type of data, however, is to identify the 
controlling dynamic parameters of the boiler and to evaluate and verify 
analytical models as they are being developed. 
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TABLE I. -LOCATION OF WATER TEMPERATURE STATIONS 

Station Distance from datum line 
number 

Hollow tube boiler Insert boiler 
(fig. 2(a)) (fig. 2(b)) 

em in. em in. 

1 0.8 5/16 1.9 3/4 
2 10.2 4 5. 1 2 
3 20.3 8 15.2 6 
4 30.5 12 25.4 10 
5 40.6 16 35.6 14 

6 60.9 24 45.7 18 
7 71.1 28 55.9 22 
8 81. 3 32 66.0 26 

9 90.6 35 11 76.2 30 Tb 
10 79.4 311 

4 



TABLE II. -STEADY STATE OPERATING CONDITIONS FOR FREQUENCY RESPONSE RUNS 

Test Run Freon Freon Freon Freon Freon Freon Water Water temperature at station, OK Sub-
section no. flow inlet exit inlet exit exit flow cooled 

rate, pres- pres- temp., temp., quality, rate, 1 z 3 4 5 6 7 8 9 10 length, 
kg/sec sure, sure, OK OK % kg/sec em 

abs, abs, 
N/mz N/mz 

A. Standard International Units 

Hollow '1 0.083 18Z 000 11Z 000 Z99 3Z8 13 0.088 37Z 371 370 369 368 366 366 364 36Z ---· 81.3 
tube z .056 176 000 99 000 Z95 3Z5 Z9 . 088 371 369 368 367 366 .365 364 36Z 361 --- 55.9 

3 .ozz 13Z 000 99 000 Z93 3ZO 63 .085 372 371 371 371 371 370 370 367 365 --- lO.Z 

Insert 4 0.075 159 000 103 000 Z9Z 3ZZ zo 0.088 371 370 369 368 367 366 364 363 36Z 360 53.3 
in tube 5 . 030 151 000 99 000 Z90 3Zl 75 . 088 37Z 371 370 369 367 366 365 363 36Z 361 ZZ.8 

6 . OZ3 136 000 99 000 Z9Z 3ZO 99 .088 37Z 371 370 369 367 366 365 363 36Z 361 lS.Z 
7 .OZ5 14Z 000 99 000 Z84 336 5.6°K . 086 383 38Z 38Z 381 379 377 375 373 37Z .370 1Z.7 

S~H. 

Test Run Freon Freon Freon Freon Freon Freon Water Water temperature at station, OF Sub-
section no. flow inlet exit inlet exit exit flow cooled 

rate, pres- pres- temp.,· temp., quality, rate, 1 z 3 4 5 6 7 8 9 10 length, 
lb/hr sure, sure, OF OF % lb/hr in. 

abs, abs, 
lb/in. Z lb/in. Z 

B. English Units 

Hollow 1 656 Z6.4 16.Z 78 131 13 698 Z11 Z09 Z07 Z05 Z03.ZOO 199 196 193 --- 3Z 
tube z 445 Z5.5 14.3 71 1Z5 Z9 699 Z09 Z05 Z04 zoz zoo 197 196 193 191 --- zz 

3 175 19. 1 14.4 68 117 63 675 ZlO Z09 Z09 Z09 Z08 Z07 Z06 ZOl 197 --- 4 

Insert 4 595 Z3.1 14.9 67 lZl zo 704 Z09 Z07 Z05 Z03 ZOl 199 196 194 19Z 189 Zl 
in tube 5 Z39 Zl. 9 14.4 6Z 119 75 704 Z11 Z08 Z07 Z05 ZOZ ZOO 197195193191 9 

6 18Z 19.7 14.3 67 117 99 704 ZlO Z08 Z06 Z05 ZOl 199 197 195 193 191 6 i'v 
zoo Z0.6 5Z 146 10°F 685 Z30 ZZ9 ZZ8 ZZ6 ZZ3 Zl9 Zl5 Zl3 ZlO Z07 • 7 14.3 5 ~ 

S.H. 
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25.4cm 
no in. I 

91.4 em 
136 in. I 

b. Freon dynamic pressure 
V Freon mean pressure 
0 Freon temperature 
C Water temperature 

stations !Table II 

Plenum tank 
o. 95 liter 
11 quart\ 

Water In 2 
a 
3 
a 
4 
a 
5 
a 

6 
0 

7 
0 

8 
D 

v 

... To 
condenser 

~ 19.05 mm 1314 in.\ 0.0. 
x 1.65 mm 1.065 in.) 
wall brass tube 

7.6 em 13 in.) ,--9. 52 mm (3/8 in. I 0. D • 
..J----------'IAE:II,/ x 0. 76 mm 1.030 in. l 

wall copper tube 
22.9 cml9 in. I 

t 
Freon liquid in 

Ia l Hollow tube configuration. 

Figure 2. -Single-tube boiler test sections. 

22.1 mm I. D. tube 
1.870 in.l, 

To _ 
condenser 

\ 
\ 

12.77 mm (l/2 in. l 0. D. x / 
.89 mm 10.35 inl wall ./ 
stainless steel tube -

Spring insert 
1.59 mm 11/16 in.l diam. wire 
31.8 mm 11-l/4 in.l pitch 
brazed to inner surface of tube.J 

1::. Freon dynamic pressure 
\l Freon mean pressure 
t> Freon temperature 
<> Water temperature stations 

!Table II 

Water out .----l.l 
- "-----li 

Freon liquid in 

r7.6cm 
1 13 in. I 

81.3 em 
B2in.l 

lbl Tube with spiral spring and plug inserts. 
Figure 2. -Continued. Single-tube boiler test sections. 
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0 8. 0 mm 10. 3151n.ll. d. hollow tube boiler 
t:. 10.92 mm 10.430 ln. n d. spriiY:I·PIU!J 

Insert boiler 
Solid symbols denote dynamic run operatiiY:I 

points 

300 4Xl 500 600 700 Q) 
Freon flow rate, ll!lhr 

I I I 
.02 .03 .04 .05 .06 .07 .08 .09 .10 

Freon flow rate, kg/sec 

Figure 3. ~ Steady-state lor meanl boiler pressure 
drop as a function o1 mass flow rate and exit 
quality. Water Inlet temperature, 372° K 1210° Fl. 

lal Run 1, table II. Exit vapor quality, 13 percent 

Figure 4. • Inlet impedance ol hollow-tube boiler. 
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lbl Run 2, table II. Exit vapor quality, 29 percent 

Figure 4. - Continued. 

-3000 

(cl Run 3, table II. Exit vapor quality, 63 percent 

Figure 4. - Concluded. 
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lal Run 4, table 11. Exit vapor quality, 20 percent 

Figure 5. - Inlet Impedance d boiler with Inserts. 

lbl Run 5, table II. Exit vapor quality, 75 percent 

Figure 5. - Continued. 
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lei Run 6, table II. Exit vapor quality, 99percenl 

Figure 5. - Continued. 

(d) Exit vapor quality 100 percent with 5. 6° K 110° Fl superheat 
Run 7, table IL 

Figure 5. - Cone I uded. 
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---Servo-valve at mid 

position 
----Servo-valve at more 

open position 

Figure 6. ·Typical Impedance plots for boiler Inlet and feed system 
at boiler Inlet 

-120o ·lmag. ·60o 
-900 

Ia) Run 6, table I L Exit quality 99 percent 

lb) Run 7, table IL Exit quality 100 percent, 
superheat 5. 6 o K. 

Figure 7. • Neutral stability condition for boiler and feed 
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The stability characteristics of a boiling system with natural 

and forced circulation. 

F.J.M. Dijkman 1 J.F. Tummers 1 C.L. Spigt. 

Summary. 

Measurements on a vertical boiling channel of an annular geometry 

with natural as well as forced convection are described. The saturation 

temperatures were 1201 200 and 234°C. 

In steady-state conditions the dependent variables such as temperatures, 

inlet-flowrate, void fraction and pressure drop are given, the latter 

two parameters as a function ot the distance along the channel axis. 

The threshold of instabilities has been measured for the definition 

of which use has been made of analogous analyzing techniques. The 

burn-out conditions have also been determined. 

For investigating the stability of the system in steady state conditions 

transfer functions have been measur~d between power as the quantity 

being modulated and the dependent variables such as inlet flowrate 

and void fraction. 

The measuring conditions for natural and forced circulation have been 

chosen in such a way that comparison of the results for both types of 

circulation is possible. 

1. Introduction. 

In the laboratory for heat transfer and reactor engineering of the 

Technological University of Eindhoven a research programme is being 

carried out to study the steady state and dynamic behavior of a 

boiling water reactor. The programme is of a general and fundamental 

nature. Experiments are performed on a pressurized boiling water loop 

in order to study the hydraulics of a unit cell o~ a boiling water 

reactor under conditions of natural as well as of forced convection. 

In this report experiments under forced circulation will be described, 

and the results will be compared to results of measurements under 

natural circulation that have been carried out earlier. 
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The programme comprises a steady state and a dynamic part. The steady 

state programme is aimed at the study of the influence of the indepen

dent operating variables namely power, flowrate, subcooling and pres

sure on the dependent variables namely void fraction and pressure 

drops and on the flowrate in case of natural convection. The transi

tion from steady state to unstable conditions is determined by means 

of the use of power density curves. The stability of the system is 

characterized by means of transfer functions from power as the modulat

ing signal to any of the dependent variables. 

The experimental programme is supported by theoretical studies which, 

however, are not described in this report. 

,2. Description of the loop and test section. 

A simplified flow scheme of the natural and forced circulation pres

surized boiling loop is given in fig. 1. 

The test section consists of an electrically heated element placed in 

a shroud. The steam-water mixture flew in the experiments to be re

ported here through this annular passage, the boiling channel, by 

natural or by forced circulation. 

The downcomer is formed by the annular passage between the shroud and 

the steel wall of the 40-atmospheres pressure vessel. The steam pro

duced in the test section is separated from the water flow at the top 

of the riser, flows to the condenser and the condensate is then re

turned to the downcomer through a preheater. The recirculating water 

and the condensate then flow to the inlet of the riser, passing a 

subcooler circuit which gives the possibility to control the subcool

ing at the inlet of the riser. 

The heating element is a single stainless steel rod with an outer 

diameter of 33.8 mm and a heated length of 24oO mm. It is heated by 

direct current and has a uniform heat flux distribution. The stainless 

steel shroud has an inner diameter of 50. ~ and a length of 2~ mm. 

The lower end of the shroud is 43 mm lower than the lower end of the 

heating element. 
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3. Measuring techniques. 

In the experiments the follow"ing quantities have been measured or re

corded as a function of power, pressure and subcooling. 

The circulation rate is determined by measuring the pressure drop 

across the inlet and the differential pressure from a pitot-tube 

on a multimanometer during steady state conditions and in dynamic 

conditions by making use of inductive differential pressure gauges 

which provides the possibility of recording the signal. 

b. Void fraction 

The void fraction measurements under natural convection have been 

made using a radioactive method, in which a Thulium k -sourc~ is cen

trally placed inside the heating element, while four scintillation 

counters have been grouped around the riser. The signals from the 

four counters were mixed and the sum was measured. 

Also impedance gauges are applied along the height of the boiling 

channel to follow the fluctuation in void fraction and to measure 

the void distribution alon g the height. In this system the heating 

element is used as one electrode while in. the hull of the shroud 

four plates are embedded at a certain axial position to act as a 

second electrode. During the measurements under forced circulation 

this method did not work quite satisfactorily due to so far unex

plained causes. Because of this, no absolute values of void fraction 

will be give.n bu.t only relative values. 

c. ~~~~!~-E~!!!~! 

The static pressure along the boiling channel and downcomer are 

measured on the multimanometers together with that from the pitot

tube. 

d. !!~:e=~~!~!! 

The temperatures have been measured using calibrated Chromel-Alumel 

thermocouples. For recording purposes fast responding thermocouples 

have been applied. 

A burn out detector has been used as a safety device. 
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4. Analyzing techniques. 

All signals mentioned are recorded on an U.V. recorder. For a detail

~d analysis the signals from the inductive differential pressure gauges 

connected to the pitot-tube and the pressure tappings are recorded on 

a magnetic tape as are the signals from the impedance void gauges. 

In some programmes the analogue signals were converted to digital data 

and stored on a paper tape. This paper tape was then used to feed the 

experimental data into a digital computer. A digital computer program

me was written to compute the auto-correlation and power density curves. 

In the latter part of the natural circulation programme and in the 

forced circulation programme the auto-correlation functions, cross

correlation functions and power spectra were also calculated by means 

of a special purpose analogue computer ISAC (Instrument for Statistical 

Analog Computations). 

5o Results. 

During the measurements under forced circulation the impedance gauges 

for measuring the void fraction did not work quite satisfactorily. 

For this reason only the pressures along the channel axis have been 

given as a function of the distance from the chanel inlet and have 

been compared to the values obtained from measurements under natural 

convection (see fig. 2). 

The system pressures at which the forced circulation experiments have 

been carried out were chosen 2, 15 and 31 kg/cm2 corresponding to 

saturation temperatures of 120, 200 and 234°0 respectively. The values 

of the inlet flowrate were chosen such as to be able to interpolate 

the results to corresponding conditions under natural circulation. The 

subcooling has been kept as low as possible but due to the limited 

power of the trimheater placed in the waterline at the bottom of the 

subcooler, the subcooling increased when low values of flowrate were 

established. 

The close agreement between the pressure curves of natural and forced 

circulation experiments suggests the conclusion that the difference 

in void fraction must be very small supposing that the different flow 

profile has only a little effect. 
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~2~=~~!~2l_!~~~!~ 

It appeared to be possible to generate spontaneous oscillations only 

at a saturation temperature of 120°C. For all conditions the experi

ments were continued until burn out occurred i.e. until the burn out 

detector switched off the channel power. The ma~imum inlet velocity 

at which the burn-out point could be reached at the saturation tempe

ratures of 200°C and 234°C was 1.5 m/sec. At higher velocities the 

capacity of the steam condenser was the limiting factor for increasing 

the power. This meaDS that it could not be investigated whether at 

higher pressures unstable conditions should be encountered at higher 

values of the inlet velocity. 

The lowest flowrate at which instabilities occurred at a saturation 
0 temperature of 120 C was very close to zero. The valve in the pump-

line was fully closed. The pressure difference across the inlet was 

not really readable from the multimanometer. This implies except an 

almost zero flowrate, only present owing to internal leakage of the 

butterfly valve, also a very high inlet throttling. Not withstanding 

this condition, the flowrate and void fraction started to oscillate 

at about 60 kW (see fig. 3a). The oscillations increased in amplitude 

when raising the power up to 100 kW. However, when raising the power 

by again 10 kW the instabilities disappeared abruptly and the ampli

tudes dropped down to the normal noise level. The burn out occurred 

at 150 kW. at stable flow conditions. 

At a flowrate of 1.5 m/sec the threshold of instabilities was at 325 

kW. In this case increasing power caused increasing amplitudes of 

the oscillations over the whole range until burn-out occurred at 340kW 

(fig. 3b). The difference with the previous condition was except 

the different flowrate the much lower inlet throttling of the boiling 

channel resulting in a less stiff connection between boiling channel 

and downcomer. 

·The frequency of the oscillations was at nearly zero flowrate .• 9 Hz, 
in agreement with the frequency measured under similar conditions 

with natural circulation. When considering the total length of the 

downcomer being as much as 3 times as long as · under natural circu

lation one must conclude that the frequency is not a function of the 

downcomer length. 
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At a flowrate of 1.5 m/sec the frequency decreased to .6 Hz due to 

a hi~her subcooling. This subcooling has been kept to a minimum 

during the measurements by means of a trimheater (see fig. 1) but 

at higher channel powers the ·limited capacity of the condensor 

caused subcooling of the condensed liquid which could not be fully 

compensated by the trimheater. The subcooling at the inlet of the 

boiling channel amounted to about 11.5°C. 

Considering the U. V. recordings that have been made of the A p. 
1 

t 
~n e 

and of the void signals, the last signals show a largest amplitude 

at the height of the boiling boundaries as indicated in the figs. 

4 and 5. The same show the void signals recorded under natural 

convection (fig. 6) taken from ref. 1. 

The void signals recorded at a power of 335 kW and given in fig. 5 

indicate a phase shift between the signals in that way that the sig

nal of each void gauge has a phaselag compared to the signals of void 

gauges situated at lower axial positions (lower numbers correspond 

to higher positions). 

Transfer function measurements. 

In order to measure transfer .functions use has been made of a 

special purpose analoque computer, called "Transient Frequency 

Response Analyzer" made by Boonshaft. 

An .oscillator generates a sine wave which represents the input

signal as applied for these experiments to modulate the power. 

A Fourier analysis of two selected outputsignals provides the transfer 

function. 

Transfer function measurements under forced circulation have been 

made at conditions of 200°C saturation temperature and inlet 

flowrates of .2, .9 1 1.2 and 1.5 m/sec from the modulating power 

signal to the signals of 6 p. 
1 

t and various voids. 
~n e 

The amplitude of the power signal amounted to ± 10 percent of its 

mean value. 

At a flowrate of .9 m/sec the transfer functions from power to b p. 
1 

t 
~n e 

taken at four different power levels as given in fig. 7 show peaks 

at about .9 Hz. However, the amplification is not continuously 

increasing with the power level. To check this behaviour this transfer 

function has been determined at a constant frequency of .9 Hz and 

different power levels (fig. 8). 
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The curve shows indeed a maximum amplification at a mean power of 

140-145 kW. At increasing the power beyond this value the amplification 

drops down. This is in close correspondsce to the influence of the power 

on the instabilities detected at 120°C and nearly zero flowrate. However, 

at 200°C this did not lead to spontaneous oscillations. At steady state 

conditions and equal flowrate burn out occurred at 290 kW. 

Some transfer functions measured under similar conditions but with 

natural circulation are given in fig. 7 and show much steeper and higher 

peaks, the one corresponding to 145 kW being higher that the one 

corresponding to 113 kW. In this case 145 kW was close to burn out. 

The curves of the argument are flatter than that under natural convection 

which supports the trend of the moduli. 

The frequencies compare very well, being in agreement with that of fig. 4. 

In order to shorten the time needed for the experiments a number of 

signals from six usable void gauges have been recorded on a magnetic 

tape, together with the signal from the power. Afterwards, these signals 

have been analyzed; making use of the T.F.R.A. apparatus, just like 

during the direct measurements. The amplitudes of the sign~ls of the three 

upper void gauges were to small to get reproducible values. The results 

are given in fig. 9. The amplitude of the void signals in response to the 

modulating powersignal is continuously decreasing with the frequency 

interrupted by a small peak at .9Hz. This behaviour indicates a strongly 

damped system as can be expected. For comparison fig. 10 is added showing 

a similar figure measured under natural circulation. However the power 

is different. The peaks of the curves are more pronounced. 

The arguments in fig. 9 show an increasing phaselag with respect to the 

modulating powersignal with increasing distance from the bottom of the 

shroud. This is due to a superposition or the voids of the lower 

positions, moving upwards, to the void generated at higher positions. 

The curves of the argument.in fig. 10 are steeper (notice the different 

scale of the angle), corresponding to the higher peaks of the modulus. 
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6. Conclusions. 

The agreement of the measurements obtained under forced and nat~ral 

circulation is very close at steady state conditions. 

The effect of the larger stiffness of the system with pump appears at 

non-steady conditions. The starting point of instabilities so far as 

these could be encountered is shifted to higher values of the channel 

power. The frequency however did not change. The influence of the 

power on the stability of the system is not so univocal as it is 

under natural convection. At the saturation-temperatures of 120°C 

and 200°C a stabilizing effect of the power has been measured within 

certain powerranges. This behaviour is supported by transfer function 

measurements. Also these measurements indicate the lar~er stiffness 

of the system which causes less pronounced peaks of the modulus an4 

flatter curves of the argument of the signals. 
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HYDRAULIC BEHAVIOUR OF ROD CLUSTERS 
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Aktiebolaget Atomenergi, Stockholm, Sweden 

' 

ABSTRACT 

Void measurement data from a two-phase flow experiment at pressures 
near 50 bar and steam quality varying between 2 % to 40 % were 
analysed using the subchannel analysis computer programme RAMBO 
developed at the UKAEA. 

Comparison of the analytical results from the RAMBO programme and the 
experimental. data indicate that the level of turbulent mixing is not 
only a function of steam quality. It seems to be a function of the 
two phase now patterns. With widely spaced clusters and annular flow 
the zero mixing model tend to give the best agreement with the 
experimental results.· 

The same experimental data were used in an analysis of one influence 
of the accuracy of void and pressure drop correlations on the 
prediction of stability limits. The correlations were adjusted to fit 
the experimental void profiles and mass flow curves and the stability 
limits were calculated at each step in this adjustment procedure. 
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INTRODUCTION 

This report describes some two-pbase flow experimental data from an 
electrically heated 6-rod cluster. The experiments were conducted 
jointly by AB Atomenergi and ASEA1 Sweden. The data reported in this 
paper were analysed using two digital computer programmes called 
HAMBO and HYDRO. The HAMBO programme has been developed by Mr Robert 
Bowring and his associates of the United Kingdom Atomic Energy Authority. 
The HYDRO programme has been developed by AB Atomenergi, Sweden. 

I. DESCRIPTION OF THE TEST SECTION 

The experimental data described in this report refer to a 6-rod cluster 
called FT-6. 

FT-6 consists of 6 heated rods of 13.9 mm outside diameter. In this 
cluster the central rod is also heated. Fig. l shows a sketch of FT-6. 

Test section: FT-6 

No. of heated rods 
Rod outer diameter 
Pitch circle diameter of outer 
Heated length 
Heated area per rod 
No. of apacers 
Channel inner diameter 

13.9 mm 
5 rods 

6 
13.9 mm 
43.2 mm 
4420 mm2 1930 em· 
5 
71 mm 

Fig. 2 shows a sketch of the loop in which the test section FT-6 was 
tested. 

II. EXPERIMENTAL DATA 

Most of the data reported in this paper were obtained at pressures 
near 50 bar. In only two of the test runs the radial distribution 
of void-traction was measured at all the ll axial void-measuring 
stations. Table II shows the test conditions at which the void
traction distributions were measured. Table Ilia shows the radial 
distribution of void-fractions measured at the exit of the test
section. Table IIIb shows the radial distribution of void-fractions 
measured at ll different axial locations. Table I shows the positions 
of the ll axial void-measuring stations. The zone numbers in the 
Table II, IIa and IIIb refer to the zonal subdivisions as shown in 
the fig. l. 

A·ry-ray method was used for measuring the void-fraction. Details of 
the measuring technique are available in the reference ~· The accuracy 
of the measurements of the mean void-traction is about - 3 %. 
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III. THE ANALYTICAL MODEL"HAMBO" 

Determination of thermal and hydraulic characteristics of a coolant 
flowing through an irregular flow passage e. g. rod bundles with 
varying rate of heat input is a complicated mathematical problem. 
Non-linearity of the basic equations describing the phenomena makes 
a straight-forward analytical solution of the equations practically 
impossible. On the basis of some simplifying assumptions it is possible 
to rewrite these differential equations in terms of differences. 
Utilizing the large capacity of digital computers it is possible to 
perform stepwise iterative calculations to obtain solutions to the 
difference equations. 

An irregular passage as shown in Fig. 3 is considered here. The thick
set lines in the figure represent heating surfaces. It is an extreme 
example of irregular distribution of heating surfaces. In most of the 
practical cases the heating surfaces are distributed more regularly 
in the form of rings of cylindrical rods, parallel plates or rows of 
cylindrical rods. It is assumed that the cross-sectional areas of the 
flow passages remain constant in the axial direction. Discrete variations 
due to the presence of spacers can be taken into account. 

In a mixed flow analysis the thermal and hydraulic characteristics of 
a f.low passage are determined by using a standard lumping procedure. 
An equivalent diameter of the now passage is determined from the given 
geometrical and heat generation data. The equivalent diameter is _used 
as the length parameter in the correlations for determining the magni
tude of different characteristics like heat transfer coefficient, 
friction factor, burnout heat flux etc. 

In a "SUBCHANNEL ANALYSIS" the whole flow passage is subdivided into 
a number of smaller passages. These smaller flow passages are termed 
as subchannels. Dotted lines in the Fig. 3 show how the whole channel 
is divided into subchannels. In the axial direction all the subchannels . 
are divided into a finite number of discrete steps. 

Let the number of subchannels be Bsc and the number of axial steps 
be NAS• This implies that the whole volume of the flow passage is 
divided into Nu control volumes 

where NN = NAS • NSC 

A control volume is termed as a node. In theory the number of nodes 
can be made infinitely large. The capacities of the computers put a 
practical l~mit on the number of nodes. 
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III,l Subchannel Division 

Subchannel divisions aim at simpler geometries. Each subchannel is 
treated as a separate passage where heat transfer and pressure drop 
correlations for circular pipes are applicable directly or in a 
modified form. 

Either the heated equivalent diameter DJm or the hydraulic equivalent 
diameter Day is used as the length parameter. The above mentioned 
equivalent diameters are defined as follows 

4 • Flow Area 0HE = Heated Per1meter 

D = 4 • Flow Area 
HY Wetted Per1meter 

Subchannel divisions can be done in many different ways. Three types 
applicable to rod bundles, have been used in three known subchannel 
analysis computer programmes, Fig, 4a, 4b and 4c show the different 
methods of subdividing a rod cluster. 

l, Co-axial rings or Polygons 

The digital computer programme described in the reference 3 uses this 
method of subdividing a cluster, See Fig. 4a, 

2, Square Pattern 

The digital computer programme THINC II described in the reference 4 
was developed specially for square lattice cores. THINC II used this 
method of subdividing a cluster, See Fig. 4b, 

3. Similar boundary conditions sectors 

The digital computer programme RAMBO .developed by UKAEA (5) uses this 
method of subdividing a rod cluster, Since the programme RAMBO was 
used for analysing the test data this method is described below in a 
greater detail, In the sectoral subdivision the whole rod cluster is 
divided into units smaller than the ones in the previously mentioned 
subdivisions. Fig, 4c shows a rod cluster divided into a number of 
sectors. The sectors which have similar boundary conditions are given 
the same group number, The total number of subchannels are 60 in the 
example shown in Fig, 4c. The subchannels with identical boundary 
conditions are isolated into separate groups. So, one is left with 8 
groups of subchannels, as against 60 individual subchannels. Each 
group of actual subchannels is treated as one flow passage or as one 
subchannel in a subchannel analysis, This finer subdivision is achieved 
at the expense of simplicity in calculating the geometrical parameters, 
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In a sectoral subdivision the geometrical parameters must be calculated 
separately and fed as input data into a computer programme. 

One of the basic differences between a lumped channel or mixed flow 
analysis and a subchannel analysis is that in a subchannel analysis 
each flow passage is treated separately and that the heat transfer 
and flow parameters in one individual channel are allowed to be affected 
by the heat transfer and flow parameters in the channels which have common 
boundaries with the channel in question. This necessitates that in a digi
tal computer programme each subchannel should be identified so that it 
is known, 

1. which subchannels are adjacent, 

2. what are the parameters of the boundaries between adjacent subchannels. 

It has been mentioned above that in a sectoral subdivision the subchannels 
which have the identical boundary conditions are given the same number. 
For example, in the Fig. 4c there are 60 subchannels but only 8 numbers. 

III.2 Interaction between subchannels 

In the HAMBO programme the thermal and hydraulic characteristics of a 
subchannel is affected by that of the adjacent subchannels (10) in the 
following ways. 

a. Turbulent mixing 

b. Cross flow due to radial pressure gradient. 

A homogeneous model is utilised for calculating the value of eddy 
diffusivity using the following expression. 

where 

Eddy diffusivity Re .(! 
Kinematic viscosity = 20 ~ 

Re = Reynolds number 
f = Fanning friction factor. 

(III-1) 

The rate of turbulent mixing is directly proportional to the value of 
ed<tr diffusivity. For the purpose of parametric study of the effect of 
varying degrees of turbulent mixing the equation (III-1) can be re-
written as · 

Eddy diffusi vi ty Re _fl. - - = F •- -· Kinematic viscosity m 20 2· 

where F =empirical mixing coefficient.· 
m 

(III-2) 
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By varying the value of F the degree of turbulent mixing can be varied. 
For example, Fm = 0 indicites that there is no turbulent mixing between 
the adjacent subchannels. But the cross flow due to a radial pressure 
gradient will still be there even if there is no turbulent mixing. 

In the analysis reported in this paper the value of F was varied 
m between 0 and 5. 

IV. DATA ANALYSIS 

IV.l. Data conversion 

Figures 1 and 5 indicate that the zonal divisions in the experiment 
and the RAMBO programme do not coincide. The experimental void
fractions were converted to suit the HAMBO subdivisions. The following 
relations were used. 

Alal + A2a2 
al•H = A1 + ~ (IV-1) 

(IV-2) 

Substituting the actual values the following equations were obtained 

(IV-3) 

(IV-4) 

IV.2. Slip ratio and Sub-cooled Void 

From the measured values of the mean void-fraction the "mixed flow" 
slip ratios were calculated at the different axial positions for the 
runs 13037 and 13042 and only at the exit for. the other runs. The 
following equation was used 

1-a n -a 
n 

(IV-5) 

The following table shows the slip factors and the corresponding 
·"mixed-flow" qualities. 
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T A B L E IV 

I' 

Run 

No. 1 2 3 4 5 6 7 8 9 10 11 

s 0.74 . 1.09 1.09 1.20 1.16 1.30 1.39 1.34 1.34 1.29 
13037 

X \II 1.00 2.27 3.58 4.84 .... 17.4? 8.34 ~03 11.01 11.86 i 

s 0.46 1.17 1.31 1:.33 1.40 1.36 5 1.55 1.40 1.49 I 1.54 
13042 

Xi> 0.52 2.61 4.84 7.14 9.35 11.73 13.96 115.65 18.44 20.16 21.68 

Using the method of least square approximation a polynomial expression 
of the following form was calculated. 

S = 0.752526 + 13.529217 X- 96.572871 ~ + 

+ 236.041557 x3 (IV-6) 

Equation (IV-6) though calculated from mixed flow data was used for 
the subchannel analysis of the experimental runs 13037 and 1~042. 

The following relation was used for the subchannel analysis of the 
other experimental runs. 

S = 0.83048 + 1.23365 X - 9.46315 ~ + 

+ 244.3383 x3 (IV-7) 

The equation (IV-7) is based on a larger number of data points than 
the equation (IV-6). The equation (IV-6) is only valid in the range 
of 1 < X < 21.68. The equation (IV-7) can be used upto X = o.4o. 

For the sake of comparison the experimental runs 13037 and 13042 were 
analysed using also the Bankoff-Jones correlation. 

The above mentioned slip ratio correlation is based, in addition to 
the data given in the Table IV 1 on the similar "MIXED FLOW" data 
from the runs listed in the Table III a. 

Void-fractions in the subcooled region was calculated in the RAMBO 
programme using a modified Bowring model (11}. 
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IV.3 Friction factor 

The single phas~ friction factor was taken as the smooth tube value i,e, 
f = 0,046 Re-0• , The two phase friction factor was calculated by the 
Martinelli-Nelson two phase friction local multiplier values {9). 

The following values of grid pressure drop coefficients were used. 

Subchannel 

Mixed 
1 
2 

Coefficient 

0,342 
0,388 
0.333 

The positions of the grids are shown in the Table I. It has been found 
that the grid coefficients have no significant effect on the predicted 
void-fractions. 

V. RESULTS AND DISCUSSION 

Fig, 6 to fig, 15 show the comparison of the results from the HAMBQ
runs with the experimental data, 

In the figures 6 to 9 the test data from the experimental runs 13037 
and 13042 were plotted along with the analytical results using the 
Bankoff-Jones correlation for calculating the slip ratio, In all the 
cases the predicted curves for void-fractions lie below the experimen
tal points, The predicted curves for Fm = 0 and Fm = 5 lie closest to 
the experimental points from the subchannels .1 and 2 respectively. The 
agreement is poor when the Bankoff-Jones correlation is used but no 
conclusions are drawn regarding the usefulness of the Bankoff-Jones 
correlation because the number of available experimental points are 
too few, 

The test data from the runs 13037 and 13042 were analysed using the 
equation {IV-6) for calculating the slip ratio, Figures 10 to 13 show 
the comparison of the experimental data with the predicted results 
from the RAMBO (5) prqgramme. It is readily seen that the agreement, 
in general, is good between the experimental data and the predicted 
curve at Fm = o. It seems that at X/L less than 0,2 the value of Fm 
which gives the best agreement with the experimental data is 5, In 
the fig. 12 the predicted curve for Fm = 0 shows a peculiar tendency, 
The reason for that is that in the subchannel 1 the relation given 
in the equation (IV-6) was extrapolated much beyond its range of 
validity of 

1 < x < 21,68 

To study the effect of quality on the mixing factor Fm• 18 experimen
tal points as given in the Table Ilia with quality varying from 2 % 
to 40 % were analysed with the RAMBO programme. The equation {IV-7) 
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vas used for calculating the slip ratios. In these experimental runs 
the radial distribution of void-fraction vas measured only at the out
let from the test-section FT-6. The predicted and measured values of 
void-fraction at the outlet are plotted against the values of the 
calculated ''mixed flov" quality at the outlet in the figures 14 and 
15. The analysis vas done for the following values of F m 

F = o, l, 3 and 5. m 

It is seen from the fig. 14 that in the subchannel l which consists 
of only heated valls the predicted void-fractions at Fm = 0 agree 
vell vith the experimental data at X < 10 %. At higher qualities the 
agreement is not so good but the predicted values at Fm = 0 lie 
closest to the experimental points. In the subchannel 2, however, 
50 percent of the perimeter is unheated. At X < 12 % the experimental 
values of void-fraction lie closer to the predicted values of Fm = 1. 
But at higher values of steam quality X the predicted values atFm = 0 
shov best agreement vith the experimental values. 

From the results presented in this report it appears that Fm is not 
only a function of quality. The predicted curves at Fm = 0 shows 
the best agreement vith the experimental data. Similar runs made vith 
more tightly packed clusters indicate (lO) that vith tightly packed 
clusters Fm > l tend to give better agreement vith experimental data. 
In other words, vith closely packed clusters the mixing phenomenon is 
more pronounced than in the ideal case. With open clusters like FT-6 
it seems that the mixing is less than ideal. 

The effect of mixing on interaction between subchannels amongst other 
things is an implicit function of cross-flow between subchannels due 
to radial pressure gradient. The resistance to cross-flow is higher 
in a closely packed cluster compared to that in an open cluster like 
FT-6 as shown in the fig. 5. It is reasonable to assume that vith a 
large cross-flow the effect of turbulent mixing vill be suppressed. 
This does not help in explaining the fact as to vhy the predicted 
curve at Fm = 0 show such an excellent agreement vith the experimen
tal data. Because, if the effect of mixing is very much suppressed 
then the predicted curves for different values of Fm should practically 
coincide. Figures 6 to 15 indicate the opposite. 

Due to absence of any data on the turbulent mixing phenomenon in a 
tvo phase flov, in all the analytical models of subchannel analysis 
a single phase flov mixing model is used. In reality, a tvo phase 
flov is far from a homogeneous mixtrue of steam and water particles. 
The range of test data analysed in this report indicates that the 
flov pattern is annular. In the annular flov, most of the liquid 
remains on the vall, vhile.the rest is dispersed as droplets in the 
continuous vapour core. The turbulent mixing takes place through 
the gaps between the rods. The flov pattern vill determine the 
distribution of liquid and vapour in the gaps. So it is reasonable 
to assume that the value of Fm vill be partly determined by the flov 
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pattern in the rod-cluster. Since it has been demonstrated that F 
is not a clear function of steam quality this may explain why in ~e 
runs 13037 and 13042 the values of Fm which give better agreement 
with the experimental data are different at X/L < 0.2 and X/L > 0.2. 

Questions may arise regarding the validity of using a slip ratio 
correlation based on ''MIXED FLOW" data for subchannel analysis of 
the same set of data. In this connection it should be pointed out 
that the purpose of this paper is to study the characteristics of 
the mixing relations used in the RAMBO programme and NOT to test the 
correctness of the slip correlation. Since the "MIXED FLOW'' and the 
subchannel slip ratios must be of the same order of magnitude the 
authors feel that they are justified in using the equations (IV-6) 
and (IV-7). This helps to eliminate the uncertainty in predicting 
the slip ratios while studying the effect of the varying values of 
Fm on void tractions. 

VI. CONCLUSION 

Analysis of the experimental data presented in this report indicate 
the following. The amount of experimental data presented in this 
report are too few to make the results of the investigation conclusive. 

1, The mixing factor Fm is not only a function of quality. 

2. The magnitude of the mixing factor F is dependent upon the flow 
pattern. Flow pattern is a complicat~d function of both quality 
and maas velocity. 

3. With widely spaced clusters and annular flow the value of mixing 
factor which gives.: best agreement with the experimental results 
is F ... o. m 

More detailed information regarding turbulent mixing (e.g. visual 
studies with eyes) and radial pressure gr.adient in a cluster are 
needed to improve the existing analytical models. 

Vli. THE ANALYTICAL MODEL HYDRO 

VII.l General 

The analytical model HYDRO is a one dimensional programme developed 
for the purpose of studying the hydrodynamic stability of a boiling 
loop (12). The programme is mainly intended for analysis of natural 
circulation loops or channels with low pressure drops compared to the 
absolute operating pressure. The flow loop consists of one single ' · 
vertical heated channel, chimney, steam separator and outer _loop 
components. The basic equations describing.the coolant density and 
flow are the conservation laws for mass, energy and momentum in one
dimensional form and empirical two-phase flow correlations for 
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frictional pressure drop and slip ratio. A model for subcooled boiling 
is included. 

The partial differential equations are solved by finite difference 
technics. A steady state solution is first established, whereafter 
the time and space dependent flow and density due to perturbations 
in power, inlet temperature or inlet throttling are calculated. The 
perturbations can be either step, ramp or sinusoidal, and the hydro
dynamic stability limit is established from the observed oscillations 
in the response. 

VII.2 Basic Equations 

The subcooled boiling is treated according to the model developed by 
Bowring(ll). However, only the slightly subcooled region is considered 
as the void volume at higher subcooling is negligible. The bubble 
detachment criterion is thus used to establish the beginning ov void 
formation. Three different zones in the heated channel are recognised: 
the one-phase region, the subcooled boiling region and the bulk boiling 
region. The conservation laws are then established for each of these 
regions assuring continuity at the boundaries. 

Several slip and two-phase pressure drop correlations are included in 
the programme as it seems that none of the existing correlations are 
generally valid over large parameter variations and geometry configu
rations. 

The following slip correlations are now coded in the programme: 

a) The von Glahn correlation where the void fraction is a rather 
complicated function of fluid properties, geometry and heat flux. 

where AGP = 

y 

y $ 

(VII-1) 
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b) The Bankoff-Jones correlation where the slip ratio is given as a 
function of void fraction. It requires an iterativ calculation since 
steam quality is the primary variable and the void cannot be expli
city expressed as a function of slip. 

1 - a s = ___ .;;..... ___ _ 
KB - a + (1 - KB)ar 

(VII-2) 

where KB = 0.71 + 1.312 • 10-
8 

Po 

I 
c) The AE slip correlation which is based upon Martinelli-Nelson 

data with a correction for the influence of mass velocity. 

(VII-3) 

where Cs = input normalising factor 

C = pressure dependent coefficient 

d) Constant slip ratio. 

S = constant. 

On Figs. 16 and 17 are shown comparisons of the different void 
correlations with experimental data from t:wo different test sections. 
Obviously is the applicability of the correlations limited with regard 
to geometry according to these figures. · 

Two different correlations for two-phase frictional pressure drop 
are included. 

a) Becker's correlation where the two-phase friction multiplier is 
a simple function of steam quality and pressure. 

; 2 = 1 + 2355 (.!...) 
0

"96 
Po 

(VII•4) 

b) The AE correlation which is based upon the Martinelli-Belson 
data and is a function of quality and pressure only. 
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b • b 
1 + af • a X f 

a= 
3900 - 19.6 Po 

6.75 + Po 
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b = 1.025- 1,74 • 10-3 p 
0 

af' bf = input normalising factors, 

(VII-5) 

In the first version of the programme the same two-phase multiplier 
as developed for straight tubes was used for the spacers. However, 
recent measurements have indicated that the multiplier is lower for 
contractions and expansions and even spacers, A correlation fitted to 
experimental data (13) is nov introduced in the programme. This 
correlation would give pressure losses very close to a procedure based 
on average density and slip ratio equal to one. 

The one-phase friction factor is based upon Moody~s data and expressed 
as 

-0 5 f = fo + B Re • (VII-6) 

where f0 = fr~ction factor for fully developed turbulent flow at given 
roughness rat1o. 

Heat losses from the heated channel to the surroundings or to a reactor 
moderator with a given temperature profile is taken into account. 

All of the basic equations are assumed to be valid for dynamic con
ditions, Thermodynamic and transport properties are assumed constant 
along the channel which is acceptable at low total pressure drop 
compared to the operating pressure, 

The system of equations are solved by numerical finite difference 
technics, i.e, both time and space derivatives are approximated by 
difference formulas. 

VIII, APPLICATION OF THE PROGRM~ HYDRO 

The aim of the present analysis was to investigate the influence of the 
accuracy of the predicted steady state data on the calculated stability 
threshold in natural circulation, Experimental data on axial void and 
mass flow rate in the 6-rod bundle, described in chapter I, vas used 
as a basis for the investigation. 
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-
Obviously a programme o~ the HYDRO-type may contain two or several 
errors which in some cases may cancel each other and the prediction o~ 
the static mass ~low rate would be apparently good. However, such errors 
might lead to deviations in the prediction o~ the stability threshold. 
In order to analyse the in~luence o~ void pro~le and pressure drop, the 
~ollowing calculations were made: 

a) Comparison o~ the predicted mass ~low rate and stability threshold 
with the experimental values. 

b) Comparison o~ the predicted axial void pro~le with the experimentally 
established pro~le. 

c) Correction o~ the slip correlation in order to get a close agreement 
with the experimental void pro~le and a new calculation o~ the 
stability threshold and the mass ~ow curve ~or the new condition. 

d) Correction o~ the pressure drop correlation to get a close agreement 
with the experimental mass ~low curve and calculation o~ the 
stability threshold. 

The slip correlation (VII-3) and the pressure drop correlation (VII-5) 
were applied and the predictions were adjusted to ~it the experimental 
data by adjusting the coe~~icients Cs• a~ and b~. In the basic ~orm o~ 
the correlations these coe~~icients are all equal to unity. 

Obviously other errors than in the void and pressure drop predictions 
could be present, i.e. the one-phase ~riction ~actor and spacer loss 
coe~~cients. However, experimentally determined values have been used 
in the programme ~or these ~actors and it is thus ~elt that the main 
contributions to the errors would originate ~rom the void and pressure 
drop predictions. 

A comparison o~ the predicted mass ~low curve and the experimental one 
is shown on Fig. 18. It is seen that the mass ~ow is underestimated 
by as much as 15 %. Axial void profiles as.predicted by equation (VII-3) 
with C = 1 are compared with experimental pro~iles on Fig. 19 at two 
di~~er~nt power levels. Also the void volume is seen to be underesti
mated by the correlation, especially at high qualities. 

By a trial and error procedure the calculated void profile was now 
adjusted to ~it the experimental one by adjusting the constant Cs• 
The best agreement over the whole heated length was obtained when 
the ~actor C8 was asigned a value o~ 0.387. The ~inal void pro~iles 
are shown on Fig.20. The maximum deviation between predicted and 
experimental values is now less than 5 % on the average. 

Introducing the new void correlation and recalculating the mass 
~low curve still resulted in deviations ~rom the experimentally 
determined mass ~ow by approximately 10 % as shown on Fig. 21. 
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As a final step the coefficients af and bf in equation {VII-5) were 
adjusted to get a close agreement with the experimental mass flow 
curve. The deviations were found to have a minimum at af • 1.0 and 
bf • 1.175 1 the best agreement being at high power as shown on Fig. 22. 

At each step in the adjustment procedure the stability thresholds were 
calculated by the programme. The obtained values were as follows. 

Case Non-adjusted Adjusted void Adjusted void and 
correlations correlation pressure drop 

correlations 

Critic&l power,kW 2280 2400 2670 

Critical power 
density, kW/litre 169 178 198 

Critical exit 
quality 0.745 0.780 0.92 

Critical exit void 0.94 0.91 0.98 

IX. CONCLUSIONS 

a) The prediction of the stability threshold by means of an analytical 
model is very sensitive to the accuracy of the basic correlations. 
An error in the calculated mass flow velocity of 15 % would in the 
present case displace the predicted stability limit by approximately 
the same amount. 

b) Detail information about the entire loop regarding flow restrictions 
and friction factors is necessary in order to obtain the required 
accuracy in the mass flow prediction. 

c) There is a need for void fraction and two-phase pressure loss 
correlations of more general applicability. Correlations based on 
one geometry is not readily applicable to other geometries. 

In the case investigated no experimental stability limit was obtained 
and the data were chosen merely because detail information was available 
on void volumes and mass flow rate at varying heating powers. In order 
to get a complete test of the stability model, experimental data, where 
both stability limits, void volumes and pressure drops were measured, 
would be necessary. 
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Nomenclature 

Symbol 

a 

af 

AGP 

~ 
~ 
A3 
b 

bf 
B 

BGP 
c 

c s 
DHE 

DHY 
f 

fo 

Fh 
F m 
g 

G 

hlg 

KB 
Lc' L 

NB 

NAS 

NN 

Nsc 

Po 
Q 

r 

Meaning 

Parameter in equation (VII-5) 

Parameter in equation (VII-5) 

Parameter in von Glahn;s correlation 

Area of radial zones 

Parameter in equation (VII-5) 

Parameter in equation (VII-5) 

Parameter in equation (VII-6) 

Parameter in von Glahn;s correlation 

Parameter in equation (VII-3) 

Parameter in equation (VII-3) 

Heated equivalent diameter 

Hydraulic equivalent diameter 

Fanning friction factor 

Friction factor at fully developed turbulence 

Heated perimeter 

Empirical mixing coefficient 

Gravitation constant 

Mass velocity 

Heat of vaporisation 

Parameter in Bankoff-Jones correlation 

Heated length 

Fluid property parameter 

Number of axial steps 

Number of control volumes 

Number of subchannels 

System pressure 

Channel power 

Parameter in Bankoff-Jones correlation 

Dimension 

2 
m 

m 

m 

m 

2 m/sec 

kg/m2 sec 

W s/kg 

m 

bar 
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Symbol Meaning 

Re Reynolds' number 

S Slip ratio 

X Steam fraction by weight 

z 

a 

B 

y 

n 

a 

Subscripts 

g 

l 

Axial distance from the beginning of 
the neated length 

Steam fraction by volume 

Relative steam density/water density 

Parameter in equation {VII-1} 
Dynamic viscosity 

Density 

'l'w'o-phase friction multiplier 

Surface tension 

Gas (vapor} 

Liquid 

Dimension 

m 

kg/m sec 

kg/m3 

N/m 
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Appendix A. Tables. 

TABLE I. 

Location of Spacers and Void-Fraction Measurement Stations. 

Heated Length at 260 °C = 4440 mm 

Void-Fraction Distance from Spacers located 
Measurement beginning of at distances from 
Station No. heated length beginning of 

heated length 
mm mm 

Gl 304 

853 

G2 713 

853 

G3 1148 

G4 1598 

1743 

G5 2030 

G6 2495 

2633 

G7 2931 

G8 3261 

3523 

G9 3807 

GlO 4144 

4413 

Gll 4635 
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TABLE Ii. 

Test conditions (FT-6}. 

Void p ·G 6t . Q X • 
Run I!IUb ex~t 

·2 oc kW % No. bar kg/m •s 

13029 50~0 984 6.0 185 1.9 
13031 50.3 1119 4.2 288 3.8 
13033 49.8 1158 4.2 402 5.5 
13035 50.3 1148 4.3 556 8.o 

13037 49.7 . .1112. 1.2 ·.720 11.8 

13038 49.8 1096 3.7 819 13.7 
13039 50.1 1070 4.5 912 15.7 
13040 50.0 1047 4.0 966 17.3 
13042 49.6 1134 1.2 1134 21.7 
13048 50.5 . 902 8.5 1140 22.8 
13049 . 50.5 800 10.0 1137 25.5 
13050 50.5 712 11.0 712 28.6 
13051 50.4 623 11.3 1122 32.7 
13052 50.6 581 12.1 1122 35.1 
13053 50.7 531 12.7 1122 38.1 
13054 50.7 512 12.7 1125 40.2 
13062 50.2 1591 8.7 1420 15.3 
13069 51.5 1265 11.6 1468 20.4 

•> In these runs the radial distribution of void fraction was 
measured at all the axial locations. 
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TABLE Ilia. 

Void fraction data (FT-6). 

Run Zon Zon Zon Mean 
No. 1 2 3 
13029 o.472 o.434 0.219 0.342 
13031 o.615 0.630 0.341 o.496 

13033 0.710 0.730 o.446 0.596 

13035 0,186 0.816 0.558 0.693 
13037 o.81to 0.886 0.632 0.762 

13037 o.840 0.886 o.632 0.762 

13038 0.865 0.902 0.664 0.786 

13039 0.875 0.926 0.669 
' 

o. 799 
13040 0.883 0.935 0.692 0.814 
13042 0.924 0.959 0.720 0.844 
13048 0.905 0.955 0.691 0.825 
13049 0.930 0.949 o. 713 0.838 
13050 0.932 0.964 0.726 0.849 
13051 0.948 0.963 0.738 0.857 
13052 0.950 0.971 0.752 0.867 
13053 0.940 0.981 0.759 0.872 
13054 0.945 0.976 0.753 0.868 
13062 0.851 0.940 o.654 0.794 
13069 o.870 0.978 o.67o 0.818 



Run Zon 
No. 1 2 3 

1 0.277 0.429 0.581 
13037 2 0.239 0.382 0.469 

3 0.072 0.175 0.267 
Mean 0.169 0.295 0.396 

1 o.4oo 0.595 0.722 
.13042 2 0.378 0.501 0.625 . 

3 o.uo . 0.28o o.417 
Mean 0.259 0.416 0.546 

TABLE IIIb. 

Void traction data (FT-6). 

Lev e 1 
4 5 6 7 

. 0.686 0.729 0.803 o. 764 
0.587 0.644 0.728 0.795 

. 0.390 0.449 0.501 0.505 
0.513 0.569 . o.637 0.657 

·0.760 0.817 0.900 o.856 
0.715 .0.746 0.772 0.914 
0.540 0.605 0.681 0.632 

. ,0.643 0.693 o. 752 . 0.774 

8 9 10 

0.795 0.873 0.887 
0.813 0.757 0.781 
0.511 0.637 . 0.658 
0.671 Oc.722 0.743 

0.838 0.950 0.979 
0.936 . 0.862 0.857 
0.647 0.759 0.773 
0.787 0•830 0.839 

11 
0.840 
0.886 
0.632 
0.762 

0.924 
. 0.959 

0.720 
0.844 

I 
N 

'f 

N 
• 
\.N 
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. Fig. 4a. Polygonal subchannels 
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A METHOD 0.1!"' Dl~T r;c'riNCt 'fHE ONSET OF Sl:J'BCOOLED BOILING- BY T<':E..A..:iS OF 
A VIBRATION TRM~SDUCER 

A. Ktittikctioglu, B. Perren, G. Varadi 
Eidg. Institut fUr Reaktorforschung, Wtirenlingen, SNitzerland 

ABSTRACT 

Preliminary measurements in the heavy water cooled research 
reactor DIORIT indicated that the onset of subcooled boiling, 
in a throttled channel, could be detected by means of a vibra
tion .transducer mounted on the outer extension of the fuel rod. 
To verify this, measurements were carried out in an electri
cally heated out-of-pile boiling loop. At the onset of subcooled 
boiling, which was characterised by a rapid increase of heat 
trans.fer coefficients, a remarkable increase in the amplitudes 
of high frequency vibrations (2000 - 11000 Hz) was observed, 
followed by a reduction to a lower level, near saturation. It is 
considered that the increase was caused by the resonance of the 
structure, induced by forces acting during the condensation of 
the bubbles directly on the heated wall. The reduction of the 
amplitudes, .near saturation, might be explained by the extra 
damping due to increased low frequency vibrations caused by 
gas and steam bubbles in the flow. 
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1. INTRODUCTION 

During subcooled boiling, i.e. when the wall temperature is 
above saturation and the bulk fluid temperature is below satu
ration, there exists a thin superheated liquid layer on the 
surface of the heated wall. Adhered gas and wall roughness in 
the superheated liquid layer act as nucleation centers, in 
which small steam bubbles are generated. These bubbles condense 
at the wall, as they come into contact with the colder bulk 
fluid. At low subcooling, i.e. when the coolant temperature is 
only a few degrees below its saturation value, the condensation 
rate is rather slow. In such cases the steam bubbles can break 
away from the wall and be carried, for a certain distance, by 
the subcooled fluid before they condense [1] • The subcooled 
boiling is characterised by a rapid increase of the heat trans
fer coefficients, due to the strong agitation in the boundary 
layer. The heated wall temperatures remain almost constant at 
a value slightly above saturation, even when very high heat 
fluxes are present. 

Subcooled boiling can be detrimental in a liquid cooled nuclear 
reactor. The average density of the coolant decreases due to 
the steam bubbles at the heated wall, which can cause an 
intolerable reactivity change. In the case of parallel coolant 
channels, as in the heavy water cooled and moderated research 
reactor DIORIT, the mass flowrate in one of the channels may 
appreciably decrease because of the increased pressure drop 
caused by subcooled boiling. Overtemperature and errosion 
of the canning can lead to a fuel failure. 

Preliminary measurements in the reactor DIORIT, using a vibra
tion transducer mounted on the outer extension of the heated 
rod, have indicated a significant increase in the amplitudes of 
high frequency vibrations at the onset of subcooled boiling 
in a throttled coolant channel [2,3]. The resonance of the 
structure was possibly caused by the forces acting on the 
heated wall during the condensation of steam bubbles. Out-of
pile loop experiments, which were performed by using an 
electrically heated rod, simulating one of the fuel elements 
of the reactor DIORIT, have shown a similar trend ~]. Due to 
the chopped sinus heat flux distribution and the inadequate 
instrumentation it was not possible to fully interpretate 
the results. Further out-of-pile measurements, using an 
electrically heated tube as test section, were carried out, 
under closely controlled thermal conditions, in order to verify 
the possibility of using vibration transducers to detect the 
onset of subcooled boiling in reactor channels. 
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2. EXPBRIMENTAL 

.:.._ ::escri"Otion of the looo and the instrumentation 

~X?eri=e~~s ftere carried out in an atmospheric boiling loop 
\E'ig. 1). 

·iater was circulated by a centrifugal pump through a calibrated 
rotameter, preheater,. test section and the cooler. The height 
of the reservoir was such that the loop could be filled and 
purged by the head of water available. The inlet pressure of the 
pump was kept constant by the use of an overflow pipe fitted 
to the reservoir. 

A spirally wound brass tube, heated by ceramic insulated 
"Kanthal" wires, was used for preheating. The preheater power 
could be increased in three steps to a maximum of 4 kW. 

The test section consisted of a vertical stainless steel tube 
of 18 mm inside diameter and l m length. The tube was heated 
by a low voltage A.C. supply (Fig. 2). For electrical connectors, 
heavy copper bars were brazed onto both ends of the heated tube. 
Two "Piezo-Kristall" vibration transducers, for horizontal and 
vertical directions (BrUel and Kjaer, type 4330 and 4331) were 
rigidly fixed onto the outlet copper bar and electrically in
sulated with nylon 'bolts and washers. Chromel-Alumel "thermo
coax" (electrically insulated thermocouples in stainless steel 
canning) were brazed onto the outer wall of the heated tube, 
in five different positions, in order to measure the wall 
temperatures. The inlet and outlet temperatures of the fluid 
were measured by chromel-alumel "thermocoax" brazed in the 
middle of a thin copper plate having four holes. To prevent 
excessive heat conduction, the copper plate was held perpen
dicular to the flow by a stainless steel tube having a wall 
thickness of 0 .• 1 mm (Fig. 2). Inlet and outlet pressures were 
measured by "CEO-pressure transducers, type 4326-0001. The 
power of the test section was continuously variable. The 
maximum power used was 30 kW. 

Vibration transducers were connected to a "BrUel and Kjaer" 
frequency analyser. 

2.2 Experimental procedure 

In the early measurements it was noticed that any change in 
mass flow and power could lead to a shift in frequency spectrum. 
Therefore, mass flow and power were kept constant for a set of 
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measurements and only the inlet temperature of the fluid was 
changed. This was done in steps by the variation of the 
secondary mass flow in the cooler. After thermal equilibrium 
a complete frequency spectrum from 20 to 20000 Hz and the 
corresponding thermal conditions were measured. In order to 
prevent any interaction with vibrating components in the 
laboratory, most of the measurements were carried out at night. 

3. RESULTS 

The vibration amplitudes in the frequency range of 6300 -
20000 Hz, with fluid and wall temperatures increased in steps, 
are plotted in Fig. 3. At high frequencies (3400, 6800 and 
11000 Hz), there is a rapid increase in amplitudes, be
ginning at a fluid outlet temperature of about 60 °C, reaching 
its maximum at 80 - 85 °C and followed by a decrease at higher 
temperatures (Fig. 4). 

In Fig. 5 the amplitude of 11000 Hz with continuously in
creasing fluid temperature is recorded. It is similar to the 
curve shown in Fig. 4, which was obtained by cross plotting 
the continuous frequency spectrums at different fluid tempe
ratures. 

The amplitudes of 3400, 6800 and 11000 Hz vibrations are 
plotted in Fig. 6 as a function of the difference between the 
wall and saturation temperature. The wall to saturation tempe
rature difference is about 9 oc.as the amplitudes start to 
increase. The temperature difference stabilizes itself at a 
value of 14 - 15 °C. 

Wall and saturation temperatures at the outlet of the test 
section are plotted in Fig. 7 as a function of the fluid out
let temperature. Above a fluid temperature of 80 °C the outlet 
pressure and thus the saturation temperature begin to increase. 
Since the water level in the reservoir is kept constant, the 
higher pressure at test section outlet is due to increased 
pressure drop in the main circuit, between test section outlet 
and the point where the reservoir feed pipe makes its connection 
upstream of the condenser (Fig. 1). As discussed later in more 
detail, increased pressure drop, with a constant mass flow rate 
and a bulk fluid temperature below saturation, indicates the 
existence of gas and/or steam bubbles in the flow upstream 
of the test section. 

2.4 
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Above saturation, the out~et wall temperature increases with 
a smaller gradient than the fluid temperature, thus indicating 
an increase in heat transfer coefficients. The measured ~1all 
temperatures are lower than the calcUlated values according to 
"Dittus-Boelter" equation for pure convective water cooling 
(Fig. 7). Me. Adams [5] Stlggests, for the calculation of wall 
to saturation temperature difference d\l.ring subcooled boiling 
the following formula: 

t t = C.A0,26 . w - t 'i. sa 

c = 0,632 
c :;:; 0,808 

(Fl) 

30 cm3
3 

air/1 lt water 
6 em . air/1 lt water 

Jens and Lottes ~]give a similar formula for the calculation. 
of the wall to. the saturation temperature difference: 

t - t - 0 79 A0,25 -O,Ol6.p (.F2). W · sat - • • 'i • e 

At high fluid outlet temperatures, the measured wall tempe
ratures lie between the two calculated curves, according 
to Mc.Adams: Fl (30 cc air/1 lt water) and Jens and Lottes: 
F2 (Fig. 7). For outlet temperatures of 60- 80 °C, there 
is a smooth transition between wall temperatures for pure 
convective liquid cooling and subcooled boiling. 

The measured heat transfer coefficients and the calculated 
values, according to ttDittus-Boelter" equation [5] for 
pure convective water cooling, are plotted in Fig. 8. Above 
a fluid outlet temperature of 60 °C there is an appreciable 
increase in the heat transfer coefficients, up to a factor 3 
at tout = 108 °C. If one compares Fig. 4 and Fig.8, it can 
easily be seen, that above a fluid outlet temperature of 
60 °C both the heat transfer coefficients and the amplitudes 
of high frequency vibrations start to increase, which indicates 
the onset of subcooled boiling. 

The vibration amplitudes at low frequencies (22 and 34 Hz) are 
plotted in Fig. 9. At a fluid outlet temperature of about 80 °C 
there is a rapid increase in amplitudes, reaching its maximum 
at 91 °C. At higher fluid temperatures the amplitudes are · 
initially reduced to a lower level and start to increase, for 
a second time, above 105 °C. It is thought, that the low 
frequency vibrations are augmented by the existence of bubbles 
in the flow. As mentioned previously, above a fluid temperature 
of 80 °C, the outlet pressure starts to increase indicating the 
existence of gas and/or steam bubbles in the flow. In order to 

2.4 
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check at which temperature steam bubbles can detach them
selves from the heated wall, the fluid subcooling, at the 
commencement of bubble detachment, was calculated as given by 
Bowring in ref. [1] : 

Q X 10-6 
tsat - tF = ll • --.....-;;..w-=----

1.1 = 14 + 0,1 • p 

(F3) 

From Fig. 7, it can be seen. that the bubble detachment occurs 
above a fluid temperature of 100 °C. This indicates that the 
first increase of amplitudes is due to gas bubbles in the flow, 
generated by the separation of dissolved gases in the water. 
Near saturation, a great part of the dissolved gas is separated; 
as a result of this, the amplitudes decrease. The second increase 
in amplitudes, above 105 °C, is mainly due to steam bubbles in 
the flow. It could be shown, that by boiling and degassing the 
water for three hours before the measurements were taken, the 
first amplitude increase of 22 Hz practically diminishes 
(Fig. 10). 

The decrease of high frequency amplitudes above 80 °C fluid 
outlet temperature (Fig. 4) can possibly be explained by the 
augmented damping of low-frequency vibrations, induced by the 
gas bubbles. 

4. CONCLUSIONS 

Out-of-pile experiments with electrically heated test sections 
have shown that the onset of subcooled bpiling can be detected 
by means of vibration transducers, mounted at the heated wall. 
There is a definite increase in the amplitudes of high 
frequency vibrations at the onset of subcooled boiling (Fig. 3). 
The frequency range, in which the amplitudes increase, can 
depend upon the geometry and must be checked by continuous 
frequency analyses, with and without subcooled boiling. Once 
the frequency with the strongest reaction has been fixed, it 
would be possible to control continuously the amplitude of 
this one frequency in order to detect the onset of subcooled 
boiling (Fig. 5). This approach can provide a simple method 
to detect the onset of subcooled boiling in liquid cooled 
nuclear reactors, where other methods using in pile instrumenta
tion could present greater difficulties. 

2.4 
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5 .• NOMENCLATURE 

A.mp~itude (relative). 
Constant 
Frequency 
Pressure 
Heat flux 
Temperature 
Velocity 

a W/m2oc Heat transfer coefficient 
1-L ocm3/Wsec Coefficient for bubble detachment 

Indexes 

F Fluid 
W Wall 
in Inlet 
out Outlet 
sat Saturation 

2.4 



- 8-

6. REFERENCES 

1 Bowring, R.W., Physical model, based on bubble detach
ment and calculation of steam voidage in the subcooled 
region of a heated channel, OECD Halden Reactor Project, 
HPR 10, Dec. 1962. 

2 Albers, H., Perren, B., Bestimmung des Oberflachensie
dens mit der Methode der Frequenzanalyse, Techn. Rep. 
E.I.R.-WUrenlingen, TM-DI-131, Nov. 1962 

3 Albers, H., Perren, B., Experimentelle Bestimmung des 
Oberflachensiedens am Temperaturmesstab, Techn. Rep. 
E.I~R~Wi.irenlingen, TM-DI-159, Jan. 1964 •. 

4 Perren, B., Ktitlikctioglu, A., Schwingungsmessungen beim 
Oberflachensieden, Tech. Rep. E.I.R.-Wi.irenlingen, 
TM-IN-326, Oct. 1965. 

5 Me. Adams, W.H., Heat transmission, Me Graw Hill, 
New York, 1954. 

6 Jens, W.H., Lottes, P.A., Analyses of heat transfer, 
burn-out, pressure drop and density data for high 
pressure water, ANL-4627, May 1951. 

2.4 



FIG: 1 
FIG: 2 
FIG: 3 
FIG: 4 
FIG: 5 
FIG: 6 
FIG: 7 
FIG: 8 
FIG: 9 
FIG: 10 

- 9 -

LIST OF FIGURES 

Flow Diagram of the Loop 
Test section 
Frequency spectrum in the range of 6300 - 20000 Hz 
Amplitudes of high frequency vibrations 
Amplitudes of 11000 Hz 
Amplitudes of high frequency vibrations 
Thermal conditions at testsection outlet 
Heat transfer coefficient 
Amplitudes of low frequency vibrations 
Amplitudes of 22 Hz 

2.4 



p • 6 bar 

Testsection 
30kW 

Preheater 
4kW 

Rotameter 

Centrifug,!!!pumP.. 

Filter 

Cooler 
·.40kW 

Coolant · 

Flow diaaram of the looP._ 

Fig: 1 

Reservoir 



0.001-

.. 
r 

Prtllwrtfrott~trt' C.E C, r,.,. 4·326·0001 

T)'Qt 4334 GltiOI 
• • rodio:l 

--
Testsection 

Fig· 2 

Pressure 6 bor 

Temperature: 1eo•c 
Medium : Wote, 

I\) 

• .r::-



FiQ: 3 
Radial vibration transducer 

q • 16,4 ·104 Wlrrf-
W • 0,5 m/sec .fD 

liA(dB) 

tout (OC) t sat (OC) t W (OC) f 11ooo 

-·- 45,3 100,5 93,5. 
--o- 49,0 100,5 101,0 -·- 52,3 100,5 102,5 
-··- 59,0 100,5 105,8 
-ll-- 64,0 100,5 107,5 
--+-- 67,5 100,5 109,5 
--o-- 72,5 100,5 113,0 

A 77,3 100,5 113,5 

• 80,0 100,5 114,5 

• 85,8 101,0 115,0 
0 90,5 101,5 116,0 

• 98,0 104~0 118,0 
-x- 104,8 107,5 121,0 - 107,3 109,0 122,0 

I 108,0 110,0 123,0 

Freguenc~ · S~ectrum In the range of 6300-20000 Hz 
N 
• .r:-



a A (dB) 

14 

12 

10 

8 

6 

4 

2 

50 60 

Fig:4 

Horizontal vibration transducer 

q = 16,4 (Watt/cJ) 

W = 0,5 ( m/sec ) 

70 80 90 

a 3400Hz 

V 6800Hz 

A 11000 Hz 

100 110 

Amplitudes of high freguency vibrations 



2{diJ] 

f2[db] 

·~ ... 

Fig:!; 

·. I sal • too~c 

I 

oy_t•9i,&; 1;,•1f9; lsol • IO~'t 

~' 117;.:,....•.....;;.8..;:;...8L...• ______,._ l'outdiJ!,b;J.,•f2fJ,G;I'sal • /()# 'C ··. ~-

AmP.Iitudes. of 11000 Hz 

2.4 



~··" -~--

' 

i : .1· ; -· : 

l : : ~. 

I. 
! 

,, .. -t-· 
' i 

:. I 
I 

I 
I 
I 

; 
:. 

A A (dB) 

12 1 I 
' I 

! 
i I 

I 

10 l 
i 

8 

6 . ! 
i' 

4 

., 
i 

Horizontal vibration transducer 
i . I 

2 
• I • , ' . . I . 

. q • 16,4 (Watt/em } · 
I ; 

W • 0,5 (m/sec) 

! i 
I 

A 3400Hz 
' . I 

V 6800Hz 

A 11000 Hz· 
i 

i 
. \ 

! 

l 
l 

' .l 

Am~litudes of high fre~uency vibrations ·----

Fig: 6 

N • .,.. 



120 

110 

100 

90 

I 
I tW (OC) 

++++ Measured points 

---- Pure convective 

-·- Subcooled boiling 

-··- Subcooled boiling 

40 50 60 70 

Fi . 7 . g. --

cooling { Dittus - Boelter ) 

· {Me. Adams) 

lJens a. Lottes) 
... tout {oc) 

80 90 100 110 

Thermal conditions at testsection outlet 



. ···---·-- --··--·--········-·--------~-----,-~~----------; -,; . z ... 
, .. 

. . . ·-----~·- ~"" ----·--~ -·-- -~------ -- --. ·--------~-----·-~· 

~~---: .. 

. . F
. ·-- a·r:-:-·----·--------: lg : ____:. __ · _· . _· 

. 4 - 20 ... · 
aC( 10 .W/m. C)__..:__ . 

1,5 

f .. . 04 w 2 
. __ __ q • 16,4 -~ 1 .. I m --~-'----------

· W • 0,5 m/sec 

1,0 

+ 

. 0/J 0,4 
J. • 0,0023. Re • Pr . ...!. 

d 

i. ;_ 0 ...__ _________________________ _ 

40 50 ·- 60 . . . 70 80 90 ... 100 110 

Heaf:-·transfer coefficients 

.. _,....,.... . .. ~-------- ·------------ -·-··----·~ --·--------------·---~~--~~ ...... . . 
- .. '. . . 

' 



~ llA (dB)~ 

_________ 14 ~-

----~---- ----~-- .12 . 

10 

~8 

--
--------~-----···-·· . 6 

~------~-- 4 . 

... -- . 2 

.0 
50 

___ ~--~ __ _ Horizontal vibration transducer 

q • 16.4 ( WatttcJ ) 

60 

W• ··o,5 (m/sec) 

• 22Hz 
o 34Hz 

70 80 90 100 

Fig. 9 

Am~litudes of low freguency vibrations 



After 3 ~h. degassina_ . 

Amplitudes of 22 Hz 



Fig. 8 . . 

C 0 R R I G E N D U M 

read 0(. = 0,023 

instead of 01(. = 0,0023 



- 1 -

EXPERIMENTAL DETERMINATION OF DYNAMIC CHARACTERISTICS OF A MONO TUBE 
ONCE THROUGH BOILER MODEL 

K.H. Schonberg 
Technische Hochschule Stuttgart, W.Germany. 

ABSTRACT. 
The model consists mainly of an annulus-heated glass tube. Economizer, 
evaporator and superheater in action are easily distinguished and 
filmed. First points of interest are position and length and steam 
outlet of the evaporating zone as agitated by variations of the in
put quantities. These are mass flow to the tube, inlet temperature 
of the flow, heating temperature in the annulus and pressure of the 
system. 
The underlying nonlinearities -well known from theory- should of 
course be taken into account. Therefore most experiments werde done 
in the time domain, e.g. step- or ramp-function input. This is the 
reason why there is only little need for linearisations in thetheo
retical treatment. 
Theory and experimental results of two nonlinear phenomena caused 
by a step function variation of the heating temperature and a ramp 
function variation in system pressure are compared. 

Introduction 
The most important characteristics of an evaporating zone in a mono 
tube boiler are position, length and mass flow rate at the outlet. 
The outlet mass flow is interesting insofar as all dynamic processes 
are accompanied by mass storage effects as they cannot appear in 
comparable range in the monophase regions like economizer and super
heater. 
For our purpose it is absolutely necessary to take into consideration 
the behaviour of the economizer while it is not necessary here to 
represent the superheater in detail. 
The beginning and the end of the evaporating zone - through which 
its length is given - are designed with VA and VE respectively. 
These coordinates are taken from a length measurement along the 
tube beginning at the entrance of the economizer. 
For the mathematical handling of the static and the dynamic behaviour 
the coordinates should be unambiguous. Of course, in reality one can 
measure VA and VE only approximately and the problem of evaluating 
the proper mean values arises accordingly. 
The bubble formation, however, gives a clear measurement effect. But 
accompanying effects - surface boiling at the outlet of highly 
charged economizers, the appearance of considerable boiling lags in 
other cases, the fluctuations agitated by the immense increase in 
volume at the beginning of evaporation - necessarily lead to fluc
tuations of VA. Therefore considerable care must be laid on the inter
pretation of individual picture and on the evaluation of mean values. 
The difficulties for the measurement of VE are even greater. At this 
region all the irregularities of the evaporator caused by the inter
play of heat transfer, steam generation and flow conditions seem to 
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be summed up. Besides that, it is known that certain spontaneous dis
placements of VA may cause resulting displacements of VE with a gain 
of v"/v', as theory says. Of course, there is a considerable amount 
of compensating effects on the way, which are helpful in the measure
ment of VE. But the residence time of any particles in the evaporator 
is very short. 
In planning the model apparatus which should physically simulate the 
significant processes in a once through boiler stress was laid on 
com~ortable, continuous (and cheap} observation possibilities. 

Model apparatus 
Figure 1 shows the principal arrangement and the measurement and 
positioning facilities. The working medium, which is Freon 11, flows 
in aclosed loop. The main object of observation is an inclined (45°} 
double pipe heat exchanger of glass which is heated in the annulus 
with warm water. The freon enters the exchanger at the bottom right 
subcooled, .is subsequently heated and begins to boil at VA. Evaporat
ion is finished at VE still in the region of the exchanger. A scale 
is provides for the measurement of VA and VE. In case of dynamic 
measurements the whole exchanger is filmed. In evaluating the indi
vidual picture sequences you get the interesting time functions VA(t) 
and VE(t). The superheated steam flow is measured further downstream 
by a quarter circle orifice. The flow transports itself to a vertical 
condenser in which it condensates at the inner wall. The pressure of 
the system is controlled by the area of condensation, i.e. the conden
sate level. For the forced flow a pressure differential is needed. It 
is provided by the level difference between condensate in the condenT 
sator and the equivalent liquid level in the evaporator. 
In figure 2 we get an impression of the evaporator in action in the 
static case; the pictures are chosen at random. The above mentioned 
fluctuation range of VA and VE for this static case is to be seen 
in figure 3 as an evaluation of an individual series of film. 

Stationary behaviour 
The measured mean value lengths of the evaporator Lv are in good 
accordance with the calculations for stationary cases, as is noted 
in figure 3. This calculation is indeed quite simple, for the heat 
resistances of the warm water boundary layer and the glass tube are 
the only ones appreciable. Consequently we must assume a relatively 
constant heat flux rate along the evaporator. The pressure drop in 
the evaporator is negligible as has been proved. The flow pattern 
is - thanks to the inclination of the exchanger - appuoximately 
that. of a homogeneous steam-fluid mixture with occasional steam 
plugs. - It follows from the congruency of experiment and calculat
ion in the stationary case that also certain very essential simpli
fications in calculating the dynamic behaviour are rather valid, 
especially constant heat flux rate along the evaporator, homogeneous 
mixture of liquid and steam, isobaric conditions. 

Methods of experiments 
The non-oppressable noise level and the inherent nonlinearities 
known from theory determine the experimental approach and the 
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consideration of what would be the proper test signals for measuring 
the dynamic behaviour. 
Though the noise inherent to the process leads in the first moment 
~o the idea of using statistical methods, they will be eliminated 
with the mere hint towards the difficulties of measurement. 
Frequency methods, too, will soon come to a barriera larger ampli
tude ratios will surpass the range of linearity and smaller ones 
immediately will be drowned in the noise. The results are very poor, 
as have been mine. 
Far better results are provided by time function measurements, and 
not only from the practical standpoint but also from theory. Further
more it helps a lot, that they are relatively insensitive towards 
the nonlinearities in question. In theoretical treatment when stay
ing in the time domain one can find much better the proper approach 
to the reality of the underlying processes. First of all one can 
easily take into account the partial character of the problem as 
dependent on time and length coordinates. Only a first step of 
linearisations is required, while tranfer function methods will 
demand a further and more rigorous step. 
Perhaps it is the clearest way when handling a special problem to 
explicate the basic equations in time and space and arrange them 
according to the specific data of the process in question, then 
verify it by experiments (which step of course must be omitted in 
certain cases), but then only try to transform the results to the 
more general and often required formulation of transfer functions. 
This seems to be a sounder approach towards the final determination 
than to linearize the basic equations in the first run and neglect 
on the way some important effects whose importance may not be plain
ly seen in the mathematical representation. 

Input and output guantities 
Input quantities are mass flow rate to economizer, m 

beat flux rate, q 
inlet temperature to economizer,~e 
system pressure, p 

For the proper and reproducible variation of the input quantities 
the necessary facilities are provided. A change in beat flux rate 
is realised by a step function variation of the heating temperature 
in a calculable way. 
There are many possibilities for defining output quantities as is 
shown in figure 4. All measurable time responses have been measured. 
Here only six cases will be presented and discussed. They are time 
responses of VA, VE and ma to changes in he&Ding temperature Hw and 
system pressure p. 

Measurement of time responses 
As mentioned before it was important to take the behaviour of the 
economizer into special consideration. There are at least two 
reasons. First of all, the residence time of a particle in the 
economizer, T1, is about 5 to 10 times greater than the evaporator 
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residence time, T or T2. This is not merely a specific singularity 
of the model but is also valid for large once through boilers. And 
since the most significant time expression in all transport pro
cesses is residence time, T1 will naturally be dominant. Experiments 
show clearly, that the time of discernable alteration in time 
responses differs according to the alterations of T1. 
Secondly and even more important is the following fact. Constant 
over all mass flow conditions provided a displacement in VA has for 
the evaporator mainly the significance of a change in mass flow rate 
according to the equation 

( 1 ) dlU* .., _ .J:_ d VA 
v' dt 

This is evident, and the evaporator is directed accordingly. This 
virtual mass flow which is superposed to the normal mass flow can 
be of considerable height. E.g., a mass flow step variation ~m will 
result in a ~m*, which is exactly its negative. Thus the step 
variation 4m will not effect the evaporator till the residence time 
T1 is over. Up to this time the evaporator will merely be shifted 
according to the movement of VA, which ~~ normally is only small and 
practically unmeasurable. During this operation the total length of 
the evaporator is not affected. 
Figure 5 gives the experimental results of a transient process 
agitated by a positive variation of heat flux rate ~ given at the 
bottom picture. (Data: m = 6,0 kg/h; p, 865 Torr; ~Hw,1/! • 60/ 
70°0; q1j2 = 79/106 kW/m2) For comparison the calculated curves 
are given ('hick lines). Of course, the time behaviour of the 
measuring equipment was taken into consideration. The dominant 
impression is the first amplitude of VE in false direction, in
dicating a similarity to transfer function configurations with one 
positive zero in the corresponding p-plot. The reason for thin 
behaviour is f,oyx/4. be found in the dynamic behaviour of VA, as is 
demonstrated in figure 6 where ideal step function variations Aq 
are assumed as inputs. Without Am*, resulting from the displace
ment of VA, the end of the evaporator VE~t) would appear according 
to the dotted line in the central picture and would not be so ab
normal. - It is plainly seen that the whole response process may 
be devided into three phasasc 
1. from t = 0 till T2, where the "2" indicates that the new resi
dence time must be taken into account (according to the new q). At 
the end of this phase the whole evaporator is adapted to the new 
boundary and initial conditions. 
2. Then follows a quasi static part, where only a·simple displace
ment of the evaporator takes place according to VA(t). This phase 
ends with T1,2, the new residence time of the economizer. 
;. Finally when VA stops, the evaporator can adapt itself back 
to the normal mass flow which takes another newj residence time 
T2. - As is well known the residence time of an evaporator depends 
not on mass flow rate. - In reality, however, the time response of 
the economizer will not be a limited ramp function as here supposed, 
see fig.10; but nevertheless in principle fig.6 remains valid. 

2. 
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Ey the way it is easy to demonstrate, that cases may arise, where 
a second positive zero semms to be added to the corresponding 
transfer function. E.g., when there is only a little hysteresis 
in the movement of VA~t), thus enabling the evaporator to react 
during the first moments in the right direction. 

Similar to figure 5 the following number 1 represents experimental 
results of time responses to a real positive pressure variation in 
comparison with the calculated lines. Figure 8 provides the cor
responding time responses to an ideal step function pressure 
variation. 
Although the slope of VE(t) in figure 8 shows a certain similarity 
with the slope in figure 6, there exist differences. First of all 
the spontanuous adaption to the new pressure level, which accentuates 
in our case the nonlinear behaviour of VE(t). And secondly the dif
ferent timesc only a small region at the outlet of the economizer 
is affected by pressure variations (assuming that the liquid phase 
is practically incompressible). Therefore instead of the great T1,2 
the corresponding displacement of VA(t) takes·place in much lesser 
time. In the examples on fig. 8t1T1,2, the time difference between 
new and old economizer-residence-time is taken for the purpose of 
simplicity. This is a not quite unplausible assumption, even in the 
case of negative input. -AT is the same size as T. -In the dia
gram at the bottom of fig. 8 (negative input) a LfT1,2 shorter than 
T2 is assumed. This may be a hint, that according to theory the 
economizer and evaporator system will react far less symmetrically 
to positive and negative pressure input step functions than to any 
other input quantities. This is easy to understand when considering 
the region in the neighbourhood of VA in detail. 
Likewise in the case of i{q it is not very difficult to show the 
possibilities of more complicated behaviour - similar to adding 
another one or two positive zeros to the corresponding transfer 
functions. 

Theoretical background 
Here are some concluding remarks to the theoretical treatment used 
in the evaluation of time responses. Stress was laid on simplicity 
and adaptability. 
Economizer.- The economizer has been treated as a normal heat
exchanger with variable ~~tt, length. A simplified block diagram 
is given in figure 9. The static transfer coefficients E ••• are 
easily derived from the basic equation for which was taken the 
definition equation of Eosnjakovic's heat exchanger characteristicsa 

,$ _ j.f! _ kiF A. 
(2) J.i _ J, = 1 - e w "' lf 

II'W c; 

(k • over all heat trans~iusion coefficient (kW/(m2•grdll 
F ... heat transmission area f m2J 
W ... c•m, herec c • heat capacity of freon 11(kWh/(kg•grdll) 

If the law of heat transfer is known the coupling factors C ••• 
may likewise be derived theoretically. In other cases they must be 
measured, which can be done in a short time. 
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The limited ramp function at the right side of the picture is w~l 
known from the theory of sampled data and relais systems. With.:;;rH 
as input, this is only approximately valid. The proper time re- w 
sponses, validity of basic assumptions given, are shown in figure 10. 

Evaporator. - The easiest way to derive the basic equations of the 
evaporator is-among the three above mentioned assumptions: 

~qj31=0; x==:i; 'lJpjdl•O 

This has been done by Profos and others and is known in literature. 
According to the number of output- and at least the four input-qua
lities there exist quite a few time responses and cocresponding si
milarized transfer functions. 
in order to interpret the experimental results of which six examples 
have been given, again quite a few time responses were derived includ
ing pressure as input quantity and substituting LfVA - sometimes 
used as auxiliary input quantity- by Lfm*, equation (1). 
in figure 11 the simplified block diagram is shown. It might be 
easily completed by the diagram of the superheater. 
The formulas for evaluating the static transfer coefficients D ••• 
and E ••• in fig. 11 have been derived from the basic equations of 
the time responses. - The occurrence of a time function similar to 
that of the economizer at the right side of the diagrams on fig.11 
is quite essential. Its shape differs according to pressure. 
This shape function gives occasion to the appearance of the at
tenuation frequences in the Bode plot which have been shown quite 
often and clearly in literature even in the experimental treatment 
of one phase heat exchangers. 
The transformation of the represented time responses VE~t) in figures 
5 and 7 would show quite similar effects. 
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figure 1 - diagram or the model plant 

1 - heat exchanger 

2 - condenser, cooler 1 

3 - compensation and store tank 

4, 5 - cooler 2, 3 
6 - ventilation cock 

7 - drain cock 

a - supply for vacuum pump 

9 - bypass 

10 - thermostats wagon 
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m - mass flow 

~ - temperature 

p - pressure 

Kw - cooling water 

indices 

a - outlet 

e - inlet 

Hw - heating water 
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figure 2 - evaporator in action, steady state 

flow from right to left 
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ABSTRACT 

An experimental and analytical study has been made of 
oscillations occurring near the onset of boiling in forced 
convection flow of Freon-11. It has been found experimental
ly that a finite negative slope in the heater pressure drop 
characteristic is required to initiate the oscillations. A 
linearized analysis has been developed which successfully 
predicts the flow rate at which instability occurs. The 
major features of the limit cycles have been reproduced by 
an analog simulation. It appears that the thermal inertia 
of the heater can have a significant effect on the limit 
cycles. 
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INTRODUCTION 

When a liquid is boiled while flowing through a tube 
with constant heat input, the pressure drop across the tube 
may be measured as a function of flow rate. In general, it 
is found that the pressure drop behaves as shown in Fig. 1. 
Depending on the inlet geometry, the amount of subcooling, 
the power input and the system pressure level, curves of 
either type A or type B may be obtained. curves of type A 
have two regions with positive and negative curvature, with 
a point of inflexion between them, while curves of type B 
show a maximum and a minimum with a point of inflexion 
between them. At flow rates less than that corresponding to 
the maximum on curve B or the point of inflexion on curve A, 
flow oscillations are frequently observed, with a time period 
of the order of the residence time of a particle in the 
heater. These have been termed "density-wave" oscillations 
and have been discussed in a previous paper [1]*. These 
oscillations represent the principal obstacle which must be 
overcome in stabilizing a forced convection system with 
boiling when the exit vapor quality is greater than about 20% 
by mass. 

In addition, with a pressure drop curve of type B, the 
system may be unstable for flows between the maximum and 
minimum pressure drop, depending on the characteristics of 
the remaining components of the system. If the pressure drop 
across the tube is maintained constant by the supply system, 
independent of flow rate, then it is found that any attempt 
to operate on the negative slope portion of the curve will 
result in a flow excursion to one of the positive slope 
regions. This type of,instability was first discussed by 
Ledinegg [2]. An excursion to lower flow frequently results 
in excessive tube wall temperatures. If the supply pressure 
is a function of flow rate, as in the case of a pump-fed 
system, then the system may or may not be stable, depending 
on the rate of change of inlet pressure with flow (assuming 
the exit pressure remains constant). 

If the pump has a value ~~P which is negative, and 
numerically larger than the pressure drop slope of the 
heater in the negative region, then the system can be 
stabilized against flow excursions. Alternatively, an inlet 
flow restriction may be used to transform a heater pressure 
drop characteristic of type B to a characteristic of type A, 
and thus avoid this instability. 

* The numbers in square brackets refer to references at the 
end of the paper 
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In addition to simple flow excursions, the system may 
exhibit flow oscillations when an attempt is made to operate 
on the negative slope region of the pressure drop curve. 
These oscillations appear to be associated with the presence 
of a volume of compressible vapor in the heater or ahead of 
it [3]. If the system has a surge tank or gas pressurizer 
ahead of the heater, it is particularly susceptible to these 
oscillations, even if the supply system has a pressure 
versus flow characteristic which ensures stability against 
flow excursions. 

The investigation described in this paper was undertaken 
to study oscillations associated with operation on the negative 
slope region of the heater pressure drop curve. To distinguish 
them from the "density-wave" oscillations which occur at 
higher quality they have been called "pressure-drop" 
oscillations. 

EXPERIMENTAL APPARATUS 

The test fluid used was Freon-11, because of its relatively 
low saturation temperature and the low tube wall temperatures 
required for boiling heat transfer. 

The apparatus is shown schematically in Fig. 2. The 
test section consists of a surge tank, an inlet valve, a heater 
and an exit valve. All the tubing in the system, including 
the heater, was made of nichrome with 0.1475 inch inside 
diameter and 3/16 inch outside diameter. The heater tube, 
37 1/2 inches long was itself used as the electrical resistance 
for providing heat input. D. c. voltage was applied at the 
ends of the heater tube, and power input up to 5 k.w. could 
be obtained with a maximum current of 200 ampres. To reduce 
the heat losses to a minimum, a vacuum jacket containing a 
radiation guard was built around the heater, and connected to 
a vacuum pump to evacuate air and other gases. The surge tank 
was made of stainless steel {4 inches diameter x 9 inches 
height) with a glass level indicator, and was provided with 
a bicycle type check valve for pumping in air as needed. 
A 1/8 inch thick and 3 7/8 inch diameter lucite disc was used 
as a float on the free Freon-11 surface in the surge tank. 
Two flow-through copper - constantan thermocouples were in
serted into the system before and after the heater to measure 
the temperatures of Freon-11. Five copper-constantan thermo
couples were fixed to the outer wall surface of the heater to 
measure heater wall temperatures. They were electrically 
insulated from the heater by means of 0.0015 inch thick mica 
flakes. Three bourdon type Heise pressure gages and two 
strain gage type pressure transducers were installed in the 
test section to measure the pressures at various stations 
across the system, and sense the pressure oscillations. A 



differential pressure transducer, Sanborn Model 270, was 
installed at the upstream side of the heater to record the 
instantaneous flow rates and sense the flow oscillations. 
The outputs from the pressure and differential pressure 
transducers were recorded on a Sanborn chart recorder. 

The experimental set-up included a Freon-11 container 
at the upstream side of the test section, and a Freon-11 
recovery system at the downstream side. The Freon-11 
container had a volume of 4 cubic feet and was made of stain
less steel to withstand pressures up to 150 p.s.i.g. The 
Freon inlet temperature was controlled by a 2 k.w. immersion 
heater with a thermostat installed in the Freon-11 container. 
During the experiments Freon-11 in the container was 
pressurized by high pressure nitrogen, using a constant 
pressure regulating valve to maintain flow into the test 
section, via a filter, a micrometer control valve, and a 
rotameter. A mixture of saturated Freon-11 vapor and liquid 
leaving the test section was led into the recovery system. 
In this system Freon-11 was condensed in a helical aluminum 
tube cooled by refrigerated brine at 32°F. 

During the early experiments, considerable difficulty 
was encountered in attempting to repeat results on different 
occasions. Even with the exit valve in a fixed position, and 
apparent repeatability in liquid inlet temperature, sub
stantial variations in the heater pressure drop characteristics 
occurred. After investigating the reasops for this behavior, 
it was found that a change of one degree in the inlet 
temperature would have a noticeable effect on the steady and 
dynamic characteristics of the system. In consequence, for 
the experiments reported below, a stainless steel coil was 
installed in the liquid Freon line just before the surge 
tank. The Freon-11 flowed through this coil, which was cooled 
by essentially constant temperature city water at 78.4 ± 0.5 F. 
In addition, the exit valve was removed and replaced by 
0.059 inch diameter sharp-edged orifice which produced overall 
pressure drop characteristics favorable for the occurrence of 
"pressure-drop" oscillations. With this arrangement, 
excellent repeatability of data was obtained. 

EXPERIMENTS 

Since the pressure drop characteristics of the heater have 
a major effect on the occurrence and amplitude of 11 pressure
drop" oscillations, it was essential to obtain the steady-state 
pressure drop from the surge tank to the system exit with valve 
2 (see Fig. 2) fully open as a function of flow rate and 
heater power input. Because the system was unstable over part 
of the flow range with valve 2 fully open, it was necessary 
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to stabilize the system by partially closing valve 2, then 
to measure the pressure drop downstream of valve 2 as a 
function of flow rate and heat input, and finally to add 
the pressure drop contributions of valve 2 when fully open 
and the short section of tubing between the valve and the 
surge tank. Fig. 3 shows the results of the steady state 
pressure drop measurements, plotted as pressure drop down
stream of valve 2 versus flow rate for different heat in
puts. It can be seen that the right-hand portion of each 
curve approaches an envelope which is, in fact, the pressure 
drop with liquid flowing throughout and zero heat input. 
There is an intermediate region on each curve with negative 
slope, and a left-hand portion with positive slope. The 
dotted line at the bottom of the figure represents the 
additional pressure drop which must be added to the values 
shown in the curves to obtain the total pressure drop from 
the surge tank to the system exit. 

In addition, steady state heat transfer data was taken, 
yielding the curves for average heat transfer coefficient over 
the tube shown in Fig. 4. These curves show a very rapid 
increase of heat transfer coefficient with mass flow rate at 
flows above 2 lbs. per minute, but the possible error in 
heat transfer coefficient is estimated as ± 35% at the higher 
flows due to thermocouple errors of ± l°F. 

After the steady state curves were obtained, valve 2 was 
opened fully and a set of tests were carried out at constant 
power input, reducing the flow using valve 1 until oscillations 
were encountered, and then taking recordings of the limit 
cycles which occurred as the flow was reduced further. 
Callahan has reported the complete results of these tests [4]. 
The discussion given here will be limited to the results of 
the test at 1170 BTU/hr. heater power input. 

Oscillations were first encountered at a mean flow rate 
of 2.35 lbs. per minute, and the limit cycle at this flow 
rate is shown on the pressure drop-flow rate plane as curve 
A in Fig. 5. As the mean flow rate was reduced further, the 
amplitude of the flow and pressure oscillations increased as 
shown by the curves B, C, and D. All the limit cycles travel 
in the clockwise direction. From the superimposed steady flow 
pressure drop curve at 1170 BTU/hr., it can be seen that for 
curve D the minimum flow rate during the oscillation is 
slightly larger than that corresponding to the peak of the 
pressure drop curve. A further reduction in mean flow rate 
produced the limit cycle E, which moved to the left of the 
peak, and went through several "density-wave" oscillations 
before recovering and completing the cycle. The pressure and 
flow oscillations are shown separately in Figure 6 for each 
limit cycle. 
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In Figure 7, the limit cycle of curve D is depicted, 
with the time taken to reach each point in the cycle from 
an arbitrary zero recorded on the curve. The period of the 
cycle was 63 seconds. Considering the cycle as a roughly four 
sided figure, it can be seen that the time taken to move 
along each side was approximately the same (about 15 seconds) . 
The slowest portion of the cycle occurred between 50 and 60 
seconds, when the flow rate changed so slowly that the heat 
input into the fluid was equal to the electrical power input. 
This was the only portion of the cycle for which the system 
followed the steady state pressure drop curve at 1170 BTU/hr. 

To summarize, "pressure-drop" oscillations in Freon-11 
were characterised by limit cycles which commenced at a flow 
rate to the left of the minimum on the pressure drop curve. 
The amplitude of the oscillations increased as the mean flow 
rate was reduced, and if the transient flow fell below that 
corresponding to the peak of the pressure drop curve, "density
wave" oscillations occurred during that part of the cycle for 
which the flow was low enough to produce exit vapor qualities 
in excess of about 20% by mass. "Pressure-drop" oscillations 
were observed only when the mean flow lay between the maximum 
and the minimum on the test section pressure drop curve. 

ANALYSIS 

Since the period of "pressure-drop" oscillations is very 
much longer than the residence time of a fluid particle in 
the heater, it seems reasonable to assume that.quasi-steady. 
flow conditions prevail in the heater, and that each point in 
the oscillation corresponds to a steady operating point on the 
set of pressure drop curves shown in Fig. 3. 

Furthermore, one is tempted to assume that changes in 
heat transfer coefficient and temperature can be neglected, 
so that the power input into the fluid remains constant. 
Analyses using both these assumptions have been carried out 
and show that the system should become unstable as soon as the 
slope of the pressure drop versus flow curve attains a very 
small negative value [3,5]. For mean flow rates only slightly 
smaller than that at which instability starts, large limit 
cycles should occur as shown in Fig. 8, with rapid jumps from 
B to c and D to A. 

With Freon-11 the system has been found to be much more 
stable than this analysis would predict. A small but finite 
negative slope can be sustained without instability, the 
amplitude of the cycles builds up very gradually as the mean 
flow is reduced, and no rapid transitions from one branch of 
the pressure drop curve to another are observed. Evidently, 
something is lacking in the first analysis, and a clue to the 
nature of the omission is derived from the plots of the 
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Freon-11 limit cycles on the pressure-flow diagram (Fig.S). 
Since rounded loops are observed, it seems likely that the 
heat input into the fluid is varying, partly due to the effect 
of flow rate on heat transfer coefficient, and partly due to 
changes in wall temperature and fluid temperature. 

An analysis which includes these effects has been 
developed, and is presented below: 

System Equations 

Let us consider the one-dimensional unsteady flow 
equations for the system shown schematically in Fig. 9. It 
is assumed that, during the pressure-drop oscillations, the 
flow changes so slowly that quasi-steady flow conditions 
prevail in the evaporator, i.e., the mass flow rate into the 
heater is always equal to the mass flow rate out. The 
dynamic equations governing the system are, 

pl p2 Kl Q2 + 
Ll . dQl 

• . • . • . • • • . . . . • . . . • • • ( 1) - = P .t A 1 1 dt 

p2 p3 (P2 P3)s + 
L2 . dQ2 

• • • • . . • • • • • • • • ( 2) - = - P .t A 
2 

dt 

P
1

- P
3 

=constant ...•..•...•.•.........•••.•••. (3) 

where o1 is the volume flow rate into the surge tank, o2 is the volume flow rate out of the surge tank, and (P - P3 )s 
is the steady flow pressure-drop across the system an~ is 
a function of o2 and the heat input into the fluid as shown 
in Fig. 3. The terms in dQ1/dt and dQ2/dt represent the 
pressure-drops required to accelerate fhe flow. L is the 
tube length, A is the cross sectional area, and P.t is the 
liquid density. 

For the surge tank, the continuity equation may be 
written as, 

dv.t 
Ql-Q2-Qev=dt ...•...•••••••.•........••••• (4) 

where Q is the rate of loss of liquid volume due to 
evaporaEton, and V.(, is the volume of liquid in the surge tank. 
Since the sum of V.t and Vg remains constant, 

dV 
- ___g: 

dt 
• • • • • • • • • • • • • . . • .. • • • • • • • • • • . • • • • . • • • • ( 5) 
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where Vg is the volume of gas in the surge tank, and 

p dV 

Q ev = p: F · · · · · · · • · · · · · · · · • • · · · · · • · · · · · · · · · · • • · ( 6) 

where pv is the density of saturated vapor. Hence, 

p dV 
0 1 - 0 2 = - (l - p; > F · · · · · · · · · · · · · · · · · · · · · · · · · · c7 > 

Also, since the gas in the surge tank is a mixture of air 
and saturated vapor, 

P 2 = P 2 a + P 2v · · • • · • · · · • • • · • · • • · • · • • · · · · · · · · · · · · • ( 8 ) 

where P2a is the partial pressure of the air and P 2v is the 
partial pressure of the vapor. P2v is constant if the liquid 
temperature in the tank is constant and thermal equilibrium 
prevails. Also 

P2 V = P2 V = constant ..•••......•..••....•. (9) a g ao go 

Where the subscript "o" refers to steady-state. 
Solving equa~ion (9) for Vg and then differentiating with 
respect to t1me, 

dV 
__g_ = 
dt 

dp2a 
~ ........................... (10) 

To this point the analysis is the same as that given in 
[5] except that (P2- P3)s is now a function of power into 

the fluid as well as Q2 and the assumption that power into 
the fluid is constant is not used. 

have, 
With the inclusion of changing heat input into fluid, we 

dT 
w 

M em dt = Ho - H ••••••.••••••••••••••••.•••••••• (11} 

where, M is the mass of the heater element, cm is the specific 
heat of the heater metal, Tw is the heater wall temperature, 
H0 is the power input to the heater, and H is the power input 
to the fluid. H is given by, 
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• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • ( 12) 

where A is the heater surface area, Tf is the saturation 
temperature of the Freon-11 in the heater and h is the heat 
transfer coefficient. The assumption is made that h is 
linearly dependent on Q

2 
as follows, 

h = h 
0 

Q 
[b + (1 - b) Q 

2 J 
2o 

. . . . . . . . . . . . . . . . . . . . . . . . . ( 13) 

where h 0 is the steady state heat transfer coefficient, 
Q20 is the steady state flow, and b is the fraction of heat 
transfer independent of the flow rate (pool boiling heat 
transfer) • Mean values of h 0 and b must be obtained from the 
steady state heat transfer measurements. 

Linearized Analysis 

Using small perturbation analysis it is possible to 
linearize the differential equations describing the dynamics 
of the system. Upon finding the characteristic equation of 
the system from the linearized equations, the onset and 
frequency of the pressure-drop oscillations can be predicted. 
The order of the characteristic equation can be reduced by 
neglecting the inertia terms dQ/dt in equations (1) and (2). 
This assumption can be made because when these terms are 
included their effect is found to be negligible for the 
system tested. Physically, since the period of pressure-drop 
oscillations is large for this system, the inertia effects 
of flow rate changes can be neglected. Equation (1) then 
becomes, 

................................. ( 14) 

We now introduce the perturbed values, 

pl = Plo 

} p2 = P2o + 6P2 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . ( 15) 

Ql = 01o + 6Ql 

where the subscript "o" indicates a steady-state value and 
the delta term is a small perturbation away from the steady
state. Substituting the perturbed values into equation (14), 
neglecting second order terms, and using P1 -P

2 
= K1Qf , 

one obtains, · 0 0 o 

-6P2 = 2K1Q106Ql ....••••••....•••.•..•..••••••.. (16) 
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The terms 6P2 and 601 can be made dimensionless by dividing 
by their steady state values. Hence, 

where, 

-6P 1 = 2 2e 60{ ....................... ~ ........... (!?) 

' e = 

Performing similar operations to that described above 
on equations (2), (7), (10), (11) and (12) yields the 
following equations, 

d 6P;2 
;:.0 I - ;:.0 I - ..-
V 1 V 2 - •1 dt . . . • . . . . • . . • • . . . • • . . • • . . . • . ( 18) 

6P 1 

2 
= m1 60;2 + m2 6H 1 

•••••••••••••••••••••••••••• (19) 

6H' = 6T~- n 1 6P.2 + n 2 60.2 •...•..••.......•.... (20) 

d 6T 1 

w 
dt = - 6H' •••.••••••••••••••••••••••••••••• ( 21) 

where all perturbation terms have been made dimensionless with 
respect to their steady state values, except Tw which has been 
made di~ensionless with.respect to Two- Tfo' and the para
meters ~ntroduced are g~ven by, 

Pv v p 

Tl = (1 - -) _.9.Q. _1£ 
pt Oo P2ao 

M c m (T - Tfo) '{2 =-H wo 
0 

Oo (a (P2 - P3)) 
ml =-

P2o ao2 
0 
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(~~21 
0 

Combining equations (17) and (18), 

6 P 2 ( 2! + 't l 0) + 6Q l = 0 . • • • • . • • • • • • • • . • • • • • • ( 2 2) 

where 0 is the differential operator with respect to time, 

d 
dt" 

From equations (19) and (20), 

6P2 (1 + m2n1 ) + 6Q2(-m1 - m2n 2) + 6T~(-m2 )=0 •••• (23) 

From equations (20) and (21) , 

6P:,2 (-n1) + 6Q2 (n2) + 6T~ (1 + 't 2o) = 0 ••••••••• (24) 

The characteristic equation of the system is the 
determinant of the coefficients of equations (22), (23) and 
(24) and can be shown to be, 

A o2 
+ B 0 + C = 0 •••••••••••••••••••••••••••••• (25) 

where 

A = 'tl 't2 (ml + m2 n2) 

B (1 + m2 n1 
ml m2n2 

= 'tl ml + 't2 +- +-) 2e 2e 

and c 
ml 

+ 1 = 2e 



The stability criterion of a second order system is 
that all coefficients of the characteristic equation be 
positive. It can be shown by rearrangement of the co
efficients that the conditions for stability of this system 
are: 

From A, 

12 

ml > - m2 n 2 ••••• • ••••• • ••••••••.•••••••• • ••••• • ( 2 6) 

From B, 

From c, 

ml > - "' 
('t 1 + _1.) 2e 

•••••••••••• ( 2 7) 

m1 > - 2e ••••••••••••••••••••••••••••••••••••••• ( 28) 

Physically interpreted, m1 is the normalized slope of the 
pressure drop versus mass flow rate curve. When the co
efficient B (the damping coefficient term) goes to zero the 
frequency of the oscillations can be calculated as, 

ml 

2 - c = 2e + 
1 

w - A ( ) ••••••••••••••••••••••• (29) 
"'1"'2 ml + m2 n2 

An examination of the usefulness and accuracy of 
equations (26) to (29) for predicting the onset and frequency 
of pressure-drop oscillations was made for a power level of 
1170 BTU/hr. This was done by taking several points on the 
steady-state curve shown in Fig. 5 and investigating the 
stability of the system at these points. Several system 
parameters defined for equations (17) and (21) were needed 
for this to be done and were obtained from the experimental 
data and thermodynamic property charts. Two quantities not 
obtainable from the tabulated data or the experimental curves 
are the volume of gas in the surge tank (Vg0 ) and the product 
of the heater mass times the specific heat of the heater 3 material. The value for Vqo used in the calculations was 53 in. 
(which was the average valne measured during the experiments) 
and the product M cm was experimentally obtained and found to 
have a value of approximately 0.09 BTU/°F. The parameters 
obtained for several flow rates along the above mentioned 
power curve and the results after substituting them in equations 
(26) to (29) are tabulated in Table I. A point corresponding 
to a flow rate of 2.53 lbs/min. was first investigated and 
found to be stable. This was to be expected since the point 
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is on the upper positive slope portion of the heater pressure 
drop curve*. Stability of the system was investigated for a 
second and a third point, both on the negative slope portion 
of the steady-state curve. The first of these points 
(2.4 lbs./min. flow rate) was found to be stable and the 
second (2.3 lbs./min.) unstable. The stability of a fourth 
point (2.35 lbs./min.) was investigated and found to be necir 
the onset of pressure-drop oscillations. In the four cases 
described, conditions (26) and (28) were always satisfied, 
meaning that the coefficients A and C of equation (25) were 
positive. The unstable conditions were indicated when 
condition (27) was not satisfied, making the coefficient B of 
the characteristic equation negative. If either A or Chad 
gone negative the system would have been described as static
ally unstable and would not have given rise to an oscillatory 
type of instability. With just the damping coefficient term 
(B) going negative, one can expect the system to oscillate 
about a steady-state value as was experimentally observed. 

The frequency of the oscillations at onset was calculated 
using equation (29) and found to be approximately one third 
of the experimentally observed frequency. There is no apparent 
reason for this, especially since the onset of oscillation is 
closely predicted by the analysis. However, the pressure 
drop slope m1is changing very rapidly in the vicinity of the 
point where instability occurs, so that large errors in 
estimating the other parameters could be made without much 
change in the predicted flow rate at the stability boundary. 
These errors would, however, have a substantial effect on the 
predicted period. 

Non-Linear Analysis 

To obtain limit cycles, it is necessary to solve 
equations (1) to (13) with time as the independent variable, 
and without introducing linearising assumptions for the 
behavior of the pressure drop as a function of flow rate and 
heat input to the fluid. This has been done, using an 
EAI· TR-10 and TR-20 analogue computer slaved together to give 
the desired number of amplifiers. The Freon-11 pressure drop 
characteristics were represented using non-linear analog 
components, and over the flow range 1.0 to 3.5 lbs. per 
minute, and the power range 1050 to 1300 BTU per hour the 
Freon-11 experimental values were reproduced within ± 5%. The 
analog pressure drop characteristics are shown in Fig. 10. It 
was not possible to reproduce the positive slope region of the 
pressure drop curve which occurs at low flow rates, but sino~? 

* Remember to include the pressure drop from the surge tank 
to the inlet pressure transducer shown in Fig. 3. 



many of the limit cycles are confined to the flow range 1.0 
to 3.0 lbs. per minute, this was not considered to be a 
serious disadvantage. The saturation temperature Tf was 
represented by the expression Tf = 115 + 1.69 P2 • 

The procedure followed was the same as that used in 
the experiments, that is to say the system was operated 
at a constant power input, and first stabilized at a flow 
rate to the right of the "valley" in the pressure drop curve. 
The value of K1 was then increased slowly, to reduce the mean 
flow rate, and the dynamic behavior of the system was observed. 
When limit cycles occured they were plotted on the pressure 
drop versus flow rate plane using an X-Y plotter. 

It was found that the system dynamics were extremely 
sensitive to the values of b and h

0 
used, and good reproduct

ion of the experimental limit cycles was only obtained within 
a narrow range of values. Fig. 11 shows three Freon-11 limit 
cycles at a power level of 1170 BTU/hr. These may be compared 
with the experimental limit cycles plotted in Fig. 5, and it 
can be seen that the behavior is very similar. The values used 
for the system parameters were, 

b = 0.1 

Mcm = 0.07 BTU/°F 

h = 32.8 BTU/hr/in2/°F 
0 . 

v = 53 in3 
go 

The value of h
0 

agrees well with the value observed 
experimentally for onset of oscillatipns at m = 2.5 lbs/min 
and H = 1170 BTU/hr as does the low value of b if h

0 
and b 

are calculated from Fig.4. 

The·periods of the oscillations were longer than those 
experimentally observed, ranging from 100% greater at onset, 
to 40% longer at lower flow rates. Apart from the shape of 
the pressure drop curve, three variables have an effect on 
the period. These are V , Me , and h

0
• It can be seen 

from the linearized anal~gis tWat the period is proportional 
to the square root of their product, so that the experimental 
periods could be reproduced by reducing all of these variables 
by about 25% from the values listed above. Since considerable 
uncertainties existed in the determination of these quantities 
experimentally, such a variation is within the bounds of 
possibility. In addition, the analog pressure drop curves 
were much flatter near the minimum than the corresponding 
experimental curves, and it was observed that the computed 
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variables changed very slowly in this portion of the cycle. 
In consequence, the shape errors may also bear some 
responsibility for the longer computed period. 

As Mcm was made smaller, the amplitude of the limit cycles 
increased, approaching the values given by the simpler 
analysis which assumed constant heat input. 

The system was found to be stable for flows corresponding 
to the right hand region of positive slope on the pressure 
drop curves, in agreement with the experiments. 

CONCLUSIONS 

An analytical method has been developed for predicting 
the onset of boiling flow oscillations associated with negative 
slope of the heater pressure drop characteristic. The 
method 'gives good agreement with the observed flow at which 
instability commenced in Freon-11, and also reproduces the 
major features of the limit cycles. It appears that the 
thermal inertia of the heater tube can have a significant 
effect on stability. 
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NOMENCLATURE 

Symbols 

A Area; coefficient in characteristic equation 
b Fraction of heat transfer independent of flow 
B Coefficient in characteristic equation 
em Specific heat of heater metal 
C Coefficient in characteristic equation 
D Differential operator 
e Pressure ratio 
h Heat transfer coefficient 
H Heat input rate 
K Pressure drop proportionality factor 
L Tubing length 
m Normalized pressure change parameter 
m Mass flow rate 
M Mass 
n Normalized temperature change parameter; normalized 

heat transfer change parameter 
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P Pressure 
Q Volume flow rate 
t Time 
T Temperature 
V Volume 
p Density 
t Time constant; period of oscillation 
w Radian frequency 

Subscripts 

a Air 
ev Liquid evaporated 
f Saturation 
g Gas; vapor 
1 liquid 
o Equilibrium state 
s Steady flow 
v Saturated vapor 
w Wall 
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m 
lbs/min e 

2.53 1.720 
2. 40 1. 710 
2.30 1.700 
2.35 1.705 

TABLE I 

PARAMETERS USED FOR LINEARIZED STABILITY ANALYSIS 

FOR HEATER POWER INPUT OF 1170 BTU/HR. 

'tl 'tl 
Predicted 

w 
min. min. ml m2 nl n2 Behavior rad/min 

2.17 0.0106 0.0544 0.700 27.7 4.78 Stable 
2.14 0.0130 -0.0886 0.760 22.4 4.80 Stable 
2.10 0.0148 -0.1580 0.916 19.0 3.14 Unstable 
2.12 0.01385 -0.1480 0.800 21.1 4.70 Near Onset 3.04 

Predicted 
Period 
min. 

2.10 
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ABSTRACT 

Under certain thermodynamic and hydrodynamic conditions, high 
flux densities are liable to result in mass flow and pressure 
oscillations of the cooling medium. In conjunction with 
measurements of the critical heat flux in boiling, such flow 
oscillations were observed and their characteristics and 
effects on burnout studied in forced-convection channels. Under 
conditions of high system pressures, these phenomena invariably 
result in burnout of the heating surface. 

Oscillograms obtained with high-sensitivity, fast-response 
probes to record the variations with time of the heating surface 
temperature as well as of mass flow and pressure of the cooling 
medium, in most cases have shown momentary complete stagnation 
or even reversal of mass flow to occur after a few oscillation 
periods, resulting in short-time drying out of the channel. 
Measurements of the two-phase pressure drop were used to apply 
the Ledinegg criterion for flow stability. It was found that 
various effects not accounted for in this criterion, such as 
lacking thermodynamic equilibrium and compressible volumes 
upstream of the channel, tend to have a substanti.al influence. 
Furthermore, the stabilising effect of flow restrictions at the 
inlets to the test channel was explored. The frequency of the 
pressure and mass flow oscillations obtaining is dependent on 
the thermodynamic state of the cooling medium as well as on the 
geometry of the cooling channel and directly adjacent pipework . 
and equipment. In the present case, frequencies were attained 
of 0.5 to 2 c/s. Burnout caused by these oscillations occurred 
with heat flux levels 20 to 50 % lower than those under hydro
dynamically stable conditions. 
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1. INTRODUCTION 

Heat transfer in boiling generally permits ve~y high flux 
densities at a moderate temperature difference between the 
heating surface and the cooling medium as long as no film 
boiling occurs. But adequate cooling of highly rated 
heating surfaces is also subject to stable flow conditions 
and a sufficiently high velocity in the flow channel 
surrounded by the heating surface is necessary in order to 
ensure reliable transport to a heat sink of the heat ab
sorbed by the cooling medium. Particularly good heat 
transfer conditions are obtained under conditions of sub
cooled boiling and boiling with low steam quality. But in 
this range the flow stability is endangered most of all 
and, as shown by Lowdermilk [1] and Aladiev [2] as one of 
the first, sudden pulsations in mass flow and pressure are 
liable to cause burnout of the heating surface. This burn
out, as a result of flow pulsations or instabilities, has 
also been observed and systematically studied in extensive 
measurements of critical flux in boiling which were carried 
out by M.A.N. [3,4] under a Euratom research contract. 

Measurements primarily made in the range between 70 and 
140 kgf/cm2 on inside-cooled tubes indicate the difference in 
the maximum heat flux between the burnout caused by flow 
pulsations and the burnout under hydrodynamic stable condi
tions, the influence of different hydrodynamic and thermo
dynamic parameters on pulsating burnout and the measures by 
which this can be avoided. The term "burnout" in this paper 
should be interpreted strictly according to the sense of the 
word, namely, as the burning through or melting of the heated 
wall as a result of an excessive temperature rise; not being 
absolutely synonymous with film boiling or boiling crisis. 

In continuation of this work a number of simple experiments 
were made in order to obtain some closer information on the 
characteristics of instabilities in two-phase flow. For the 
sake of straightforward test conditions these measurements 
were initially made at ambient pressure so that some of the 
results are not readily representative for high pressures. 
Nevertheless, they do provide a series of stepping stones 
for a better understanding of the phenomenon. 

The first part of this paper deals with investigations of a 
more qualitative nature made at ambient pressure, and is 
followed by some details on the problem of pulsatin~ burnout 
at high pressures. For instable flow conditions [5J there 
are generally three reasons, viz: 
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1} the hydrodynamic and thermodynamic parameters permit more 
than one flow condition. 

2} disturbing effects must be present which vary the 
previous state of flow equilibrium. 

3} energy must be imparted to the system from outside. 

It would therefore appear desirable first of all to look 
into the problem of the disturbing effects and the flow 
equilibrium. 

2. DISTURBING EFFECTS AS A RESULT OF GROWTH AND CONDENSATION 
OF STEAM BUBBLES 

Bowring [6] has recently dealt comprehensively with the sub
ject of steam quality with boiling in sub-cooled water under 
conditions of force convection. Local steam quality values 
calculated according to Bowring agree well with measurements 
as long as plain channels without flow-disturbing internals 
such as spacers and support grids are used and as long as 
the heat flux is small enough compared to the critical heat 
flux in burnout. 

In hydrodynamic and thermodynamic measurements in high heat 
flux boiling water channels which, as mentioned earlier, 
were carried out in the low pressure range, we occasionally 
noticed that flow instabilities were preceded by intensive 
pressure fluctuations of high frequency. It was found - as 
shown in Fig. 1 where the measurements are plotted for an 
internal-flow tube at ambient pressure and high degrees of 
sub-cooling - that the frequency of these pressure fluctu
ations increases linearly with increasing flux density. The 
high-frequency pressure fluctuations are·superimposed by a 
second pulsation of much lower frequency in the form of a 
beat. The pressure peaks attain values of + 0.5 kgf/cm2 and 
are of the same order as the mean pressure drop in the channel. 

One could assume that these pressure fluctuations are 
attributable to the boiling process in the channel. 
Bowring's model uses such a large number of steam bubbles 
that the forces resulting from the growth and condensation 
of the bubbles practically balance each other at every 
moment and cannot therefore be the reason for the pressure 
fluctuations. Film shots with a high-speed camera of a rod 
bundle simulating a reactor fuel element, also made at 
ambient pressure, reveal that in the mass of small and 
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medium-size steam bubbles there was a sudden occurrence of 
very large bubbles which as a result of their fast rate of 
growth and condensation imparted quite appreciable dis
placement forces to the liquid besides appreciably in
fluencing the flow resistance. These large bubbles, as 
shown by the films taken with the high-speed camera, are 
not formed bx the combination of several small bubbles 
but are rather due to the explosive evaporation of a hot 
part of a liquid which was obviously overheated at a higher 
rate than the other liquid boundary layer on the heating 
surface, in other words, the large bubbles are attributable 
to a delay in boiling in the individual zones of the heated 
channel. They mostly occur in the downstream and upstream 
zone of spacers or other structural elements inserted for 
reasons of reinforcement, as well as in the heating surface 
zones of low flow velocities. The long boiling delay and 
the associated spontaneous formation of steam bubbles was 
initially witnessed only under conditions of boiling at low 
pressure. Further measurements will shortly be carried out 
with a view to clarifying the extent to which these phenom
ena also occur at high steam pressures where the degree of 
superheating of the boundary layer ~nd the density difference 
between the water and the steam indicate lesser values. 

Fig. 2 shows the consecutive phases of the life of such a 
spontaneous explosively formed bubble as revealed by the 
films taken with the high-speed camera. The individual 
phases are 0.02 seconds apart. Initially the bubble moves 
upwards along the heating rod on which it formed and then 
spreads rapidly to the adjacent rods at 2.2 times the speed 
of the water which flows upwards at 0.5 m/sec. The conden
sation process following the bubble growth is not shown in 
this picture. 

More pronounced is the formation of these large bubbles in 
horizontal-flow rod bundles as shown in Fig. 3 for a water 
velocity of 0.5 m/sec and for 45°C sub-cooling beneath the 
saturation temperature. In order to obtain a clearer 
picture only one rod was heated. In the horizontal rod 
bundle the large bubbles invariably formed on the rod under
side. On leaving the heated rod the bubbles rise along an 
inclined path due to the low velocity and the horizontal 
layout of the bundle. 

Fig. 4 again shows in the form of a graph the growth and 
condensation of the steam bubbles. The larger of the two 
bubbles ends up with a diameter of 20 mm, their life being 
of the order of 1.5 to 2 tenths of a second. This is very 
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remarkable because the surrounding liquid is considerably 
sub-cooled. In the present example the flux density is 
90 W/cm2. The figure readily shows that the bubble has a 
maximum growth rate of about 30 em/sec in diameter Qorre
sponding to an increase in volume of roughly 500 cm~/sec. 
The following condensation velocities are higher still. A 
reduction of the bubble of up to 40 em/sec in diameter was 
measured, corresponding to a reduction in volume of roughly 
1 1/sec. It will therefore be appreciated that the forces 
arising during the formation of these bubbles - whether in 
the form of displacement or a change in the flow resistance -
considerably affect and disturb the flow besides causing a 
strong mixing effect between the i.ndividual rods of the bundle. 
As these large bubbles are not formed at such short intervals 
that their effect is overlapped or balanced, they may be a 
cause for disturbances in flow stability and may result in 
pulsations of pressure and mass flow in the cooling channel. 

3. PRESSURE LOSS AND STABILITY OF FLOW 

Extensive experimental and theoretical work has been carried 
out with a view to determining the characteristics of pressure 
loss in two-phase flow. Taking a heated channel of constant 
flux density receiving water at a given degree of sub-cooling, 
the heat transferred to the water will be insufficient to 
produce steam when the mass flow is large. The resistance 
characteristic in this range therefore generally follm1s the 
parabolic characteristic of the single-phase liquid flow. 
If the mass flow is reduced without changing the flux den
sity, the steam generation will increase and the resulting 
two-phase flow will again lead to an increase of the pressure 
drop in the channel in spite of the decreasing mass through
put. Finally, at very low mass flows, practically all the 
water will be evaporated and a steam flow will dominate. The 
resistance characteristic approaches the parabola for the 
friction losses at 100% steam flow. 

Figs. 5 and 6 give an example of pressure loss measurements 
in two-phase flow made by us under conditions of ambient. 
pressure. The values are plotted as a function of the mass 
flow for lines of constant heat flow. The cooling channel was 
an internal-flow 0.5 m long tube of 7 mm diameter. In Fig.5 
the inlet sub-cooling was 60° C below saturation temperature, 
in Fig. 6 it was 10°C constant. Depending on the heat flux, 
which was varied between zero and 400 W/cm2 , the conditions 
at the outlet of the cooling channel varied considerably. To 
facilitate matters we have therefore shown lines of constant 
steam quality at the cooling channel outlet, which were 
calculated out of the simple energy balance under the 
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assumption of thermodynamic equilibrium., i.e., without 
allowing for any existing steam Qubbles due to sub-cooled 
boiling. The figures clearly illustrate the rise in 
pressure drop under increasing evaporation. The lines of 
constant flux density could not be measured up to the inlet 
of the parabola shown at the left for 100% steam flow because 
film boiling occurred previously. 

Owing to the much smaller density ciifference between steam 
and water and the resulting smaller acceleration forces, 
this reciprocal function of the pressure loss to the mass 
flow is not so pronounced at high system pressures than at 
ambient p~essure. Fig. 7 shows measurements made, by us at 
70 kgf/cm and a flux density of roughly 300 i·J/cm2 for 
different test channel l~ngths. For comparison we have. also 
shown results by Cis~ f7. as well as a curve for a system 
pressure of 1 kgf/cm .- - · 

In this connection it will also be interesting to note the 
influence of sub-cooled boiling on the pressure loss in a 
heated channel. Fig. 8 indicates the pressure loss in a 
channel where according to the energy balance and assuming 
thermodynamic equilibrium the water at the outlet is ju::t 
at saturation point. For this condition we have shown, 
based on the single-phase flow, a two-phase multiplier 

/ 

caused by sub-cooled boiling;. It will be seen that the 
proportion of the pressure drop caused by sub-cooled boiling 
is up to 4 times larger than the friction of the single
phase liquid flow. It appears somewhat unexpected when at 
increasing mass flow under conditions of constant heat flux., 
lower values are obtained for this factor. This is due to 
the definition chosen for the factor and the parameters 
used in the representation. 

The flow condition in the cooling channel turns out to be a 
condition of equilibrium between the pumping and the resist
ance forces. If we take one of the abovementioned resistance 
curves for a channel ·of constant flux density and place this 
in relation to the curve of the force generated by the 
circulating pump., we obtain the operating points of this 
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system as the intersections between the pumping and 
resistance curves. According to a stability criterion 
based on the balance of these forces, for example, as given 
by Griffith and Maulpetsch [8] , the intersections are 
stable operating points as long as 

:;;; 0 

where t.:. pf is the pressure drop caused by the pumping force 
and t.:. p is the correspond'ing value for the flow resistance. 
The que~tion that arises is to what extent the actual be· 
haviour of two-phase flows is in agreement with thiS criterion. 
For this purpose we again initially carried out tests at low 
pressures in which with the aid of suitable design measures 
the slope of the pumping curve could be varied with a view 
to obtaining some information on the extent to which this 
stability criterion could be applied. It w~s generally found 
that the flow became ~nstable much earlier than predicted by 
the stability criterion. 

There are several reasons for this discrepancy. Combined with 
the hydrodynamic processes there are thermodynamic processes, 
such as for instance, energy storage in the form of latent heat 
of evaporation in the steam 'bubbles, secondary evaporation, re
condensation and heat congestion in the wall of the test channel 
which are not allowed for by this stability criterion. Further
more, very small disturbing forces are assumed, an assumption 
which, as shown by our measurements., is one of the drastic sim
plifications which limit its validity. The occurrence of large 
bubbles., as discussed above, at not too short intervals, a pro
cess which may perhaps also be termed an intermittent slug flow, 
points to disturbing forces in the flow., as already mentioned., 
which are much greater than those assumed in stability studies 
known from the literature. Fig. 9 shows an aperiodic insta
bility of a flow and., at the same time, gives an impression 
of the size and frequency of the pressure pulsations in the 
cooling channel under conditions of high heat flux. The 
measurements shown were made with water at ambient pressure. 
Plotted versus time on the abscissa from right to left are 
the mass flow and the pressure difference between the cooling 
channel inlet and outlet. By taking the mean of the strongly 
oscillating line for the pressure., we obtain in the quasi 
stationary range just before the inception of instability., a 
mean pressure difference of roug~ly 0.5 kgf/cm2 with., however, 
momentary peaks of over 1 kgf/cm , i.e • ., twice as high as the 
mean value. On inception of instability., that is; on a sudden 
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reduction of the mass flow, these p~essure fluctuations 
increase to values of over 2 kgf/cm subsiding rapidly only 
after the heat supply has been cut off as a result of an 
undue temperature rise in the heating surface of the channel. 
During this test particular attention was paid to ensuring 
that no space ahead of the test channel was filled with a 
compressible medium in order to obviate the possibility of 
ter:-1porary energy storage in the form of compression energy. 

If' such a pressure reservoir is arranged not far ahead of 
the test channel, the aperiodic instability observed so far 
turr~s into a periodic instability as shown by Fig. 10. The 
compression space in this case had a volume of 100·m3. The 
pressure pulsations on the inception of instability were of 
the same intensity as before. Their maximum values depend 
on the heat flux and on the density difference of the two 
phases. After the first reduction in mass flow a pulsating 
flovJ formed of which the extreme values fluctuate between 
roughly 1::>% and 100f, of the stable throughput. Practically 
in phase with these pulsations of the mass flow are the 
fluctuations of the pressure drop in the channel, a minimum 
in pressure drop invariably being associated with a maximum 
in mass flow. 

By increasing the volume of the pressuriser upstream of the 
test channel we obtain, as shown in Fig. 11, a reduction in 
amplitude and frequency of the mass flow fluctuations. 
Simultaneously, however, the inception of instability with 
increasing compressible volume takes place somewhat earlier, 
i.e., under conditions of constant hydrodynamic and thermo
dynamic parameters, at a lower heat flux. 

The processes occurring during these pulsations become 
clearer still when, as shown in Fig. 12, information is also 
available on the variations with time of the steam quality 
in the test channel. The steam quality was measured by 
means of a bubble probe, consisting of a glass-enveloped 
platinum wire with a bare thin tip. This tip is placed into 
the steam and water flow and, via an electronic circuit, the 
electric conductivity of the flow medium is measured con
tinuously at the tip. The figure shows how periods of water 
flow alternate with relatively long periods of 100% steam 
flow. The pressure measured at the inlet to the test channel 
is in the same phase. The pulsations were so pronounced at 
this point that they were transferred in the form of 
temperature fluctuations to the heating surface. 
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These tests at low pressures offered the facility in 
connection with the burnout measurements described in the 
following, to check the validity of the stability criterion 
given in equation (2) also for high system pressures bet
ween 70 and 100 kgf/cm2. Here, too, it was found that the 
pulsations mostly occurred under hydrodynamic and thermo
dynamic conditions for which this crite~ion still predicted 
a stable condition. 

4. INSTABILITIES AND BURNOUT 

It will be readily appreciated that the described instabili
ties considerably affect the heat transfer conditions of the 
heating surface so that a discussion is required of the 
burnout caused thereby. As shown by our measurements, an 
aperiodic instability, i.e., a single and persistent reduction 
of the mass flow practically always, and at all pressures, 
leads to burnout. Periodic instabilities must not necessarily 
always result in burnout in the low-pressure range; at high 
pressures they also cause a destruction of the heating 
surface. 

Fig. 13 illustrates the burnout process as a result of 
pulsations at system pressures of 70 and 100 kgf/cm2. 
Plotted as a function of time on the abscissa are the heating 
surface temperature, the pressure at the inlet to the test 
channel and the mass flow. The temperature rise on inception 
of burnout is very steep until the electronic safety device, 
a burnout detector, deenergises the electric heating of the 
test channel wall - as shown by the small step in the line 
at the upper edge of the diagrams. The following reduction 
of the heating surface temperature is initially very slow, 
this being explained by the presence of a steam cushion in 
the test channel at this moment, which must first be driven 
off by the flow before intensive cooling of the heating 
surface can be commenced. During this process the pressure 
fluctuations had amplitudes up to 2 kgf/cm2. The frequency 
of these pressure and mass flow fluctuations is, as described 
later on, largely dependent on the length of the heated 
channel, the mean thermodynamic condition of the flow medium 
in the test channel, and on the size of the compression 
space between the circulating pump and the test channel. 

For the sake of a clearer and better understanding we have 
shown in Fig. 14 the temperature variation on film boiling 
without preceding instabilities, as also measured during 
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the course of our work, as compared to the processes on 
burnout under conditions of pulsating flow. Looking at 
the temperature curve it is clearly seen on the right-
hand side of the diagram how the wall temperature suddenly 
drops by a small amount of roughly 5 - ·1 oo C. This is 
followed by short statistical fluctuations which in an 
almost step-like rise lead to film boiling. The slight 
temperature drop on inception of boiling crisis leads to 
the assumption of a momentary improvement of the heat 
transfer due to complete evaporation of the two-phase 
boundary layer existing until then. The following 
statistical fluctuations indicate that local steam patches, 
and thus hot spots, are beginning to form on the heating 
surface ~hich at the beginning are repeatedly netted with 
liquid until eventually film boiling occurs. The mass flow 
is not affected by the boiling crisis and remains constant. 

Extensive measurements made during the course of our work 
on internal flow tubes of 7-15 mm diameter at pressures 
between 70 and 140 kgf/cm2, revealed that these pulsations 
which, as a rule, resulted in burnout, occur at heat flux 
values 20 to 50% under the corresponding values for film 
boiling at hydrodynamic stable conditions. The difference 
in the maximum achievable heat flux on film boiling and on 
pulsating burnout is shown in Fig. 15 in which some of our 
test results for a pressure of 70 kgf/cm2 are compiled. The 
values are plotted for three mass flows m versus the steam 
quality/subcooling degree x at the inlet to the test 
channel, where the subcooli~g degree is defined exactly the 
same as the steam quality, viz, i-i 1

_ x with i being 
r - E 

the enthalpy of the flow medium during the test and i 1 being 
the liquid phase in saturation and r being the latent heat 
of evaporation. It is clearly seen how the pulsating 
burnout in the region xE = -0.05 suddenly starts to occur 
and from then on extends into the range of greater sub
cooling. The difference in the maximum heat flux between 
film boiling and pulsating burnout increases with increasing 
test channel length and is inversely proportional to the 
degree of subcooling. The pulsating burnout only occurred 
in test channels with an L/D ratio>10; at shorter heated 
lengths it no longer occurred. 

As will be explained in the course of this paper, the pul
sating burnout is largely dependent on the mass flow, the 
system pressure, on the geometry of the test channel and. 
also on the arrangement of various apparatus in the loop, 
such as throttle valves and pressure vessels filled with 
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compressible media, as well as on the pump characteristic. 
For characterising the test results, it is therefore 
necessary, in addition to the thermodynamic and hydro
dynamic parameters, also to clearly define the arrangement 
conditions. The results shown in Fig. 15 for the pulsating 
burnout were obtained with an arrangement of the test loop 
where the pressuriser filled with compressible steam was 
connected between the circulating pump and the test channel 
inlet, where upstream of the test channel there was almost 
no throttling and where the characteristic of the circulat
ing pump and the pump curve resulting from the bypass control 
was very flat. The influence of a compressible volume 
arranged upstream of the test channel is explained by 
Griffith [8] who assumes that the pump flow is divided into 
two partial flows on inception of instability, the one flow
ing into the space filled with the compressible medium and 
the other flowing into the test channel. This increases 
the pressure in that space; according to the first approxi
mation the pressure increase follows the adiabatic laws with 
the result that at the beginning of the overflow, for a given 
pressure rise, a larger quantity per unit time flows into 
the space than at the end of the compression process. In 
other words, the branched-off volume flow decreases with time 
and, according to Griffith, water will flow into this space · 
until the time gradient of the pressure rise is larger in 
the space than the resistance increase in the test channel. 
Eventually water will even overflow from the space filled 
with compressible medium into the test channel, this initiat
ing the pulsation process. 

4.1 Factors Affecting Pulsating Burnout 

Our measurements2were made for flow rates between 
100 and 400 g/cm s, as typical for a reactor, and we 
observed that with increasing mass flow the pulsating 
burnout decreases in its effect, eventually not to occur 
at all. One example of th~s is shown in Fig. 16. While 
at a mass flow of 230 g/cm s.there is a clear step in 
the transition between pulsating burnout and the higher 
values of critical heat flux during film boiling there 
is a smo~th transition between both phenomena at 
290 g/cm s, and no difference is detected at all at 
350 g/cm2s. For small mass flows under 100 g/cm2s the 
pulsating burnout even extends into. the range of 
positive inlet quality, an observation also made by 
Aladiev [2] and by Cise[7] • 
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Under conditions of rising system pressure the volume 
expa~sion arising on occurrence of the steam bubbles 
is reduced and thus also the intensity of the excit
ation forces. At the same time the compressibility of 
the stea~ decreases and one can speak of a greater 
"stiffness" of the system. It is therefore expectable 
that with increasing pressure the intensity and effect 
oi' the pulsations are reduced and that, as a result, 
the difference in the maximum achievable heat flux on 
film boiling and pulsating burnout is reduced. Fig.17 
where measurements are plotted at 70, 85 and 100 kgf/cm2 , 
confirms this assumption. In some cases our measure
ments also revealed that with increasing pressure the 
initial inception of pulsations is shifted to higher 
degrees of subcooling. .At system pressure above 
100 kgf/cm2 no further pulsations were observed. 

An influence of the test channel diameter on pulsating 
burnout could not be detected. But as the test channel 
is reduced in length the difference in the maximum heat 
flux bet\veen pulsa-ting burnout and film boiling is 
markedly decreased; whereas in test channels with 
L/D ratios of 40, 80 and 140 this difference is still 
up to 50%, no pulsations occurred, as already mentioned, 
in our measurements on test channels with L/D ratios 
of 5 and 10. 

4. 2 J'l1easures to Avoid Pulsating Burnout. 

The best method to prevent pulsating burnout was found 
to be the removal of compressible spaces connected 
upstream of the test channel, or if required for main
taining the pressure in the system, to arrange these 
downstream of the test channel and provide throttles 
ahead of the test channel directly at the inlet to the 
heated lengths. 

Spaces filled with compressible media were available in 
our loop in the form of the pressuriser partially filled 
with steam. The effect of shifting this pressuriser 
connection to downstream of the test channel is shown 
in Fig. 18, right, in2which the measured curves for 
L/D = 80 at 70 kgf/cm are plotted. 

Thrott:ling and thus increasing the pressure drop at the 
inlet to the test.channel was found to be a reliable .if 
uneconomic method of avoiding pulsating burnout. The 
first investigations on this subject were made, inter 
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alia, by Silvestri ~7J who for this purpose arranged 
throttling points at the test channel inlet and, 
depending on the pressure drop could shift the 
transition from film boiling to pulsating burnout to 
increasing degrees of subcooling. 

As increased throttling always costs additional pumping 
power the general aim is to keep the pulsation-avoiding 
pressure loss as low as absolutely necessary. We have 
examined the minimum throttling requirements for 
different design, thermodynamic and hydrodynamic con
ditions. Examples of the results are shown in Figs.19 
and 20. For these investigations we used an adjustable 
throttling device at the test channel inlet which per
mitted the pressure drop to be infinitely varied within 
wide limits. During the measurements the pressuriser 
was again connected between the test channel and the 
circulating pump. As shown by the burnout values indi
cated in these figures for lines of equal pressure drop 
at the test channel inlet, the inception of pulsating 
burnout is shifted under conditions of increased thrott
ling to ever increasing degrees of subcooling until 
eventually it does not occur at all. At constant inlet 
subcooling the heat flux at which the pulsating burnout 
commences is shifted with increasing throttling to 
higher values. 

In this connection another point of interest is the 
extent to which the criterion of Section 3 is adequate 
to limit the stable condition. A glance at Figs. 19 and 
20 indicates what throttling effect is required at the 
inlet to the heated channel in order to avoid pulsating 
burnout at a given hydrodynamic and thermodynamic con
dition and at a given loop layout for a definite heat 
flux. The same result should also be obtained with the 
aid of the stability criterium (2) from measurements of 
the resistance characteristic and from the knowledge of 
the pump characteristic. Equation (2) only needs to be 
extended by the additional pressure drop at the thrott
ling device which must be added to the resistance in the 
heated channel. As the throttling device at the inlet 
to the heated channel is in the region of single-phase 
flow~ the resistance produced by it takes the shape of a 
simple parabolic curve in response to the mass flow. In 
our test facility the pumping force wa,s pract~cally 
independent of the mass flow so that o c.. p I .::: m = 0. 
This, in turn, means that according to th' stability 
criterion (2) the instabilities just start to occur 
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when the two gradients of the throttling parabola and 
the two-phase pressure drop are of an equal amount but 
with reversed signs. In the course of our burnout 
investigations our measurements were frequently checked 
for agreement on this and, as a rule, it was found that 
to avoid pulsating burnout a multiple of the pressure 
drop was required than predicted by the simple stability 
criterion. 

Whereas a throttle at the test channel inlet has a 
stabilising effect on the flow, it is easy to see that a 
throttle at the test channel outlet increases the 
tendency towards pulsations as shown by Fig. 18, left. 
While this throttling device prevents the two-phase 
mixture from flowing away, the pressure drop produced 
in it is just as dependent on the mass flow as the 
resistance in the heated channel itself and, as a result, 
the rising arm of the resistance curve becomes steeper 
as the mass flow is reduced. This is detrimental to the 
stability, but in most cases - as shown by our measure
ments - an aperiodic instability, i.e, a single strong 
reduction of the mass flow, occurred without pulsations 
and this led direct to burnout. 

4.3 Frequency and Amplitude of Pulsation 

As pulsations are vibration phenomena the generally 
accepted laws of forced or free vibrations must be 
applicable. This means that both frequency and amplitude 
must be dependent on the damping effect, the spring force -
in this case the compressibility Of the flow medium - and 
the inert mass of the system. Allowance must also be made 
for the geometric variables, i.e., the dimensions of the 
heated channel as well as the influence of the apparatus 
connected upstream and downstream of the test channel 
and having a substantial effect on the compressible space 
of the pressure maintainer. 

As shown by the oscillograms discussed in this paper, the 
frequency of the pressure and mass flow is the same in all 
cases. Of the factors influencing the frequency, the 
inlet subcooling or the mean steam quality in the channel 
are particularly important. Higher degrees of subcooling 
at the inlet lead to a lower mean steam quality in the test 
channel and this, in view of the decreasing compressibility 
of the flow medium, results in an increase of the pulsating 
frequency. By way of example, Figs. 21 and 22 show 
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oscillograms which at otherwise equal conditions were 
taken under conditions of varying steam quality in the 
heated channel. The test results on the frequency of 
the pulsations versus this thermodynamic parameter are 
given in Fig. 23 where over the degree of subcooling 
of the water at the inlet to the test channel, which had 
an L/D ratio of 80, we have plotted the frequency of the 
pulsations. This figure simultaneously shows that a 
density variation due to a pressure increase does by far 
not have the same effect as the steam quality in the 
channel because the results shown there, obtained at 
pressures between 70 and 100 kgf/cm2 , are within the 
scatter and reproducibility of the results. 

Throttling at the test channel inlet not only has a 
stabilising effect on the flow, but also reduces the 
frequency and the amplitude of pulsations if at all 
occurring under conditions of high heat flux. This, 
according to generally applicable laws for a forced, dam
pen~d vibration, is quite expectable. The frequency and 
amplitude of pressure fluctuations in an internal-flow 
tube of an L/D ratio of 40 are plotted in Fig. 24 versus 
the degree of throttling at the test channel inlet. As 
the amplitude remarkably increases from the inception of 
pulsations to the inception of burnout it is important 
for a comparison that the same period is selected for all 
measurements; the last period directly preceding burnout 
was therefore taken for the values compiled in Fig. 24. 
During these tests the system pressure.was measured with 
a high-frequency pressure transmitter directly at the test 
channel inlet without using long transmission wires in 
order to ensure unadulterated results. The mass flow 
fluctuations were partly determined with rotating-vane 
flow meters or so-called 'Pottermeters', and partly via 
the pressure drop in an orifice located directly upstream 
of the test channel, which provided a measure of the flow 
through the test channel at that moment. 

4.4 Causes and Effects between Pulsations and Burnout 

As explained in detail in the preceding sections, pressure 
and mass flow fluctuations occur on pulsating burnout which 
eventually result in an undue increase in the temperature 
of the heating surface. A question that arises is whether 
from the physical aspect this pulsating burnout is a 
different process than the inception of film boiling 
under stationary flow conditions or whether in the course 
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of the pressure and mass flow fluctuations and the re
sulting enthalpy variations of the cooling medium, a 
condition is achieved where despite the relatively low 
heat flux the conditions of film boiling prevail. 

Fluctuations in mass flow lead under conditions of 
constant heat flux to periodic variations in the steam 
quality at the test channel outlet. On the strength of 
a simple, rough calculation we determined the relation
ship between the steam quality at the test channel outlet, 
the enthalpy of the flow medium and the mass flow. For 
the sake of simplicity we assumed a sinusoidal curve for 
the mass flow fluctuations. The resulting equation 
system, viz, 
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is on the understanding that the steam and water in the 
test channel are a homogeneous mixture. 

By solving these differential equations - in this case 
numerically on an electronic computer - it is possible 
for every moment within a vibration period to know the 
steam quality at the outlet of the heated channel. 
Plotting this steam quality versus the mass flow at 
every associated moment, we obtain a closed curve. In this 
graph we can also show the border line for film boiling 
under hydrodynamically stable conditions, which for the 
given constant heat flux is also a function of the steam 
quality and mass flow. While nucleate boiling prevails 
under hydrodynamically stable conditions beneath this 
border line, the criterion of film boiling is exceeded 
above it. The aforementioned closed curve was also 
entered for that heat flux at which the pulsating burnout 
occurred. Now if this closed curve just touched the border 
line of film boiling, it could be concluded tha~ the pulsat
ing burnout and burnout under hydrodynamically stable con
ditions are identical from their physical aspect. In the 
course of the periodic fluctuations we would then have had 
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a condition in the test channel where for a short moment 
the conditions of film boiling would have existed. 

A precise statement on the course of the closed curve 
depends primarily on perfectly exact knowledge of the 
mass flow fluctuations in respect of amplitude and 
frequency. It was found that the mass flow fluctuations 
measured with the aforementioned Pottermeter did give a 
very exact indication of the frequency, but as the Potter
meter had to be arranged somewhat upstream of the test 
channel the amplitude was so adulterated owing to damping 
and. intermediate storage of the liquid that initially no 
exact indications were obtainable. An attempt was there
fore made by means of the aforementioned orifice arranged 
directly at the test channel inlet to make an exact 
determination of the mass flow fluctuations. The measure
ments made with this orifice showed that the pulsating 
burnout does not begin until there is a stagnation of the 
flow, or even a return flow, in the test channel. An 
example of this is shown by the oscillograms in Fig. 25. 
The burnout always occurs at that moment at which the 
curve for the mass flow falls below the zero line which 
indicates a return flow. 

Now if the aforementioned calculation is based on a 
stagnation or even a return flow of the water, there will 
definitely be a formation of superheated steam in t~e 
test channel and we obtain in the form of a closed curve 
the steam quality versus mass flow shown in Fig. 26. This 
curve is penetrated by the border line for film boiling 
under hydrodynamic stable conditions. The conclusion is 
that the pulsating burnout is not so much caused by film 
boiling under poor hydrodynamic and thermodynamic condit
ions than by a brief cooling medium failure, i.e., drying 
out of the heated channel~ so that it would be better to 
term this phenomenon a dry-out rather than a burnout. It 
is possible that in the reactor where owing to the inert 
heat transfer processes in the fuel the temperature rise 
in the cans is slower than in the electrically heated 
channels under our test conditions these pulsations will 
not always result in burnout particularly when their 
frequencies are sufficiently high. 
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5. CONCLUSIONS 

The objective of this task was to make an experimental 
contribution towards the study of instability phenomena 
in two-phase flow with a view to obtaining some closer 
information on the problem of burnout of heating surfaces. 
In further experiments it would be desirable to study the 
size, cause and nature of disturbing forces responsible 
for the inception of instabilities, this necessitating 
extensive measurements of bubble formation, bubble growth 
and bubble condensation under conditions of high heat 
flux as such measurements are indicative best of all of 
the forces released in these processes. The assumption 
frequently found in the literature that a bubble is in 
equilibrium with the liquid enveloping it is without 
doubt approximately correct only at very low heat flux 
levels considerably below the values at which instabil
ities occur. A fundamental role in this connection is 
also played by the boiling delay and the resulting degree 
of superheating of the boundary layer, a factor directly 
responsible for the growth rate of the bubble. 

An extensive analytical study of the stability conditions 
of a two-phase flow, even with sophisticated equation 
systems allowing for the thermodynamic variables at the 
inlet, will remain a first approximation as long as the 
important thermodynamic variables of the mixture are 
unknown. The variables of primary interest are the 
isentrope exponent, the apparent viscosity and the com
pressibility factor of steam and water mixtures. 

Another problem to be studied is the influence of a change 
in flow pattern, i.e., a change from bubble flow to annular 
flow or slug flow on stability and inception of pulsations, 
since every flow pattern has a different pressure loss 
which may give rise to the mass flow fluctuations. 

A systematic study of this and other problems would, with ... 
out doubt, be a good contribution to the efforts of gaining 
a better understanding of instabilities in two-phase flow. 
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Nomenclature 

a Constant for amplitude of mass flow fluctuations 

D Diameter of test channel 

F Cross sectional area of test channel 

i Enthalpy of flow medium 

i 1 Saturation enthalpy of water 

M Mass flow 

m Mass flow density 

p Pressure 

q Heat flux 

r Heat of evaporation 

t Time co-ordinate 

x Steam quality/subcooling degree 

z Path co-ordinate 

~ Density of flow medium 

~ Two-phase multiplier 

w Constant for frequency of mass flow fluctuations 

Indices 

E Inlet to test channel 

f Pumping characteristic 

0 Condition prior to inception of pulsations 

1ph Single-phase flow 

2ph Two-phase flow 

w Resistance characteristic 

L:. Difference 
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DYNAMIC AND STATIC BURNOUT STUDIES FOR THE FULL-SCALE 

MAR VIKEN FUEL ELEMENT IN THE 8 MW LOOP FRIGG 

K. M. Becker, J. Flinta and 0. Nylund 

Royal Institute of Technology, Stockholm, AB Atomenergi, Studsvik 

and AB ASEA, V~sterAs, Sweden 

.. ·ABSTRACT 

Dynamic and static burnout measurements have been obtained in a full
scale 36-rod bundle of the Marviken geometry. 

The static burnout heat fluxes were 20 per cent low compared with pre
dicted values. 

The results obtained for natural circulation flow showed that for the in
let throttling used in the Marviken boiling channels, the dynamic burn
out limit was a few per cent low compared with the measured steady 
state forced circulation burnout limits. 

Paper presented at the Symposium on Two-Phase Flow Dynamics, 
Eindhoven, September 4-9, 1967. 
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1. 0 INTRODUCTION 

During the early stages of the design of the Marviken boiling heavy water 
reactor the need for a detailed knowledge about the hydrodynamics and 
heat transfer conditions in the boiling channels became apparent. For an 
accurate estimation of the performance of the reactor, this knowledge 
should at least include the two-phase flow pressure drop, the axial and 
radial void distribution, burnout in steady state, the natural circulation 
mass velocity, the stability limit as well as the details about the system 
during transient conditions. 

Most of the mentioned problems have been studied in our laboratories for 
the case of simple geometries, employing round tubes, annuli, 3-rod and 
7-rod bundles. The major conclusions obtained during the mentioned stud
ies are found in references [ 1-7]. Generally the problems were studied 
separately, which for instance in the case of pressure drop studies, made 
it necessary to employ void correlations in order to evaluate the experi
mental results. 

Although this research resulted in significant and useful information about 
two-phase flow systems, the designers of the Marvik.en reactor found it 
adviceable to perform full-scale loop measurements in order to determine, 
in the first hand the maximum permissable operating power, and in the 
second hand the hydrodynamic performance of the boiling channels under ' 
various loads. One also found it desirable that the full-scale measure-
ments included simultaneous observations of the pressure gradients and 
void volumes, steady state burnout, the stability limits and the natural 
circulation flow characteristics in steady as well as in transient condi-
tions. 

The fuel elements for the Marviken reactor consist of 36 rods of 13. 8 mm 
diameter and 4. 420 mm heated length, mounted within a shroud of 160 mm 
diameter. The 36 rods are distributed on three circles as shown in figure 
2; the inner circle including 6 rods, the intermediate 12 rods and finally 
the outer circle include 18 rods. In addition an unheated center rod of 20 
mm diameter is introduced in order to carry the spacer arrangements. 

During the last year the mentioned full-scale 36-rod bundle measure
ments have been carried out in the 8 MW loop FRIGG in the Laboratories 
of the Atomic Power Division of ASEA in Vti.ster!s as a joint project be
tween ASEA and AB Atomenergi. 

The present paper deals with the results obtained for forced circulation 
steady state burnout, as well as burnout reached during natural circula
tion in the loop. 

Before studying the 36-rod bundle, an investigation was carried out of 
the flow conditions in a 6- rod bundle of full length, which was identical 
with the central portion of the 36-rod bundle. 
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For the purpose of comparisons with the 36-rod bundle data, some of the 
6-rod bundle results will also be discussed in the present paper. 

It should be pointed out, however, that one serious difference exists be
tween the present measurements and the reactor case. In the reactor a 
radial as well as an axial'power distribution appear, whereas in the pres
ent research the heat flux is uniform throughout the test section. 

2. 0 APPARATUS AND EXPERIMENTAL PROCEDURES 

The present research was carried out in the 8 MW loop FRIGG and the z. 5 
MW loop FROJA. The flow diagram for the loops is given in figure 1. With 
regard to the details of the eq,_uipment and instrumentation we refer to 
reports by Nylund et aL [8, 9 J. 

The cross-section of the 4375 mm long 36-rod bundle is given in figure Z. 
The diameter of the heated rods was 13. 8 mm, the diameter of the outer 
shroud 159.5 mm and the rod clearance 7.8 mm. In the center of the bundle 
an unheated ZOmm diameter rod was introduced in order to carry the spac
er arrangements. In order to simulate the same outlet conditions as in the 
reactor, the electrodes at the downstream end of the test section had to be 
designed such that the flow was not disturbed. This was achieved by sup
plying the electric power through copper rods, which were mounted coax
ially inside the stainless steel tubes. At the downstream end the copper 
rods are soldered to the stainless steel tubes. The details of the test sec
tion are found in refe renee [ 9]. 

The 6- rod bundle was identical in geometry with the inner portion of the 
36-rod bundle. The outer shroud was in this case 71.0 mm. 

The forced circulation steady state burnout measurements were carried 
out approaching the burnout conditions by reducing the mass velocity by 
easy stages, and keeping the surface heat flux constant during one partic
ular run. Measurements were obtained at 50 bar pressure in the heat flux 
range from 65 to 103 W/cmZ. 

The natural circulation measurements were carried out at fixed values of 
the pressure, inlet sub-cooling and inlet throttling. Then a certain power 
was supplied to the test section, and after steady state had been obtained 
in the loop the mass velocity was observed. Then, the power was slightly 
increased and after equilibrium had been reached, a new set of readings 
was taken. This procedure was continued until the power reached a value, 
where the flow became unstable or where burnout was obtained. 

Unfortunately, in the case of the 36-rod bundle, only one complete set of 
measurements was finished before an accident destroyed the test section. 
This test was performed close to the operating conditions of the Marviken 
reactor, or at 50 bar pressure, 4. 6 °C inlet sub-cooling and 13. 8 velocity 
heads of inlet throttling. 
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3. 0 EXPERIMENTAL RESULTS 

The experimental data for forced circulation steady state burnout are 
given in tables 1 and 2, and in figure 3, the 36-rod bundle data are pre
sented in a plot of burnout steam quality versus surface heat flux. For 
comparison, the predicted burnout conditions employing the Becker rod 
bundle correlation [4] are also included in the figure. One observes that 
the measured burnout heat fluxes are about 20 per cent low compared with 
the predictions. We believe that this discrepancy is to a great extent due to 
the facts that the thermal load in the inner sub-channel of the bundle is 
high by a factor of 1. 71 in comparison with the value for the whole bundle, 
and further the presence of the unheated center rod in the inner sub-chan
nel. This belief is supported by the observation that burnout always occur
red on the inner six rods, and by the measurements reported in reference 
[10], where 6-rod bundles of different geometry were studied. 

In figure 3 are also included representative examples of the 36-rod bum
out measurements by Edwards and Obertelli [ 11 ], which we:r:e obtained at 
1000 psia. Considering the differences in pressure and test section geom
etry, a reasonable agreement exists between the two sets of measurements. 

The 6-rod bundle forced circulation burnout results for the case of 50 bar 
pressure are given in figure 4 in a plot of steam quality versus the surface 
heat flux. The predicted burnout conditions are also shown in the figure. 
In this case the measured heat fluxes are on the average 8 per cent low in 
comparison with the predictions. 

A comparison between the results for the 36-rod and the 6-rod bundle is 
given in figure 5, where the mass velocities at burnout are plotted versus 
the burnout heat flux. It should be pointed out that the central portion of 
the 36-rod bundle is identical in geometry with the 6-rod bundle in ques
tion. One observes that almost identical results are obtained for the two 
test sections, indicating that the burnout conditions in the 36-rod bundle 
is entirely determined from the flow conditions in the central portion of 
the bundle, where the largest thermal load occurs. 

This also explains why the correlation over-estimates the burnout heat 
fluxes for the 36-rod bundle more than the heat fluxes for the 6-rod bundle . 
. The addition of 30 rods in the two outer rows increases the ratio of heated 
to total pe:r:imeter for the channel, but this has in the present case a rather 
negligible effect since the burnout heat fluxes are determined from the 
conditions in the inner sub-channel. 

The reported results seem to suggest that the Marviken fuel elements, 
where an unheated center rod carries the spacer arrangements, will not 
be an opti~ized design with respect to burnout. However, in the reactor 
the conditions improve significantly due to the radial form factor within 
the fuel elements, which reduce the thermal load in the inner sub-channel 
by a factor of 0. 70 in comparison with the present measurements, where 
the heat flux was uniform throughout the bundle. 
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The results for natural circulation in the 36-rod bundle is given in figure 
6, where the ma.ss yelocity is plotted versus the surface heat flux, power 
density and total power.· In the figure are also included the forced circula
tion steady state burnout results. One observes that the dynamic burnout 
heat flux. obtained under natural circulation is very close or only a few 

·per cent from the forced circulation results, indicating that the inlet 
throttling of 13. 8 velocity heads yields rather stable flow conditions in 
the 36-rod bu:rldle. . · 

Figure 7 shows a few examples of the natural. circulation :results for the 
6-rod bundle. The pressure is 50 'bar, the inlet sub-cooling is· 6 .f 1 °C 
and inlet throttlings from. 4. 3 to 1.8. 1 velocity heads are employed . 

. One should notice that for all the cases given, power levels are reached, 
which correspond to the burnout conditions for steady state forced circu
lation flow, indicating that also here the effects of flow instabilities on 
the maximum obtainable power levels are rather small. 

Comparing the 6-rod bundle curve fork. • 11. 0 with the 36-rod bundle 
results, where k. • 13. a, one observes~hat the critical heatfluxes ob
tained under natu~al circulation are almost the same in the two cases. · 
For the 6-rod bundle 96 W/cmZ was observed, while the 36_;,rod bundle 
yieldedacritical heat.flux of 94 W/cmZ~ . . · · · 
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4.0 NOMENCLATURE 

Symbol Definition Units 

d. Rod diameter mm 
l 

d Diameter of center rod mm 
c 

do Shroud diameter mm 

G Mass velocity 
z 

kg/m s 

L Heated length mm 

p Pressure bar 

q/A Heat flux W/cm 
z 

s Rod clearance mm 

~t b su Inlet sub-cooling oc 

XBO Burnout steam quality Dim en sionle s s 
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Table I. 

No mm 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

13.8 

13. 8 

13 .. 8 

13. 8 

13. 8 

13. 8 

13. 8 

13. 8 

13.8 

13. 8 

13.8 

13.8 

13.8 

13.8 

Measured and Predicted Burnout Conditions in a 36-Rod 
Bundle. 

d 
0 

mm 

L 

mm 

159.5 4375 

159.5 4375 

159. 5 4375 

159. 5 4375 

159. 5 4375 

159.5 4375 

159. 5 4375 

159.5 4375 

159. 5 4375 

159. 5 43 7 5 . 

159.5 4375 

159.5 4375 

159. 5 4375 

159. 5 4375 

s 

mm 

7.8 

7.8 

7.8 

7.8 

7.8 

7.8 

7.8 

7.8 

7.8 

7.8 

7.8 

7.8 

7.8 

7.8 

p 

bar 

50.0 

50.0 

49. 8 

49. 7 

49.7 

49.9 

49.9 

49.9 

50.0 

50. 1 

50.0 

49. 7 

49.9 

49.5 

7.5 

5.8 

6. 8 

6.2 

4.3 

4.5 

4.0 

3.8 

8.0 

3.4 

5.4 

5.6 

5.6 

24.3 

Measured burn· Predicted burn 
out Values out Values 

G ~----.------+------~1 ----~Error 

qjA XBO qiA I XBO in qjA 

I 2 I 2 2 kg m s W em W/cm I lfo 

371 

420 

504 

410 

512 

598 

686 

760 

409 

602 

905 

597 

651 

371 

66.4 

73.8 

81. 2 

73.8 

82.7 

88.6 

95. 1 

99.6 

70.5 

84.2 

103.0 

85.0 

89.0 

74.9 

o. 495 81.0 0. 611 

0.495 88.5 0.594 

0. 452 101. 1 0. 561 

0.501 87.5 0.599 

0.455 100.6 . 0.557 

0.414 109.8 0.520 

0.389 119.0 0.489 

0.368 124.8 0.465 

0.477 88.5 0.601 

0.397 111.5 0.521 

0.316 136.3 0.417 

0.406 111.8 0.523 

0.381 117.0 

0.515 87.1 

0.501 

0.605 

-18.0 

-16. 6 

-19.6 

-15.7 

-17.8 

-19.3 

-19.9 

-20.2 

-20.3 

-24.2 

-24.4 

-24.0 

-23.9 

-14.0 

0 



Table Il. Measured and Predicted Burnout Candi.tions in a 6-Rod Cluster 

with an Unheated Center Rod. 
- ·····-. .. r---

Measured Burn-
out Values 

Rnn d. d d L p 'A G q/A 1 0 c tsub XBO 
2 W/cm 2 No mm tnm mm mm bar oc kg/m s 

1 13. 8 71. 0 20.0 4380 S0.2 6.0 462 74.6 0.390 
2 13. 8 71. 0 20.0 4380 so.o S.2 647 89.6 0.334 
3 13. 8 71. 0 20.0 4380 so. 1 6.7 948 104.9 0.274 
4 13.8 71. 0 20.0 4380 49 .. 9 4.7 1320 120 . .1 0.21S 
s 13.8 71. 0 20.0 4380 so. 1 4.0 1682 134.6 o. 190 
6 13. 8 71.0 20.0 4380 so.o S.7 2170 lSO. 1 o. 164 
7 13.8 '11. 0 20.0 4380 so. 1 7.2 12S7 120. 3 0.219 
8 13.8 71. 0 20.0 4380 so. 1 27.S 3S7 74.2 0.44S 
9 13. 8 71. 0 20.0 4380 so.o 26.7 S04 89.2 0.366 

10 13. 8 71. 0 20.0 4380 S0.2 26.S 687 103.6 0.302 

1 1 13.8 71. 0 20.0 4380 49.8 30.4 8SO 118. 8 0.262 

12 13. 8 71. 0 20.0 4380 49.9 24.2 1260 136.0 0. 201 

13 13.8 71. 0 20.0 4380 so. 1 28.2 1442 1SO. 1 o. 179 
14 13.8 71. 0 20.0 4380 30. 1 6.7 476 74.6 0.34S 

1S 13. 8 71. 0 20.0 4380 29.9 3.2 796 90.4 0.2S2 

16 13.8 71. 0 20.0 4380 30.0 6.7 1061 104.4 0.210 

17 13.8 71. 0 20.0 4380 30. 1 6.0 146S 120.7 0.174 

Predicted Burn 
out Values 

. q/A .I 
W/cm

2
1 

XBO 

77.0 0.404 

9S.7 0.362 

119. 0 0.298 

136.0 0.247 

146.0 0. 209 

1S9;0 0.168 

13S.O 0.2SO 

71.S 0.423 

91. s 0.380 

110. 7 0.337 

128.0 0.291 

148.8 0.228 

162.0 0. 201 

8 t. s 0.380 

111.0 0.316 

129. s 0.266 

148.0 0.220 

Error 
in q/A 

Cfo 

- 3. 1 

- 6.4 

-1). 8 

-11. 8 

- 7.8 

- S.6 

-10.9 

+ 3.8 

- 2.S 

- 6.4 

- 7.4 

- 8.6 

- 7.S 

- 8. s 
-18. 6 

-19.3 

-18.S 

'vJ 
0 

'vJ 
0 



Table II .. Measured and Predicted Burnout Conditions in a 6-Rod Cluster 

with an Unheated Center Rod. 

No 

18 

19 

20 

21 

22 

23 

24 

25 

---·-···-·r-----·,----·- ,.....·-----·. ---·---.--·---~-----~Measured Bur~= Predicted b~;;_~ 

out Values out Values __t. ~ ,..,..,...,. 
d. d d L p ·~t G /1\ / !I ~·Err/or 

1 o c sub q -'"'- x 8 0 
1 

q A xB 0 in q A 1 

m:n mm mm mm bar °C kg/m
2

s W /cm
2 

w/cm
2

j 1 o/o I 

13. 8 

13. 8 

13.8 

13.8 

13.8 

13.8 

13.8 

13.8 

71. 0 

71. 0 

71. 0 

71. 0 

71. 0 

71. 0 

71. 0 

71. 0 

20.0 

20.0 

20.0 

20.0 

20.0 

20.0 

20.0 

20.0 

4380 30. 1 

4380 30. 1 

4380 30. 1 

4380 30. 1 

4380 30.2 

4380 30. 1 

4380 30.0 

4380 30.2 

6.5 

6.4 

23.7 

25.2 

29.5 

20.0 

22.2 

26.7 

182.5 

2288 

392 

570 

756 

1120 

1404 

1594 

135.5 

150.3 

74.4 

90.4 

104. 5 

120.3 

136.0 

151.4 

0. 155 

0.135 

0.374 

0. 301 

0.244 

0. 197 

o. 167 

0. 151 

160.1 0.188 

174. 3 o. 160 

76.0 0.388 

101.0 o. 348 

122. 0 0. 300 

143. 3 0. 245 

159. 8 0. 207 

174. 0 o. 184 

-15.4 

-16.0 

- 1. 9 
-10.5 

-14.3 

-14. 0 

-J4.9 

- J 3. 0 . 

.. ···- _____ ,__;__-1----"------'-----1-

N 



Figure 1 

Figure 2 

Figure 3 

Figure 4 

Figure 5 

Figure 6 

Figure 7 
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FLOW OSCILLATION Aim !~OILING CriSIS (A Movie +; [,.,.,) 
by 

L. S. Ton~ 
;.restinghouse Electric Corporation 

Atunic Power ~ivtsions 
Pittsburgh, Fennsyl v~1ni '' U.S .A. 

~he phenomenon of flow oscillation at the critical t.eat flux vas 

reco1·aed in a movie film. The te~t was conducted in a transparent test 

section in a Freon loop, operated at 4o - 80 psia. The test section is 

COll•pi>Sed of a thin COJ:•per tubing, liS a heater, concentrically located in a 

pyrex-glass tube. The steam flow, as the heat source, is passed through 

the inside of the copper tube. The Freon flow, as the coolant, is passed 

through the annulus between tr.e copper and the glass tubin~. 

The test conditions were: 

p = 40 psia 

G = . 6 I l.L5 X 10 lb hr ft2 

ATSC = 30°F u.t critical heat flux 

q" = (}0 ,000 Btu/hr rt2 
crit 

The film shows clearly the oscillation of the bubble layer in the nucleate 

boiling region, the agitation of bubhles at the critical heat flux, and the 

film boiling regions. ( 'rhe film will be shown at presentation). 

3.· 
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CRITICAL FLOW IN AN ANl"ULAR VEN'IURI 
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ABSTRACT 

Preliminary experimental and analytical work are reported for air
water flow in a converging-diverging annular venturi with critical and 
near-critical conditions at the throat. In all cases of critical flow, 
a pressure discontinuity (shock) occurred in the diverging )X)rtion since 
the discharge pressure was too high for complete expansion. 

Visual and photographic observations of the flow were possible since 
the venturi consisted of a fonmed solid core in a straight transparent 
ac~lic resin tube. The core could be moved axially to allow accurate 
measurement of pressure profiles. Comparison of the results with the 
case of ideal gas critical ·flow, indicates that the presence of the liquid 
phase has surprisingly little effect on the critical pressure ratios. 
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IN1RODUCfiON 

The nature of critical flow:- critical or mass limiting flow is character
istic of compressible fluid systems. In single phase flow, the critical 
velocity is the maximum which can be obtained at a particular pressure and 
temperature in a straight pipe or at the throat of a converging-diverging 
venturi. The critical velocity condition is characterised by a number of 
physical phenomena; for instance, it may not be possible to transni.t a 
pressure disturbance upstream of the point at which the flow becomes 
critical and, in a diverging section following critical flow at the throat 
of a venturi, the pressure gradient continues to be negative. Critical 
flow occurs when the rate of generation of kinetic energy within the fluid 
cannot exceed the rate of supply of energy from the fluid at the expense 
of its decrease in pressure and expansion. For a flowing fluid in which 
friction losses are negligible, and in which there is no elevation or 
external work, we can write the equation for the critical velocity uc as 
follows: 

- vdp = • • • • • • • • • • ( 1 ) 

This equation is written for unit mass of the fluid of specific volume v, 
flowing through an element in which its pressure falls by an amount dp. 
This equation can be rewritten as: 

- vdp = 

where Gc is the critical mass velocity. 

= 

2 2 
d(~ Gc v ) 

Thus, we have: 

• • • • • • • • • • (2) 

• • • • • • • • • • ( 3) 

where the derivative is taken at constant entropy, consistent with the 
asswnption of no friction. A similar equation results from the momentum 
equation on balancing the force on an element with the difference in 
momentum flux which the fluid experiences in passing through this element. 
The maximum velocity which can be obtained is that in which these two 
exactly balance and, again in the absence of elevation of the fluid and 
transfer of momentum to the wall, we have: 

- dp = • • • • • • • • • • • (4) 

which, of course, for a single phase fluid gives exactly the same result as 
that obtained from the energy equation, equation 3. 
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In two-phase flow, a similar maximum flowrate is observed. However, 
in two-phase flows, the critical flow phenomena (e.g. pressure propagation) 
are less well defined. Thus, it is somewhat difficult using experimental 
data such as pressure or mass flowrate, to define precisely what is meant by 
a two-phase critical flow, although an approximate value can be established. 
Furthermore, the actual value of the critical mass velocity found may depend 
to eome extent on the distribution of the phases within the channel and 
this distribution may be different from one experiment to another. 

The importance of critical two-phase flow in engineering plants, in 
rocket ~stems, refrigeration plants, nuclear plant, steam plants, food 
processing plants, etc. has led to a fairly extensive literature on the 
subject and to the development of a variety of analytical models for 
calculation of the appropriate flowrates. In fact, a satisfactory under
standing of critical two-phase flow is necessary for the design of any high 
velocity two-phase flow ~stem. 

Two approaches to the study of high velocity two-phase flows can be 
distinguished: 

( 1) An examination of the critical velocity in somewhat similar tenns to 
those used for single phase flow as described above. 

(2) A detailed examination of the flow processes in the region leading up 
to the point where the flow becomes critical. 

The first of these approaches produces a single expression, in one fonn 
or other, for the flow of the mixture whereas the second approach produces 
expressions for the separate phases and considers the interaction processes 
in detail. 

Overall models:-· most of the approaches falling into this category lead to 
a modified version of equation 3 in which an ayerage specific volume i~ ) 
defined for the two phase mixture. Fauske( 15, and cruver and Moultonl5 
discuss the various ways in which an appropriate mean value may be obtained; 
the momentum and energy equations give respectively different values. 

The mQm{mtum equation approch has been used as a basis by I sbin, May 
and DaCruzll J, Massena(2), Fauske(3), Levy(4), Cruver and Moulton(5) and 
others. The energy e~tion approach has been usedt for instance, by 
Ryley(6), Moody(7), Zivi(S) and Cruver and Moulton(SJ. 

In comparing theoretical predictions with experimental data, 
difficulties are encountered in estimating the appropriate quality, void 
fraction and pressure at the critical point. These quantities are required 
in calculating the required mean specific volwne. Most authors have 
asSlUiled that the quality at the critical point can be calculated by assuming 
that thennodynamic equilibrium is maintained along the channel. The 
quality is estimated, in effect, from the energy equation and an assumption 
of homogeneous thennal equilibrium flow is often used to approximate the 
kinetic energy tenn in this equation. However, when the energy equation 
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is used as a basis for calculation of actual critical flows (by analogy to 
equation 2) some attempt is usually made to account for slip and degree of 
equilibrium between the phases and this is, therefore, inconsistent with 
the method usually adopted for the calculation of quality. 

A sui table value must be chosen for the void fraction Q.I)d the most 
straightforward is to assume that the flow is homogeneous{ 1 J ~2) (for this 
case, as might be expected, the momentum and kinetic energy approaches give 
the same answer). The homogeneous equilibrium model is found to 
considerably underpredict the critical mass flow, particularly at low 
qualities{ Alternatively, void fraction models which have been 
develo~d 11)(12) for steady state, subcritical two-phase flow may be 
used(1J(2). However, these correlations are not likely to apply in the 
presence of the large pressure gradient founq in critical flow{ 13). 

A common postulate is that the void fraction or slip ratio appropriate 
to the critical two-phase flow system is that \\hich gives a maximum in the 
mass velocity. Oiff~~nt answers are obtained de~nding on whether the 
momentum equationl3J l9J or energy equation(6)(7)(8)(9) is used as a basis. 
Expressions using slip ratios derived by this method fit the experimental 
data moderately well, though it should be stressed that the experimental 
measurements themselves show such scatter that it is not possible to 
distinguish unequivocally between the various models. 

Because of the very high velocities and high pressure gradients found 
in critical flow situations, it is difficult to justify the asswnption of 
thenoodynamic equilibrium. Indeed, temperature measurements made by 
cruver and Moulton(5) \\Ould seem to indicate that equilibrium is not in 
fact attained in critical flow. An extreme assumption to deal with this 
problem of non-equilibrium in the critical region is that of zero change of 
quality in this region (the "frozen flow" model). This model has been 
used by, for instance, Starkman et al(14) and Fauske(15) and the effect of 
metastability on flo\)'rateJ prediction is aleo considered by Cruver and 
Moulton(5). Fauske~ 15 gave some confinnation of this assl.lllption by 
comparing steam-water and air-water flows. 

Information relevant to critical flow can also be obtained by 
c~nsidertng)tbe pfQp~att·on of pressure disturbances in two phase 
nu.xtures 16 {17H18}l19. 

4.1 

Detailed comparisons of the various models of critical two-phase flow 
reveal that the differences between the models are relatively small in the 
high quality region and the spread of the data is greater than that of the 
spread between the various models. At low qualities, most of the models 
tend to ove~predict the critical velocity(5). In this low quality region, 
therefore, the data lie between the prediction of the homogeneous model and 
the models taking into account slip. 

Detailed examination of transfer processes:- although the prediction methods 
have been relatively successful for the evaluation of the critical mass 
velocity, they have been less successful in predicting the pressure 
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profile< 20). Since the flow will develop along the channel from a sub~ 
critical one, the relationships which must be used for void fraction and 
quality will vary. In the subcritical flow, standard correlations can be 
used for void fraction and it may be reasonable to assume thennodynamic 
equilibrium; neither of these approaches applies at the critical point. 
Extrapolation forwards and backwards is therefore inadequate and the only 
way of dealing with the situation is to make a detailed examination of the 
flow processes. To do this, the mechanisms of heat, mass and momentum 
transfer between the phases must be represented mathematically and 
equations for each phase written down separately. In this way, the 
pressure profile might be predicted reasonably accurately and the behaviour 
of the flow from subcritical to critical evaluated. In this way, the total 
infonnation that the designer requires (which invariably includes the 
behaviour of upstream pressure) may be made available. 

If the equations for energy, momentum and mass transport can be 
written down to include the interface transport processes, then it may be 
possible to integrate these equations either analytically or numerically 
from a position well upstream through to the point where critical flow 
occurs. Relatively little use has been made of this method in critical 
flow studies, though a number of authors, who were not specifically 
interested in critical flow, have(us~d the approach. For instance, warner 
and Netzer(21) and Crabtree et al 22} have applied stepwise integration 
methods to the evaluation of pressure profiles in air-water flows in 
converging-diverging nozzles and Soo(23) has used similar techniques for 
solid-gas flow. 

The stepwise integration method has the advantage that it predicts 
local parameters of the flow from point to point along the channel. If 
some means can be developed for measuring these local parameters, a direct 
check of the assumptions made in the equations can be obtained by comparing 
the measurements with theoretical predictions. The object of the programme 
of work of which this paper is a preliminary report, was to measure local 
parameters more precisely and in more detail. Particular attention has 
been paid to the precise measurement of pressure profiles but other measure
ments (not reported in detail here) include film thickness, film flowrate 
am liquid film temperature. Also, the use of high speed eire photographY 
has allowed a better understanding of the flow processes to be achieved. 
Theoretical models are concurrently being developed which predict these local 
parameters. These models, and their application, will be discussed in later 
papers; in the present paper some data are presented from which some 
preliminary conclusions may be drawn. 

EXPERIMENTAL 

The approach chosen was to select a simple system and to begin the 
study with all-gas flow and determine and analyse the changes in the system 
parameters which occurred as increasing quantities of liquid were added. 
The system geometry chosen was that of an annular venturi. That is, a 
nose-piece consisting geometrically of two cones mounted·base to base 
(though, of course, they were machined from the same piece of material) 
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mounted co-axially in a straight tube. The annular gap between the nose
piece and the tube had the form of a converging-diverging venturi section. 
The advantages of the annular venturi over, say, a straight pipe are as 
foLlows: 

(1) With a venturi, with its converging-diverging shape, the flow will 
contirue for some way beyond the critical point (which is, of course, 
the throat) in a supercritical (supersonic) fonn and the pressure will 
contirue to decrease. Thus, it is possible to determine the pressure 
at the critical point far more accurately since this is not in the 
region of a shock, as it would be in a straight tube. 

(2) With the annular venturi arrangement, the outer pipe can be made 
transparent which allows visual observation and photography of flow 
patterns occurring in the critical region. 

(3) By moving the nose-piece of the annular venturi axially with respect 
to a fixed pressure tapping on the wall of the straight tube in which 
it is mounted, it is possible to obtain more precise pressure profiles 
in the difficult region near the critical point. 

(4) The venturi also has the advantage that the frictional pressure 
gradients are small compared to the momentum pressure gradients. 
This is particularly useful since the greatest uncertainty is likely 
to be found in the case of the frictional losses. 

For the first phase of the work, an air-water system was chosen for 
its simplicity and ease of control. Also it has the advantage that the 
change of quality, through the critical region, is very small. 

Description of the Apparatus 

A schematic diagram of the apparatus is given in Figure 1. Air was 
drawn from the site mains, filtered, metered through an orifice plate and 
passed to the bottom of a long, 1.275-inch diameter channel which was 
precisely aligned in the vertical direction. After a calming length in 
which the air velocity profile became uniform, water was added around the 
periphery of the tube through a porous sinter injector as shown. In 
most of the experiments, the two-phase flow developed towards an equilibrium 
state in a further 50 ft or so of tube before meeting the annular venturi 
which was mounted in the column at the top as shown. Most of the experi
ments were carried out in the annular flow regime and the liquid film 
fonned on the walls could be extracted through a film extractor placed 
approximately 6 inches below the venturi. After passing over the venturi, 
the two-phase flow passed to a separating vessel from which the air was 
discharged to atmosphere and the water recirculated via a pump and flowmeter 
to the injection point. For some of the tests at very low qualities, it 
was found necessary to introduce the water somewhat nearer the venturi but 
the injection point was never closer than about 20 ft below the venturi. 
The advantage of tile long entrance lengths was that a more or less fully 
developed flow was obtained, many of the characteristics of which were 
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known from previous measurements on the apparatus. 

Figure 2 shows a detailed drawing and figure 3 a photograph of the 
venturi assembly. Movement of the venturi was by means of a close 
toleranced rack and pinion device and the position of the venturi could be 
adjusted to within about o.oos inches. The presSJ.re tappings were laid out 
as indicated in Figure 2, the diameter of the tappings being Oo032 indles, 
apart from the tapping adjacent to the throat (p4) which had· a diameter of 
0.014 inches. The nose-pieces were constructed from Duralumin and acrylic 
resin, depending on the measurements being made. 'Ihe flow tube adjacent 
to the venturi was made from acrylic resin and had a square outside cross
section to make photography easier. The rack and pinion device was 
mounted in the venturi flow section as shown and the section had suitable 
flanges at the ends for connection with the main part of the flow channel 
which was made of copper. 

For pressure measurement, water-mercury manometers were used and to 
ensure that no air had become trapped in the lines these were kept purged 
with water until steady conditions were obtained. 

RESULTS AND DISUJSSION 

It should be emphasized again that only some preliminary results are 
being presented at this symposium. Figure 4 shows a profile of pressure 
versus axial distance from the venturi inlet for an air-water flow of 
500 lb/h air, 500 lb/h water, through the venturi with an annular gap of 
1/16 inch. These results are typical of the results obtained for presSJ.re 
profiles in critical two-phase flow and illustrate the satisfactory accuracy 
obtained in the pressure measurements. Also shown in Figure 4 is the area 
ratio A/~ where.Ar is the throat area. 

The pressure profile shown in figure 4 is extremely sharp in the 
region approaching, and just beyond, the throat and the pressure continues 
to decrease in a manner which is characteristic of supersonic flow. 
However, the expansion is not completed and a shock occurs a little way 
beyond the throat position and the pressure rises again as the flow is 
converted to subsonic. This shock appears as a distinct change in flow 
pattern as shown in figure s. The precise location of the throat is 
somewhat difficult and the thickness of the line represents the area of 
uncertainty between various means of determination, which will be discussed 
below. It is worth noting that a plot of the ratio of absolute pressure 
to the inlet gas stagnation pressure against the area ratio follows rather 
closely the curve obtained for isentropic gas flow. 

Figure 5 shows the pressure profile in the region near the throat in 
greater detail for data with a range of gas/liquid mass flowrate ratios 
(ffir/mg)• The ratio of local absolute pressure to inlet gas stagnation 
pressure is plotted against axial distance. Three methods have been used 
to locate the position of the throat: 
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(I) By mechanical measurements. 

(II) By measuring the position at which the pressure ratio in single 
phase gas flow is equal to its theoretical value (0.53) for 
isentropic flow. 

(III) By measuring the position at which the pressure falls to a mininun 
for subsonic single phase gas flow. 

Results for the three methods are compared in Figure 5 for the 
1/1 6 inch gap venturi and are seen to agree well, i.e. to within about 
0.015 inches. The results for various values of ffir/mg show a striking 
similarity to the results for the gas flow alone. There is a gradual 
increase in the pressure ratio as the liquid flowrate is increased, but 
this could be interpreted as a movement towards a condition of iso-thennal 
gas flow resulting from energy transport from the liquid. Similar results 
were obtained with both amuli. The isothennal and isentropic gas critical 
pressure ratios were detennined by conventional procedure as outlined, for 
example, in Cambel and Jennings( 9 J. 

Figures 6 and 7 are plots of the effect of downstream pressure 
variation on the pressure profile obtained with two different sets of air
water flows. In the first case { 750 lb/h air, 250 lb/h water, Figure 6) 
the position of the shock beyond the throat could be clearly associated 
with the position of a discontinuity in the flow pattern. This 
discontinuity is illustrated in the photograph given in Figure 8. The 
discontinuity at the shock is characterised by th~change in the flow 
pattern in the liquid f 11m on the surface and cine studies indicate that, 
beyond the shock, there is considerable circulation and backflow. For 
downstream pressure profiles A, B and c {Figure 6) the existence of a 
critical flow is confinned by the absence of an upstream pressure effect 
and by the existence of a negative pressure gradient beyon the throat 
position. Curve D in Figure 6 shows a minimum in the region identified 
as the throat and, as might be expected for subsonic flow, shows a 
significantly higher upstream pressure than that found for curves A, B 
and c, indicating the transmission of a pressure signal through the throat 
region and, thus, indicating a subcritical flow. Figure 7 was obtained 
for a much higher water rate {flowrates 500 lb/h air, 1250 lb/h water) and 
curves A, B and C show similar characteristics to the results shown in 
Figure 6 in that the upstream pressure profile remains constant. When 
the downstream pressure is raised further {curves B and E) there is a 
corresponding increase in the upstream pressure, suggesting subcritical 
flow in this case. However, it will be noted that, even with curves D 
and E, the pressure continues to fall beyond the throat position. This 
latter behaviour is, of course, characteristic of a supersonic flow and 
may possibly be explained by a unique liquid behaviour near the throat. 
For instance, the liquid could pile up in the throat region giving a Shift 
in the effective throat position for the gas. At the high liquid flows, 
the discontinuity was rather difficult to observe visually. The circula- · 
tion of liquid beyond the throat may assist in causing a liquid pile up 
leading to a shift in effective throat position. 
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Figure 9 shows the effect of varying rates and of changes in liquid 
distribution just upstream of the venturi entrance. Four cases are Shown: 

(A)' Critical two-phase flow with IDf/Jhg = t.O (500 lb/h air, 500 lb/h 
water). The entrainment f lowrate was detennined by removing the 
liquid film just before the throat and the ratio of entrained liquid 
liquid flow to gas flow (ffirefffig) was 0.49. Curve A represents the 
pressure profile without film removal. 

(B) Critical flow with the same gas flowrate but with mr/mg = 0.5 and with 
IDfefmg detennined as 0.21. 

(C) Critical flow curve for an initial ffir/mg = 1.0 but in which the liquid 
film has been completely removed just before the throat leaving a net 
Jbr/mg = o. 49. 

(D) Critical flow for gas alone at the same flowrate. 

The curves are plotted in terms of the difference between the local 
pressure and the throat pressure. The most important conclusion from this 
plot is that adding liquid has a relatively small effect on the pressure 
drop from upstream to throat. If one assumes that the gas pressure drop 
is essentially the same for cases where liquid has been added, then it must 
be concluded that the acceleration of the liquid phase is rather small. 
This general behaviour is also indicated by a flow model which - currently 
being developed and makes a reasonable estimate of the drag force on the 
liquid. There is .only a small difference between curves A and c, and this 
implies that the entrained liquid makes the greatest contribution to the 
flow process; however since all the absolute difference are very small, 
care must be exercised in drawing too detailed conclusions from this data. 
The actual liquid flow in the film in case C at the throat, may be 
significant because of redeposition but the entrainment is certainly very 
much higher than that for the same total liquid flow without pre-removal of 
the film (case B). 

It is of interest to compare the present data with other data for 
critical air-water flow. To the authors' knowledge the only other 
previous data on this system were obtained by Fauske{t5). In Fauske's 
work, the critical pressure was reported to be 17 p.s.i.a. am was thus in 
the same range as that covered qy the present experiments (14- 31 p.s.i.a.). 
The data at the indicated critical pressures are plotted against quality 
(air-total flow ratio) in Figure 10 and the curve shown in this figure 
represents the data of Fauske. The lower quality runs, which have not 
been reported elsewhere in this paper, were at reduced air rates. It 
appears that there is general agreement between these two sets of experi
mental results although the Fauske data were obtained from a variety of 
constant flow area sections in contrast to the annular venturi used for 
these experiments. 
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())NO..USIONS 

Preliminary results have been presented which indicate that, for 
annular two-phase flow in an annular venturi, the following broad conclu
sions may be drawn: 

(1) At constant gas flowrate, the pressure profiles with various liquid 
flowrates, are similar in fonn to those obtained for the gas flow 
alone. The ratio of throat pressure to upstream gas stagnation 
pressure is approximately constant over a wide range of liquid 
flowrates. 

(2) In two-phase critical flow, a downstream pressure discontinuity (shock) 
behaviour appears which is similar to that found in a single-phase 
compressible flow. This discontinuity was associated with a sharp 
change in the flow characteristics of the liquid film on the wall. 
This sharp discontinuity disappeared at the point when pressure signals 
could be transmitted upstream. 

( 3) For two phase critical flow as the downstream pressure is increased, 
there is no effect on the pressure upstream of the throat, providing 
the flow remains critical. Furthennore, beyond the throat, the 
pressure continues to decrease as is found in a single-phase supersonic 
flow in a diverging section. However, even when the pressure signals 
can be transnitted upstream (indicating that the flow is subcritical) 
there may still be, with two phase flows, a negative pressure gradient 
beyond the throat, especially at high liquid flowrates. 

(4) The pressure drop between the entrance and the throat was increased by 
a relatively snall amount as the liquid mass flowrates are changed 
significantly with respect to the gas mass flowrates. This suggests 
a relatively small liquid acceleration. By adjusting the distribution 
of the liquid phase between film and entrairunent, quantitative indica
tions were obtained of the fact that the entrained liquid makes a 
bigger contribution to the pressure drop than an equal quantity of 
liquid flowing as a film on the tube wall. 

(5) Data obtained for mass velocity at choking in the venturi system 
generally agreed wt· th data for critical mass flow in straight channels 
obtained by Fauske 15). . 
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ABSTRAC'r 

The non-linear wave propagation is investigated analytically for the one
dimensional two-phase flow with heat addition. The basic equations were 
solved by the method of characteristics. For the stepwise calculation of 
the ~~ree families of characteristics a digital computer program was set 
up. Compression waves result in compression of the two-phase mixture along 
the characteristics, hence in condensation. Calculation by the method of 
characteristics showed, that in compression waves the vapor is already 
condensed almost completely under thermodynamic equilibrium. However, a 
compression wave steepens to a shock front. The pressure increase in the 
shock front then obviously leads to residual condensation. The existence 
of zhocY.s is demonstrated for various conditions. 
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1 • INTRODUCTION 

The fluid mechanics of two-phase mixtures prove to be much more complex 
than ti1ose of compressible gases. The most important reasons for the com
plex picture are (1) the various flow regimes, (2) subcooled boiling and 
superheatiP~ of the liquid, (3) slip between the phases which has been de
termined so far only for steady flow conditions and only experimentally, 
(4) the low velocity of sound and thus the possibility of shock waves and 
(5) the close thermo- and hydrodynamic coupling in the flow with heat 
addition. 

Fischer and Hafele /-1 7 have shown the po~sibility of shock fronts exist
ing also in a two-phase flow when the velocity of flow is higher than the 
velocity of sound. There are upper and lower limits of the velocity of sound 
in two-phase mixtures. The lower limit is based on the thermodynamic equi
librium between liquid and vapor. The velocity of sound in this case is in
fluenced by the compressibility and by condensations and evaporations. 
These phase changes require an adequately quick heat transfer. 

The upper limit is reached, when there are no phase changes in the mixture 
during the passage of a sound wave and when, therefore, the velocity of 
sound is determined only by compressibility. 

The difference between these two velocities of sound can be explained by 
the homogeneity of the mixture and by dispersion. 

In this work the non-linear wave propagation is investigated analytically 
for the one-dimensional bubble flow with heat addition. In the non-steady 
flow of compressible fluids the characteristics play the dominant part. 
Therefore, the non-linear and non-steady state basic equations of the bubble 
flow with heat addition were solved by the method of characteristics. The 
existence of shock fronts is demonstrated for various initial conditions. 
The explosion-type boiling of superheated liquids is simulated by the bubble 
flow model, and the propagation of the wavea produced is calculated. 

2. THE BASIC EQUATIONS OF THE ONE-DIM&NSIONAL TWO-PHASE FLOW 

The conservation of mass, momentum and energy of the two-phase flow, is 
expressed in their differential and one-dimensional form as follows: 

Continuity 

0 

Momentum equation 

4 
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Energy equation 

Indices g and 1 indicate the gas x)and liqutd phases, a is the void fraction, 
f the density, w the velocity, g the gravity, p the pressure, ~the wall 
sh2ar stress, e the internal energy, h the enthalpy, q the heat flux per 
em of wall surface, d a characteristic length of the pipe, t the time and 
z the coordinate along the pipe. 

In the steady vertical bubble flow the ratio of the phase velocities w and 
g w

1 
averaged over the pipe cross section is 

(2.4) 
w 1 -a r = - + -=----wl k- a 

The first term of the right hand side of eq. (2.4) is the ratio of the rela
tive velocity wr between the phases7 averaged over the pipe cross section, 
and the velocity w1 of the liquid phase. This expresses the buoyancy of the 
bubbles in liquids. It becomes important only at very low velocities of the 
liquid phase. At higher velocities it is negligible also at higher pressures. 
Also Bankoff i-2_7 neglects this term. 

The second tenn considers the influence of the radial change of the void 
fraction in the pipe. 

In this work the one-dimensional two-phase flow is regarded in the z-direc
tion. This a priori neglects the radial dependence of the flow and state 
variables,and ln eq. (2.1) to (2.3) it can be assumed that 

= w = w . g 

Also the wall friction is assumed to be unimportant for the process of wave 
propagation and is neglected in the further investigation. 

With the density of the mixture 

(2.5) ~ = a~g + (1-a) ~ 1 

it thus follm·Js for the basic equations: 

Continuity 

(2.6) 2f + _Q_ (ow) = 0 
~t Qz ' 

x) or vapor 



Momentum equation 

(2.7) 

Energy equation 

(2.8) 

., .... 

_g_ 
d . T 

The energy equation (2.3) was transformed into the simpler form of eq.(2.8) 
by introduction of the entropy s. Eq.(2.8) is correlated to eq. (2.3) through 
the second law of thermodynamics. T is the absolute temperature. 

The two-phase flow regarded here is assumed to be always in thermodynamic 
equilibrium. In that case it is completely described by the velocity w, the 
pressure p and the void fraction a, since, according to Clausius-Clapeyron, 
the temperature is a function of the pressure only and vice versa. 

Hence, the differential quotients of density and entropy are expressed in 
the basic equations (2.6) to (2.8) as functions of p and a. 

If f 1 >> ~g and the liquid phase is assumed to be incompressible, it follows 

that: 

(2.9) ~v '()a 
(2.10) '()z = - ~\ '(}z 

For the entropy of the mixture it holds that: 

The variation in time of the entropy of the mixture is: 

(2.11) 

0~ 9s1 Qs 
In eq. (2.11) s

1
, sg, ~, ~ ~~d 0~ must be represented as fQ~ctions of 

the pressure. From the equation by Clausius-Clapeyron one obtains for the 
vapor pressure curve: 

d(ln p) 

d (*) 

- hlg 

R 

The heat of evaporation, h , must be inserted as a constant. This largely 
compensates t.l1e errors contfhned in the assumptions ~l » ~g and ~g = p/RT, 

also at hig.""lar pressures /-3 7. For th~ cr.it ical values (c) and the boiling 
poir:t (b) the equation of-the vapor pressure curve is as fcll:)\'!S: 



(2.12) 
ln p 

c 

5 

T = ln p 1 1 
----~c.-(- - -) ln p 

Tb Tb Tc 

For variations in both time and location of the entropy of the mixture 
eq.(2.12) finally yields: 

(2 .13) 

(2.14) 

Where 

p 

lnp 1 1 
_c -(- - -)ln p 

T T T 2 a: 1 ln p 
.- c +- -;--

1-a ~1 - Tb 

i ;- b b c 
ln P ; 1 1 

- - ln p (-- -) 
c Tb Tc 

---) 

ln p 
- c 

p (. T 
F2 (p.,a) b 

=-

fl ln p 

1 1 
- (-- -) 

Tb Tc 
1 1 (-- -) c Tb Tc 

2 
ln P_7 1 

(1-a)
2 

ln p c 

Generally., the equations (2.9), (2.10)., (2.13) and (2.14) hold for any fluid 
within the simplifications introduced. Thus the basic equations can be writ
ten in terms of the dependent variables w., p and a as follows: 

Continuity 

(2.15) 
I'Ja '<Ja "Jw 
9t + w Oz - (1-o:) 'r)z 0 

Momentum equation 

(2.16) ( 1 ) ('c)w 9w) 1 £E. _ 0 -a: '()t + w 'c)z + ~ 1 "Jz -

Energy equation 

(2.17) 

The eqs.(2.15) to (2.17) are valid for a < 1 because of neglecting fg which 
is small in comparison with ff· 
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As in the initial value problem of the familiar wave equation, the notion 
of characteristics plays the dominant role in the integration theory of 
these partial differential equations of the first order. 

3. NON-LINEAR WAVE PROPAGATION 

It is typical of the treatment of non-linear wave phenomena that the cha
racteristics are unknown from the outset - contrary to the linear wave 
phenomena - , because the directions of wave propagation in turn depend on 
the unknown variables of state and flow L-4_7. 
Therefore, the flow field is calculated in steps along the characteristics 
of the non-linear basic equations (2.15), (2.16) and (2.17)·. In each case, 
the thermodynamic equilibrium is assumed to hold. 

3.1 The Characteristics 

Systems of n partial differential equations of the first order are hyperbo
lic, if n different real directions result for the characteristics /-5 7. 
The range to be investigated is then covered by n families of characteris
tics. Hence, for the two-phase flow considered here the directions of three 
characteristics are looked for. 

3.1.1 The Direction Field 

A reversibly unequivocal transformation in the z,t field considered here 
replaces the coordinates z and t by the new directions J(z,t) and ~(z,t) 
in the system of equations (2.15) to (2.17). For the transformation the fol
lowing relations hold: 

(3.1) 

t 

p 

z 

; etc. 

Waves originating at point P propagate to 
the right along J (z,t) and to the left 
along ~ ( z, t) • '!he terms right and left re
fer to the stream line L(z,t). 

Let the dependent variables w,p,abe known 
on the new coordinate ~(z,t) and, hence, 
also their derivatives along ~(z,t): 
w , p , ex • 
~ ~ ~ 

Using eq.(3.1) one obtains three equations for the three unknown differen
tial quotients w~ , p~ , CXJ out of the equations (2.15), (2.16) and (2.17): 



(3.2) 

(h+ w ~z) al - (1-a) ~z wj 

(1-a) (~t+ w ~z) w! + :~ p~ 

F2(Jt+ w Jz) a~+ Fl(Jt+ w Jz) P\ 

7 

= - (~t + w ~ ) a + (1-a) ~ w z Tl z f) 

T)z 
= - (1-a) (TJt + w TJ ) w - --- p 

z TJ ~1 TJ 

= (l~J~1d·T- F2('1lt+ W'llz)a'll- F1(TJt+ WTJz)pTJ 

This results in the condition for the direction field of the characteristics 
!.."-5_7: 

~t + w ~z . - (1-a) Jz . 0 , , 

(3.3) D = 0 (1-a) (}t+ w Jz) 
1 

= 0 . . 
f1 Jz 

, , 

F2(~t+ w ~z) ; 0 . Fl(~t+ w Jz) , 

From eq.(3.3) results a cubic equation with three different real solutions 
for the directions of the curve TJ(z,t) in each point of the z,t-plane: 

(3.4) 
1t (dz) ---- = w 
Jz dt L 

~t 1 F2(p,a) 
(dz) -- = w - F1 (p,a~ ~z C?l dt 

~ 

(3.5) 

Jt 1 F2(p,a) 

(~~)! -- = w+ F1(p,a) = 
Jz C?l 

(3.6) 

where the values of the roots in eq. (3.5) and eq. (~.62 correspond to the 
velocity of sound in the thermodynamic equilibrium i 1_7. 

This determines the direction field of the characteristics in the z,t plane. 
There are three characteristics in each point. 

The variables of flow and state w{z,t), p(z,t) and a(z,t) are assumed to be 
continuously differentiable. The three differential quotients wi , pj , aj 

in the transformed system (3.2) , therefore, have finite values. In the ex
plicit notation for w! , p\ , a~ ,therefore, not only the coefficients 

determinant (3.3) but also the numerator determinants must be equal to zero 
in the set of equations (3.2). With these compatibility conditions the 

4. 
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differential equations for the flow and state conditions on the characte
ristics are obtained. 

3.1.2 The Compatibility Conditions 

Along each characteristic the compatibility condition holds, i.e. the cor
responding numerator determinant must equal zero in the transformed system 
(3.2). 

This results in the differential equations of the flow and state conditions 
on the characteristics TJ(z,t), ~ {z,t) and L{z,t): 

(3.7) (!!E.) - (1-a) \' dO" 1 
T) 

1 F2(p,a) 
(dw) 

q 
(dt) 

\'1 F1 ~p,a) dO" ~1-a) F1 (p,a) " 1 d·T dO" 
f) T) 

1 F2(p,a) 

<~:>~ 
q dt 

~1 Fl(p,a) (1-a) F1(p,a) ~1 d·T (dO") 3 (3.8) 

(3.9) 

where a is the arc length measured along the corresponding characteristic. 

With the differential equations (3.7), (3.8) and (3.9) the changes in the 
three flow and state variables w, p and a along the three characteristics 
TJ, ' and L are given. However, the directions of the characteristics are 
not known from the outset, according to equations (3.4), (3.5), (3.6), but 
are themselves dependent on the variables w, p and a. Hence, for the calcu
lation of the two-phase flow with heat input as considered here, the three 
families of characteristics must be calculated by means of iteration pro
cesses. The necessary initial conditions are obtained from the steady state 
solutions of the basic equations (2.15), (2.16) and (2.17). 

3.2 Specialization for Steady Flow 

The flow and state conditions are now functions of location only. The system 
of differential equations (2.15) to (2.17) of the non-steady flow thus reduces 
to: 

Continuity 

(3.10) da 
w --dz 

(1-a:) dw = 0 
dz 

4. 
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Momentum equation 

(3.11) dw 1 3.E_ 
(1-a) w dZ + fl dz = 0 

Energy equation 

(3.12) 

The calculation of the steady two-phase flmv with heat input can be carried 
out by a difference method only in the subsonic range. From the basic equa
tions (3.10)~ (3.11) and (3.12) one obtains for the differential quotients 
dw ~and da 
dz • dz dz 

d>v - q(z) 
(3.13) -

(1-a)2 9
1

2 d·T i-F1(p,a) 2 
- ~1 F2 (p~a) _7 dz w 

dp w q(z) 
= 

2 1 ( ) -dz {l-et)~\ d·T i-F1(p,et) w - ~ F2 p,Ct I 
1 -

(3.14) 

da - q{z) 
= 

{1-Ct) f 1
2 w d·T i-F1{p,a) 2 1 ( ) .., dz w ~1 F2 p,a _; 

(3 .15) 

·The numerical integration of the system of equations (3.13) to (3.15) is 
performed by means of a-. digital computer program. For flow velocities 

(3.16) w 
1 F2(p,a) 

~1 F1(p,Ct) 

there are discontinuities for~; , ~ and ~~in eq. (3.13) to (3.15). The 

values of the root in eq. (3.16) correspond to the velocity of sound inclu
ding the effects of condensations and evaporations /-1 J. Hence, the diffe
rence method is applicable only in the subsonic ran&e for the calculation 
of the steady two-phase floN with heat addition. 

The basic equations of the non-steady two-phase flow are solved by the 
method of characteristics. The stationary solution provides the initial 
conditions. 



10 

4. METHOD OF CHARACTERISTICS FOR THREE DEPENDENT VARIABLES 

For calculation of the one-dimensional non-steady two-phase bubble 
flow with heat addition the directions and compatibility conditions of the 
characteristics were determined in sec. 3.1. 

With a = 

{4.1) 

( 4.2) 

(4.4) 

1 F
2

(p.,a) 

"1 F1(p .. a) 

dz = {w-a) dt 

the summarized result is: 

q 

dp - •:((1-a) ~\ a_7 dw = -------- dt 
{1-a) F1{p,a) 91 d·T 

dz = {w+a) dt 

q 
dp + ,((1-a) ~l a_i dw ----------------~----- dt 

L - characteristic or stream line 

(4.5) dz \v dt 

(4.6) 
F2 (p.a) 

dp + da = ----------- dt 
q 

F
1
(p,a) {1-o:) F1 {p,a) ~l d·T 

Equations (4.1) to (4.6) are the differential equations of the characte
ristics. They are valid as long as there are no shocks. In the case of 
occurrence of shock fronts the shock equations obtained in /-1 7 are needed 
in addition to equations (4.1) to (4.6) in order to determine discontinuous 
changes of the flow and state variables. 

The directiorts of the three characteristics are dependent on the solution 
themselves, according to equations {4.1), (4.3) and (4.5). Hence, the two
phase flo~; is calculated stepwise along the characteristics. In this process 
the differentials of equations (4.1) to {4.6) are replaced by finite diffe
rences and the coefficients by averages along the characteristics. 
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The resulting difference equations are valid along the characteristics. 
A digital computer program.was written to solve this set of equations by 
an iterative technique. 

At the pipe inlet two cases of boundary conditions are regarded: 

In case 1 the flow velocity at the inlet is positive and given as a func
tion of time. Consistent with this is the other cond.i tion, that also the 
void fraction at the inlet is given as a function of time. 

In case 2 the two-phase mixture in the heated pipe has the possibility of 
flow reversal. In that case, neither the velocity of flow nor the void 
fraction at the pipe inlet are given as boundary conditions. However, there 
is now a boundary condition for the pressure. 

At the pipe outlet the pressure is given as boundary condition in both oases. 

5. APPLICATION OF THE METHOD OF CHARACTERISTICS 

The method of characteristics is applied to the pipe flow of water-steam 
mixtures with heat addition and at various boundary conditions. 

Added to the flow.per unit vol~e is the heat power q/d dependent on space 
and time. The exponential rate of increase in the heat power acts as the 
driving function for the transient. The local profile of heat power is a 
chopped cosine function for all times. 

The steady state solutions provide the initial conditions. The solutions 
of the method of characteristics remain constant with a heat power constant 
in time. This shows both the consistency with the steady state solutions 
and the strong numerical stability of the method. 

The calculation of the non-linear wave propagation in the two-phase pipe 
flow is carried out for three cases. The various input parameters for these 
cases are given in table I. 

5.1 Pipe Flow at Constant Inlet Velocity 

Saturated water flows into a cylindrical channel at the constant rate of 
4 m/sec. In the steady state there is a pressure of 7 at at the channel 
inlet. Tne heat power added to the fluid rise; exponentially as a function 
of time with a period of 0.02 sec from 8 W/c~(in the center of the channel). 

Fig. 1 shows the characteristics or Mach lines extending to the right and 
to the left, respectively, relative to the flow line as a function of space 
and time. Of the two families of characteristics covering the z,t-flow plane 
completely, only those are shown which are important for a shock front. 
From the interior of the channel a compression wave moves left to the chan
nel inlet, steepens and results in a shock at z = 5 em and t = 0.120 sec. 
Although a heat power of some 1600 W/cm3 is transmitted to the fluid at the 
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location of the shock, the void fraction is practically zero already shortly 
before the shock. This means that the compression occurring in thermodyna
mic equilibrium already will cause almost complete condensation in the com
pression wave. 

5.2 Pipe Flow at Constant Inlet Pressure 

Contrary to the flow described in section 5.1 the pressure prevailing at 
the channel inlet is constant for all times now. The fluid has the possibi
lity of flow reversal in the heated channel. 

Fig. 2 shows the characteristics for this case, extending to the right and 
to the left. Again, only those characteristics are shown which are signifi
cant to the flow. Owing to the formation of steam in the channel there will 
very soon be a flow reversal at constant inlet pressure, i.e. at both ends 
the fluid flows out of the channel. The characteristics shown for the channel 
inlet indicate that the fluid flows back out of the channel inlet at super
sonic velocity. There is a rather weak compression wave moving from the 
right to the left against the inlet; it apparently requires considerable 
transit time up to the shock. 

5.3 Boiling of Superheated Water 

The water nearly stagnant in the channel of the length H = 95 em is super
heated by 17°C at the center of the channel. The superheating profile has 
a chopped cosine form, analogous to the distribution of the heat addition. 

Fig. 3 shows the complete net of characteristics extending to the right and 
to the left. The release of the superheat energy stored in the superheated 
liquid occurs in the first two rows of mesh lines. This interval of time 
extends for about 7 msec and is dictated by computational processes and has, 
therefore, no physical significance. 

Fig. 4 shows the pressure p and the void fraction a in the center of the 
channel at z ~ H/2 as a function of time. Immediately. the pressure surges 
to the boiling pressure of the maximum superheating temperature while the 
evaporation rises at a relative slow rate. 

Before and behind the channel inlet there are displaceable liquid columns. 
Due to the evaporation in the channel they are accelerated into motion. 
Hence, compression waves, which rapidly steepen to shocks, move into the 
interior of the channel from both ends, see fig. 3. 

Fig. 5 shows the pressure and the void fraction as a function of location 
at time t = 0.026 sec immediately before the shock at the channel inlet. 
Pressure and void fraction decrease from the inside to the outside corre
sponding to the cosine-shaped superheating. Because of the evaporation in 
the immediate vicinity of the channel inlet and the small velocity of pro
pagation of pressure disturbances in two-phase mixtures the pressure at the 
channel inlet starts to rise again as a result of the acceleration of the 

1.~. 
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liquid column. Fig. 6 shows the pressure in the boiling process as a func
tion of space and time. According to fig. 5, the void fraction rises sharp
ly immediately ahead of the shock because of the steep pressure profiles. 
In the compression wave directed towards the center of the channel the 
steam has almost entirely condensed under thermodynamic equilibrium. There
fore, as in fig. 5 the void fraction already goes to zero a short distance 
ahead of the shock. The pressure increase in the shock then obviously leads 
to residual condensation. 

6. CONCLUSIONS 

For the non~steady two-phase flow with heat addition three different charac
teristics result at each point of the z,t-flow plane. Therefore, the non
steady basic equations constitute an initial value problem which must be 
solved by the method of characteristics. This concept, which is wellknown 
in the case of compressible gases, was to our knowledge for the first time 
applied to the case of two-phase flow. For the stepwise calculation of the 
three families of characteristics a digital computer program was set up. 

The method of characteristics provides stable and correct solutions for the 
three dependent variables of the non-linear, non-steady and one-dimensional 
two-phase flow regarded here, as long as there are no shooks. 

In two-phase flow all three oases: condensation, no change of phase, and 
evaporation can be associated with shooks. The boundary between shocks with 
condensation and those with evaporation, however, is located at very high 
void fractions, which can be set equal to one in most practical cases. Hence 
in most two-phase mixtures shocks result in condensation. This holds parti
cularly for the bubble flow. 

The method of characteristics applied to the non-linear non-steady bubble 
flow is based on thermodynamic equilibrium in the fluid. In this way, pres
sure disturbances will propagate at the low velocity of sound. Compression 
waves result in compression along the characteristics, hence in condensation. 
Calculation~ by the method of characteristics showed, that in the compres
sion wave the vapor is already condensed almost completely under thermodyna
mic equilibrium. However, a compression wave steepens to a shook front. The 
pressure increase in the shock front then obviously leads to residual con
densation. 

This result becomes clear upon a look at the T,s-diagram. At not excessive
ly high pressures, two-phase. mixtures with void fractions a < 1 are in the 
close vicinity of the boiling line. In an isentropic compression, therefore, 
the state of the fluid quickly reaches the state of the saturated liquid 
without requiring major pressure increases. 

However, with small void fractions condensation in the compression wave 
causes a marked increase in the velocity of sound. For a ~ 0 the velocity 
of sound converges into the high velocity of sound of the saturated liquid 
with a rapid increase. !his greatly accelerates the convergence of characte
ristics in the case of compression waves. Hence, in two-phase flow there will 
always occur a shock before complete condensation takes place in a compres
sion wave. 
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Table I. Input Parameters for Calculation of Wave Propagation in Two-Phase Flow 

Constant Inlet Constant Inlet Boiiing of 
Velocity Pressure Superheated Liquid 

Channel length (_-cm_7 95 95 95 
Channel equivalent diameter (_-cm_7 1.0 1.0 1.0 
Extrapolated length ~) (_-cm_7 125 125 125 
Critical pressure (_-at_7 225.4 225.4 225.4 
Critical temperature (_-°K_7 647.26 647.26 647.26 
Boiling temperature at 1 at (_-oK _7 372.25 372.25 372.25 
Specific heat of the saturated liquid ;-wsec/g°C 7 4.35 4.35 4.35 
Density of the saturated liquid ~-g/cm3_7 - 0.904 0.904 0.904 • 
Initial inlet pressure (_-at_7 7 7 7 1--' 

Initial inlet flow velocity (_-m/sec_7 4 4 
\J1 

0.01 
Initial inlet vapor void fraction o.o 0.0 0.0 
Length of liquid mass before channel inlet (_-cm_7 o.o o.o 100 
Length of liquid mass after channel outlet (_-cm_7 0.0 0.0 100 

-o -Maximum superheat temperature of the liquid(_ C_/ 0.0 0.0 17 
Period of the exponential power generation (_-sec_7 0.02 0.02 o.o 
increase 

~) Determines chopped-cosine power generation distribution 
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FIQ.1 Net of characteristics in two-phase flow of water in a 
cylindrical duct under heat addition and a constant inlet 
velocity. 



0,12 5.-----,---------.---.----------,----.----------.-----

0,12 f--------1----+----+-----+-----+----+-------i 

t[sec] 

0,115 f----4+-\~~----+--::...~~~,-------+-----+----+-------i 

0.11 

QOB~--~-~----~--~----~----~--~ 
- 10 0 10 20 30 40 50 60 

---~~•~ Z[cm] 

Fig. 2 Net of characteristics in two-phase flow of water in a 
cylindrical duct under heat addition and a constant 
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ACOUSTIC OSCILLATIONS IN A HIGH PRESSURE SINGLE CHANNEL 

BOIUNG SYSTEM1 

A. E. Bergle s, P .. Goldberg, and J. S. Maulbetsch 
Dynatech Corporation, Cambridge, Massachusetts 

ABSTRACT 

Oscillatory behavior was observed during the course of an investigation of boiling 
water flow regimes at high pressure. The test sections consisted of uniformly 
electrically heated round tubes with 0. 4 and 0. 82 in. diameter and lengths of two 
to eight feet. A severe restriction was provided at the test-section inlet. Fast 
response differential and absolute pressure transducers were attached. 

The oscillations are characterized by a frequency greater than 35 cps. For con
stant length, pressure, mass velocity, and inlet subcooling, the frequency· is high 
at subcooled exit conditions, reaches a minimum at low quality, and increases at 
higher quality. The oscillations are most pronounced in the subcooled region;pres
sure drop amplitudes are very large compared to the steady-state values and inlet 
pressure fluctuations are a significant fraction of the pressure level. 

The oscillations are considered to be acoustical in character, and induced by the 
collapse of subcooled voids. An analytical model is formulated to aid in predicting 
the threshold and frequency of the oscillations. A perturbation solution of the lin
earized equations is carried out. The predicted frequencies are in general agree
ment with the observed values. The predicted threshold of oscillation is reason
able. 

1This study was sponsored by the USAEC under Contract AT (30-1)--3304. 
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INTR.JDUCTION 

Boiling systems are subject to a variety of instabilities depending upon the geom
etry and flow conditions. Most of the work in this area has been directed toward 
the observation, prediction, and control of those instabilities which destroy or. 
severely restrict the performance of the system. One area of boiling instability 
which has not been investigated in detail in concerned with the higher frequency, 
acoustic oscillations which do not involve catastrophic pressure or flow fluctua
tions, but which may cause system failure after extended periods of service. 

A colorful survey of boiling sounds and associated vibrations observed in experi
ments prior to 1960 is presented by Firstenberg[l]. In single channel boiling 
experiments, intense sounds signified the onset of mechanical vibrations and 
pressure and flow fluctuations. Although the observations were largely qualita
tive, it was concluded that this phenomenon was confined to systems operating 
with subcooled boiling near the critical heat flux. Frequencies were generally 
reported to be of the order of 1000 cps. 

Pressure and flow oscillations of the order of 10 cps, which appeared to be related 
to the speed of sound in the boiling medium were incidentally noted by Gouse r 2] 
during a study of flow oscillations in parallel channels with bulk boiling. Jeglic [ 3] 
observed pressure oscillations of the order of 100 cps during low pressure sub
cooled boiling of water. Pressure fluctuations exceeded the average system pres
sure· under certain conditions. It was suggested that the fluctuations were due to 
the collapse of subcooled voids. This view is supported by Westendorf [ 4] who 
observed similar fluctuations during studies of high velocity, direct contact con
densation. Peterlongo [5] noted high frt:<luency pressure oscillations under highly 
subcooled conditions during the operation of a high pressure water system. The 
oscillations did not appear to have any effect on the critical heat flux. 

In spite of numerous observations of acoustic oscillations, no attempt appears to 
have been made to analyze the phenomenon. No difficulties appear to have been 
encountered with laboratory equipment since operating time is limited; however, 
high frequency, high amplitude pressure fluctuations could cause fatigue in actual 
systems. The present report considers acoustic oscillations observed in a high 
pressure boilingwater system and presents an analysis for predicting the frequency 
and threshold of these oscillations. 

EXPERIMENTAL FACILITY 

The test facility schematically indicated in Fig. 1 has been primarily employed 
for a study of flow regimes and critical heat flux for boiling water at pressures 
of up to 1100 psia. The majority of the flow is run through the bypass line, re
sulting in a relatively constant pressure drop across the tes&-section circuit of 
120 psi. However, the flow control valve generally absorbs over 100 psi of this 
pressure head, thereby insuring steady flow into the heated section. The heated 
section consists of various lengths of standard 321 stainless tubes. Direct-current 
power is supplied to the tubes by a transformer-rectifier unit and a saturable re
actor which are fed by utility power. The reactor permits continuous control of 
the power up to a maximum of 200 kw. 



A Heise Bourdon Tube gauge was connected as indi~ated to monitor the inlet or 
outlet pressure level in the test section. Duringperiods of intense oscillations, 
guage fluctuations of up to 400 psi were observed; thus it was necessary to se
verely throttle the gauge lines to avoid damaging the instrument. In any case, 
because of instrument inertia, th,e gauge could only be used to give a qualitative 
indication of the actual fluctuations occurring within the test section. 

A Dynisco strain-gauge differential pressure transducer (25 or 100 psid) was 
installed at 'the connecting flanges to monitor the test-section pressure drop. 
A simil.ar 1000 psi transducer was located at the inlet flange to monitor the 
inlet pressure. Due to thermal and space limitations, the transducers were 
located several feet from the test section. All connecting lines were carefully 
purged to eliminate any air. 

The transducers were driven by strain-gauge couplers and a d-e power supply 
mounted in a Beckman Dynograph console. Transducer Qutputswere fed into am
plifying and recording systems of the 8-channel, ink-pen-type recorder. Except 
for a few points, all data were within the undistorted amplitude range of the gal
vanometer styli. At the higher frequencies characteristic of this study, it was 
necessary to correct the recording for amplifier output voltage distortion, which 
is frequency dependent. 

EXPERIMENTAL OBSERVATIONS 

Test runs generally involved setting the pressure level, inlet temperature, and 
flow rate, and increasing power to achieve the desired range of exit quality. Os
cillaUons of varying frequency and amplitude were observed in the inlet pressure 
and test-section pressure drop during the course of a run. The primary trends 
of the oscillatory behavio.r are described in Figs. 2 - 6 and discussed in the fol
lowing. 

1. No fluctuations were observed prior to the inception of subcooled nucleate 
boiling at the exit of the test section. This is illustrated in Figs. 3 and 4 where 
the incipient boiling points were calculated according to the method outlined in 
[ 6 ], utilizing the Dittus and Boelter nonboiling correlation and the Jens and 
li>ttes subcooled boiling correlation [ 7 ]. 

2. As the heat flux is increased, the oscillations grow to large amplitudes within 
the subcooled regime and diminish as the saturation condition is approached. Fig. 
4 illustrates that the inlet pressure fluctuations are a significant percentage of the 
pressure level. As shown in Fig. 3, the pressure drop oscillations are far in ex
cess of the steady-state pressure drop which is below 2 psi for the data indicated. 
The data of Fig. 2 indicate that the oscillations persist into the quality region, with 
pressure drop amplitudes of the same order as the steady-state pressure drop. 

3. The oscillations diminish in intensity as the inlet temperature is increased. 
As shown in Fig. 2, the pressure drop amplitudes for high inlet temperature, 
and low heat flux, are modest compared to the fluctuations observed with low 
inlet ·temperature. 
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4. The frequency is greater than 35 cps. For each run, the frequency is high 
in the subcooled region, reaches a minimum at low quality (XQ < 10 percent), and 
increases as the quality is increased. This trend is evident in Fig. 2, and is quite 
apparent in Fig. 6 for a wide range of flow rates. 

5. There is some indication that the frequency decreases as the test-section 
length increases. This observation is based on limited data for 24-in. and 96-
in. tubes of 0. 4-in. diameter. 

As is to be expected in a complex system of this tY.pe, the recorded fluctuations 
in test-section pressure and pressure drop are generally not simply sinusoidal 
in character. A certain amount of system noise is present: 178 cps pump blade 
frequency, 360cps d-e ripple from power supply, and assorted 60 cps pick-up. 
These disturbances were minimal, however, and did not confuse the interpreta
tion. A representative sample of recordings is presented in Fig. 5 for data points 
a, b, and c noted in Figs. 2, 3, and 4, respectively. 

Inlet pressure fluctuations are generally regular with a well-defined frequency 
and amplitude, traces b and c in Fig. 5. The pressure drop fluctuations, how
ever, may be quite irregular depending on the flow conditions. Point a, for 
example yields a clean pressure drop trace, whereas the traces for points b 
and c are irregular .2 This can be explained in terms of the flow conditions 
which are nearly saturated for a and well subcooledfor band c. The down
stream pressure tap was located immediately at the exit of the heated section; 
thus, pressure disturbances due to the collapse of subcooled voids would in
fluence the differential pressure measurement. These disturbances are of the 
order of 1000 cps and constitute the "boiling songs" noted by Firstenberg [1]. 
Such fluctuations would not be properly recorded by the present instrumentation 
since the resonance frequency of the hook-up line is of the order of 100 cps. Thus, 
during violent subcooled boiling, b and c, the frequency and amplitude of the pres
sure drop are not reliable. The inlet pressure fluctuations are, of course, ac
curate since no boiling occurs near the pressure tap. Now, when bulk boiling is 
approached, a, the vapor does not collapse and the recorded pressure drop os
cillations are representative of the actual situation. 

In general, the oscillations which have been observed and analyzed for flow boiling 
system are of low frequency. Both density-wave and system-induced instabilities 
are a possibility with the present system. The density-wave oscillations are chal'
acterized by the residence time of a particle in the two-phase region and thus have 
typical frequencies of 1- 10 cps. System-induced instability could be caused by 
the compressibility of the liquid in the piping preceding the heated section. Such 
behavior was, in fact, noted when the flow control was accomplished by a valve 
well upstream of the heated section. The usual higher frequency oscillations 
were damped out and a large amplitude pressure oscillation of about 2 cps appeared. 
Since this low frequency oscillation disappeared when the usual throttle valve was 
re-instated, it was concluded that the throttle valve effectively isolated the heated 
section from the remainder of the system. The instrument lines were also ruled 
out as a source of upstream compressibility, since oscillations persisted when the 
upstream pressure taps were plugged at the test section. 

2 The different character of the traces for b and c is a result of the amplifier 
setting. HI IN has greatly increased amplifier gain for higher frequencies 
whereas LOW IN has a sllghtly reduced gain for higher frequencies. 



The oscillations must therefore be considered to originate and take place within 
the heated section. In any event, since the observed frequencies were relatively 
high, it appears that the present instability cannot be explained by the numerous 
models which have been proposed to explain low frequency oscillations. 



ANALYTICAL CONSIDERATIONS 

Description of Model and Assumptions 

Some of the salient features of the observed oscillations were described in the 
preceding section. In particular, the high frequencies led naturally to the con
sideration of acoustic oscillations. The simple physical model on which the 
analysis is illustrated in Fig. 7. The test section is idealized as an inlet re
striction, a line containing a homogeneous fluid with distributed inertia and 
capacitance, and a second restriction representing the test-section pressure 
drop lumped at the exit~ The essential assumptions bearing on the analysis 
are as follows: 

1. The fluid in the test section is assumed to be a 
single-phase fluid with a density equivalent to the 
actual mean density. 

2. The test-section pressure drop is lumped at the 
exit of the test section. 

3. The inlet and exit pressures are constant. 

4. The inlet-valve and test-section pressure drops 
are functions of the flow rates. 

Formulation of Equations 

The conditions in the test section are described by the usual basic differential 
equations for one-dimensional flow: 

Continuity equation 

Momentum equation 

Equation of state 

Definition of sound speed 

_£e..+ y2i!._ +p av=o 
at ax ·ax 

av + vav +...!_ aP =O 
at ax p ax 

aP 
f3 - P ap 

In addition, the inlet and outlet boundary conditions are given by 

(1) 

(2) 

(3) 

(4) 
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Inlet valve 

Test-section pressure drop 

Solution of Equations 

p -P = 
2 ex 

(5) 

(6) 

The governing equations are solved by standard techniques described in detail in 
[ 8]. Through the introduction of a velocity potential, cp, where 

the relationships become 

v =.E.!/!_ 
8x 

a 2 + ! cp 2 + cpt 
0 2 X 

(7) 

(8) 

(9) 

(10) 

At this point, the solution is restricted to small perturbations ·around a steady
state operating point. The state variables are written as: 

P = P + oP 

v == v + ov 
(11) 

P = P + op 

a a + oa 

and the velocity potential is given by, 

cp == Vx + 11 (12) 

Inserting these definitions into Eqs. (8), (9), and (10) and dropping all second- · 
order terms yields, 

11 = ov 
X 

(13) 



2 a o a = V o V + 71t (14) 

if - y-2) 71 - 2 v 71 - 71 = 0 xx xt tt (15) 

The solution to Eq. (15) is given by: 

71 = f
1 

[X - (V + a) t] + f
2 

[ X - (V - a) t] (16) 

where f1 and f2 are arbitrary functions of their arguments. These represent the 
well-known right and left running waves, or characteristics, and are shown sketched 
on the x- t planes in Fig. 8. 

Calculation Procedure 

The customary calculation procedure for such a flow field is to consider the propa
gation of disturbances along a finite number of lines of constant f1 and f2. Thus, 
continuous variations in stream properties are represented as a number of step 
changes associated with crossing I and II lines. The quadrilateral regions in be
tween these lines are, therefore, constant property regions. 

(a) Crossing a I wave. I waves are crossed along lines of constant f2• Therefore, 

and Eq. (14) yields 

I -
71 =-f (V+a) t 1 

= f' 1 = ov 

1 = - 2 

(17) 

where the subscript II denotes the crossing of a I wave along all wave. Also, 
from Eqs. (3), (4), and (17) 

oP 2 -=a. 
oP ' 

= 

oP = -~ o a; oa = 1 o v 
a3 - 2 

+ p_ 
a (18) 

(b) Crossing a II wave. Similar considerations for crossing II waves along 
lines of constant f2 yield 
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(19) 

(or> = -.! 
oV I "§' 

(20) 

(c) Reflection conditions at inlet and outlet. The inlet valve and the lumped test
section pressure drop impose additional constraints (boundary conditions) on the 
solution: 

Inlet valve 
oP

1 
_ 

=- 2K V ov1 1 1 (21) 

Test Section 

(22) 

The procedure for marching-out a solution in time for an initial perturbation is 
illustrated schematically in Fig. 9. A steady-state condition (P, V, p, and 1i) is 
perturbed with a small pressure pUlse of magnitude P' at the upstream end of the 
test section. It is seen that this disturbance propagates along left and rightrun
ningwaves through mUltiple reflections until; at timet= T, a half cycle is com
pleted. The calculations must be carried to the point where o·P8 can be deter
mined. The· stability criterion is simply whether. oP8 is greater than, less than 
or equal to P'. The type of instability depends on the sign of oP8/P'. 

The resUlt of the algebra leading to oPs·is given by 

where 

[ 

8APts 
_ a v 

'Y = (!_ 
1+a 

(23) 

(24) 

Qualitatively, the various possible regimes of stability are sketched in Fig. 10. 
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Physical Significance of Solutions 

The physical significance of the various modes of instability and how they are re
lated to the operating parameters of a real system can be visualized with reference 
to Fig. 11. The slope of the steady-state test-section pressure drop versus flow 
rate curve, normalized toP/a, is plotted versus y with upstream throttling as a 
parameter. 

One solution of some interest for weakly-throttled systems is that of y = 1. Eq. 
(24) for y = 1 yields 

a~Pts 
a v =- 2K1 v (25) 

This indicates that a static instability w111 occur when the slope of the overall (in
let valve plus test section) pressure drop versus flow rate curve equals zero. This 
is a special case of the well known ledinegg [9] instability for a constant pressure 
drop (Pin- Pex = const) system. 

For strongly-throttled systems with small test-section pressure drops, such as 
the one used in the present investigation (~P1 ,..., 100 psi; ~Pta .... 2 psi), it can be 
shown that the dynamic instabilities are normally the condition of. interest. Typical 
values for this study show that (8~Pts/8V)/ (13/11) «1, and the system is constrained 
to operate in the shaded region shown in Fig. 11. Since the system is strongly 
throttled, the stability boundary is given by the solid line in Fig.ll, and the operating 
range of interest for stability considerations is shown circled. The condition for 
marginal dynamic instability (y = -1) reduces to 

(26) 

The associated frequency for threshold instability is given by, 

1 f = ----:-::---
4(~) 

a 
(cps) 

(27) 



COMPARISON OF ANALYSIS AND .EXPERIMENT 

The analysis yields two essential results - a criterion for incipient instability 
based on the slope ofthe heated section pressure drop versus flow rate curve, 
and an associated frequency ot oscillation,· which is given simply by the tran
sit time of an acoustic wave in the tube. The easier of these to verify experi
mentally is the frequency and will be discussed first. 

Determination of Sound Speed 

The computation of the frequency requires an estimate of the sonic velocity in 
a two-phase mixture. This was based on the work of Gouse and Brown[lOJfor 
a two-component, two-phase mixture. The assumption of no inter-phase mass 
transfer seemed more appropriate than that of thermodynamic equilibrium in 
view of the rate at which a pressure wave passes through the miXture. The 
final results, recast in terms of void fractiqn, is given by, 

(~) 1 
cv f ~ a 

(:;r pf (I- a) k c + pf (I~a) 1 g vzg 

a(l +~~~a)) c v 2 f ~(a ) 1 +(J)e ~a) 
c + pf 1-a 
v,g (28) 

and curves, based on steam-water properties evaluated at 500 and 1000 psia 
are plotted in Fig. 12. 

It now remains to relate the void fraction to the local quality. The sonic ve
locity varies so rapidly with void fraction as shown in Fig. 12, that an ac.curate 
determination is required. Clearly, a computation based on thermodynamic 
equilibrium which fails to account for non-equilibrium voidage at subcooled or 
low quality conditions cannot give a useful result. The approach adopted was 
to use the Martinelli and Nelson [llJ correlation at high qualities and to fair this 
in with the subcooled and low quality void data of Christenson [ 12 ]. In addition, 
since large changes in void fraction occur along the heated section (0 to 90%) 
some sort of appropriate time-averaging procedure must be devised. The de
tailed steps of the computational procedure are listed below and summarized 
in Fig. 13. 

1. The subcooled voidage was approximated by a straight line variation from 
zero voidage at the inlet to ·a zero quality void obtained from Christensen's data. 
The justification for this is based on two considerations. 

(a) Incipient boiling calculations indicate that boiling starts very close to the 
inlet for most conditions of interest. 

(b) A certain amount of dissolved gas in t~ loop was unavoidable and would 
be expected to come out of solution at a heated surface even prior to 
boilmg. 



2. The sound speed at any axial location was taken from Fig. 12 up to the local 
quality corresponding to the transition to annular flow. This transition point was 
obtained from flow regime data of the type indicated in Fig. 2 and reportedin{13]. 

3. At the onset of annular flow with a central vapor core, the pressure waves 
were assumed to travel in the core at the sonic speed associated with the pure 
vapor, e. g., [14]. 

4. With .the test section then divided into discrete regions the mean sonic velocity 
was computeq as 

a = 

a1 

Comparison with Frequency Data 

(xiL> 
1 

(29) 

+ • 

Figures 14 and 15 show the comparison of the comparison of the predicted and me~ 
sured frequencies. The analytical predictions are in reasonable agreement with 
the observed frequency level and the variation of frequency level with exit quality. 
As expected at sub cooled or low quality conditions, the frequencies are high due 
to the low void fractions and high sonic speeds. The frequencies decrease with 
increasing quality and void fraction until a minimum is reached. This corresponds 
to the onset of annular flow at the test-section exit. From here on, more and more 
of the tube is in annular flow with relatively high sonic speed associated with pres
sure waves in the pure vapor. 

In general, the predicted frequencies are too high at subcooled conditions, too low 
at high qualites and go through a minimum at higher qualities than the data. How
ever, the wide variation in sound speed with void fraction gives one considerable 
leverage in computing the predicted frequencies. Small changes in estimatingthe 
subcooled voidage, the annular transition, or even the averaging procedure eould 
have altered the details of the curve and perhaps produced a better fit. This was 
not felt to be justified; however, since the detailed prediction of local conditions is 
not well enough understood to justify any claim of high accuracy correlations. What 
was sought, was a qualitative indication, ·based on a consistent computational basis, 
that the oscillatory behavior and the trends of the measured frequencies could be 
explained on the basis of acoustic instabilities. 

Onset of Instabilities 

Equation (26) gives as the criterion for marginal dynamic instability: 

a AP ts = _ (J!...\2 
a v a.l 

1 (26) 

indicating that a negative slope of the steady-state heated section pressure drop 
versus flow rate curve is required for oscillatory behavior. A numerical com
putation for typical operating conditions in this study shows that the critical slope 

I, 
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is essentially zero. Hence, unstable behavior w6uld be expected at a minimum 
in the pressure drop.- flow rate curve. This is in accordance with the experi
mental observations (Figs. 3 and 4) which indicate that the heat flux must be 
well above that required for incipient bojling before oscillatory behavior is 
noted. 

The existence of such a minimum has been reported by investigators at MAN 
[ 15] and ClSE [ 16}in operating regions similar to these considered here. At
tempts .were made to trace out a steady-state pressure drop versus flow rate 
curve experimentally. This, however, proved to be impossible due to the ex
tremely small pressure drop variations involved (""'0. 05 psi in the range of 
interest). Any small disturbances and particularly the beginnings of oscilla
tory behavior overshadowed any trends in the shape of the steady-state char
acteristic. 

Attempts to utilize the subcobled boiling pressure drop correlation suggested 
by Tarasosa et al [ 17] , indicated the likelihood of a minimum but were lil;COD
clusive. Again, the very low pressure drops caused the results of the com
putation to be extremely sensitive to the assumptions made in determining the 
boiling length. The increase in void fraction with decreasing flow rate will 
tend to be stabilizing (i.e. , eliminate the minimum) 1ri vertical upflow. How
ever, more precise void information would be required to reach any definite 
conclusions. · 

Even if the steady-state curve always has some positive slope, a nearly flat 
region, corresponding to - 1 < y < 0 or dynamic stability in Fig. 11, would 
represent only slight damping. ·Hence, the continuous excitation provided by 
the growth and collapse of the subcooled voids could produce the continuous 
oscillatory behavior observed. 

Conclusions 

It is quite clear that the problem of acoustic oscillations in a boiling channel is 
complex. In addition to the refinements noted previously in connection with the 
determination of sound speed, a more precise description of the phenomenon 
would require consideration of the probable periodicity in boiling when large
scale pressure oscillations obtain. It appears, however, that the present 
simplified analysis is suitable for a reasonable prediction of both the frequency 
and threshold of these oscillations. 

Acknowledgments 

The authors wish to acknowledge the assistance of J.P. Roos and J. G. Bourne. 

L+ . .. 



a 

P' 

~Pta 

q" 

Ti 

t 

vl 
v2 

xo 
X 

f3 
'Y 

TJ 

NOMENCLATURE 

sonic velocity. 

mixture sonic velocity 

reference sonic 'velocity in Eq. (9) 

specific heat at constant volume 

teat:.. section diameter 

frequency 

mass velocity 

gravitational constant 

valve constant in Eq. (5) 

test-section heated length 

pressure 

perturbation pressure pulse 

pressure downstream of inlet restriction 

pressure at downstream end of test section 

pressure at exit of test section 

pressure upstream of inlet restriction 

inlet restriction pressure drop 

test-section pressure drop 

beat flux 

temperature of water entering te.st section 

time 

veiocity of water entering test section . 

velocity of fluid at downstream end of test section 

equilibrium quality at exit of test section 

distance along test section 

void fraction 

volumetric compressibility defined by Eq. (3) 

defined by Eq. (24) 

perturbed velocity potential 
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4. 

cp velocity potential 

p density 

r time for one-half cycle 

Subscripts 

f liquid condition 

g vapor condition 

s co-nstant entropy 

I characteristic curve of family I 

II characteristic curve of family II 

Superscript 

denotes steady-state value 
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SIMilARITY OF FL0\-1 OSCILIATIQ.N...§. 
INDUCED nY HEAT TRANSFER 

IN CRYOGENIC SYSTEMS* 

F. J. Edcskuty and R. s. Thurston 

University of California, Los Alamos Scientific Laboratory 
Los Alamos,. Ne\1 11cxico 1 U.S.A. 

Flow oscillations at acoustic frequencies are often observed during 
forced convection heat transfer to cryogenic liquids. This phenomena 
has occurred in two-phose flow and at supercritical pressures l-rhen the 
fluid undergoes a large change in density similar to a phaoe change. 
It has been postulated that the oscillations arc generated during film 
boiling by the thermal response of the vapor film to flow disturbances. 
Disturbances which can be reinforced by a mechanism such as acoustic 
resonance become dominant in the system. Observed frequencies have 
been related to the harmonics of n pipe open at both ends and to Helmholtz 
resonance. An empirical correlation of oscillation inception conditions 
was previously publishedt for liquid hydrogen in a 1/4-in. i.d. elec
trically heated tube. Through the use of dimensionless similarity 
numbers, this correlation is shown to apply to new data on liquid nitrogen 
and liquid hydrogen in 1/4-in. i.d. and 4•in. i.d. systems. The 16 fold 
geometrical scaling verified the suitability of applying the oscillation · 
inception criterion to avoid oscillations in a water to liquid hydrogen 
heat exchanger which serves as an energy source for a turbo-pump used 
during nuclear rocket engine teats. 

* loJ'ork performed under the auspices of the u.s. Atomic Energy Commission. 

t Thurston, R. s., Rogers, J. D., and Sk9glund 1 v. 3. 1 Hydrogen Heat 
Transfer .. in the· Presence of Thermal-Acoustic Oscillations, Adv. in 
Cryo~ Eng., Vol. 12, page 438, 1967. 



SIMILARITY OF FLOW OSCILLATIONS 
INDUCED BY HEAT TRANSFER 

IN CRYOGENIC SYSTEMS* 

F. J. Edeskuty and R. s. Thurston 

University of California, Los Alamos Scientific Laboratory 
Los Alamos, New Mexico, U.S.A. 

INTRODUCTION 

Flow oscillations have often been observed during forced convection 
heat transfer to cryogenic fluids flowing through tubes. This phenomenon 
has occurred in two-phase flow as well as at supercritical pressures when 
the fluid undergoes a large change in density similar to a phase change. 
Such oscillations have been observed during cooldowns of cryogenic pipe 
lines (1), during transient experiments using the heat capacity of a large 
duraluminum block (2), and during experiments with steady boundary condi• 
tions in which the apparatus was either heated electr'ically (3) or by the 
steady flow of another fluid (4,5). 

It has been postulated (3) that the oscillations are generated during 
film boiling in cryogenic systems by the thermal response of the vapor 
film to flow disturbances. A cross section of the flow is illustrated in 
Fig. 1. An increase in pressure would compress the vapor film, increase 
its ·'thermal conductance, and the additional vapor generated as a conse
quence would then cause the film to expand against the liquid core. If 
the response of the film is sufficiently strong it can drive acoustic 
resonances and or instabilities associated with hydraulic time lags. 

A detailed study (3) of oscillations induced by forced convection 
heating resulted in correlations of oscillation inception conditions, 
frequencies, and pressure amplitudes. The correlations were expressed in 
terms of dimensionless similarity numbers. Although the data in reference 
3 covered a range of pressures from ~ to 1~ of the critical pressure, and 
a range of flow rates, hydrogen was the only fluid for which data were 
reported, and only one test section was used. From a practical viewpoint, 
the most significant correlation resulting from that study was for oscil
lation inception conditions. Its use permits the prediction of operating 
conditions which avoid troublesome and sometimes dangerous oscillations. 
In this paper• the previously mentioned similarity relations for oscifla
tion inception conditions are compared with data for liquid nitrogen in a 
l/4-in.(0.64~cm) die. apparatus and liquid hydrogen in a 4-in. (10-cm) die. 
system. ,The latter system is of practical interest since a similar water 
to· liquid hydrogen heat exchanger serves. as an energy source for a turbo· 
pump used during nuclear rocket engine tests. In this exchanger up to 

*Work performed under the auspices of the'U.s. Atomic Energy Coamission. 
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5,000 gpm (19,0QO lite~s/mtn) of liquid hydrogen is warmed to ambient . 
temperature. It is undesirable to have an auxiliary system, such as the 
water-hydrogen heat exchanger, couple oscillations into the main test 
system. 

REVIEW OF CRYOGENIC EXPERIMENTS 

Transient experiments (2) using the heat capacity o' a large warm 
aluminum block, were performed with liquid hydrogen and liquid nitrogen to 
determine if heat transfer induced oscillations possessed acousti~ proper
ties, Observed frequencies were compared with frequencies for the first 
harmonic or a pipe open at both ends, 

1 
wp • -J....;L::;--dx-

2 -
0 c 

(1) 

and for Helmholtz resonance, which is the acoustic analogy of a spring
mass system, 

wH. ~n Jvj~ 
v pdx 

0 

(2) 

Equations (1) and (2) agreed with observed frequencies in order or magni
tude and variation with time during the cooldown. Furthermore, experi
mental changes in the outlet plenum volume, V, and the tube flow area, A 
were shown to produce the 'square root dependence given by eq. (2). The 
basic.elements of the system used in these experiments are shown in F~g. 2 •. 
The flow area and volume of the inlet and outlet plena must be large 
compared with the corresponding tube parameters in order for eq. (2) to 
yield accurate values of the Helmholtz frequency. A form of equation (2) 
was also shown to produce agreement with observed frequencies during the 
cooldown of a 1 3/8-in. (3.5 em) i.d. by 50-ft (15 meter) long liquid 
hydrogen transfer line (1). 

Investigations with liquid hydrogen, made in the transient experiment 
(2), were continued with a horizontal electrically heated test section (3), 
illustrated in Fig. 3. Figure 4 illustrates pressure oscillation modes 
which were observed in hydrogen. A high frequency mode, which agreed with 
eq. (1), is shown superimposed on a low frequency mode, which was referen
ced to eq. (2). Oscillations in fluid temperature, inlet flow rate, and 
differential· pressure (inlet-outlet) are also shown for the low frequency 
mode. The low frequency mode was divided into two regions by consideration 
of a Strouhal number 'which was the product of the acoustic frequency and 
the residence time ot the fluid in the test section. The Strouhal number 
was computed frcm 

(3) . 
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For Strouhal numbers greater than two, the frequency corresponded to Eq. 
(2), pressure amplitudes were uniform along the test section, all pressure 
and flow oscillations appeared in phase, and temperature and differential 
pressure oscillations appeared out of phase with pressure oscillations. 
These oscillations displayed the classical characteristics of Helmholtz 
resonance. For Strouhal numbers less than two, phase variations in• 
pressure and fluid temperature appeared along the test section, and the 
frequency of oscillations was correlated in terms of the Strouhal number, 
hence the fluid residence-time. This form of the low frequency mode. 
resembled density wave oscillations reported by Fabrega (6) and by Stenning 
and Veziroglu (7) in water and Freon-11. 

Data on liquid hydrogen from the electrically heated apparatus (3) were 
used to obtain the following correlation of oscillation inception conditions: 

( NBo )i = 0.0045 Nsv-0.75 (4) 

This correlation was based on a minimum observable pressure oscillation of 
1 psi (o.o68 atm) measured from peak to peak. It was applied over a range 
of pressures from ! to 1! of the critical pressure. At supercritical and 
high subcritical pressures, eq. {4) was used with quasi two-phase proper
ties, which were generated by a graphical method (3,11). 

One of the earliest reports of a method of avoiding flow oscillations 
in a cryogenic system was made by Platt and Wood (4). Their results on 
liquid oxygen in a 3/4-in.(l.9 em) i.d. heat exchanger were shown (3) to 
agree with eq. (4). They avoided oscillations by applying a tar-like coat
ing to the heat exchanger walls, and thereby reduced heat flux. 

A recent experiment by Rogers (8) investigated the generation of 
oscillations in a vertical electrically heated test section. The test 
section was -k-in.(0.64 em) i.d. by 4-ft (1.'22 meter) long. Rogers used 
liquid hydrogen at subcritical pressures and generated very little vapor. 
He was able to observe oscillations with an amplitude as low as 1/10 psi 
{o.oo68 atm) which made his measurements an order of magnitude more seosi
tive than those 1n reference 3. His inception data were correlated by 

( N ) 
-1.0 

l!o i = 0.005 Nsv (5) 

The range of N5 covered by Rogers was 9 to 25, whereas the N
5 

range 
covered when eq! (4) was obtained was 0.8 to 5. v 

REVIEW OF A THEOREI'ICAL APPROACH 

Zuber (9) performed an analysis of thermally induced flow oscillations 
for a range of pressures corresponding to those covered in reference 3. 
Among the cases he considered was one for oscillatory instabilities at low 
subcooling, which is appropriate for cryogenic fluids. In Zuber's approach 
density variations and a time lag, which is associated with the residence 
time of a fluid in the test section, are capable of producing a pbase 
relationship between inlet flow and inlet-outlet differential pressure which 
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can lead to oscillatory instabilities. Zuber derived the followinaexpress• 
ion for an unconditionally stable system: 

2.ll> f ( dH ) A_ ul [ 1 + ( dV ) 5li (L - r >] 
/'--. dv q~ (L - A) dH A -
~g ul 

(L - X) 
(6) 

This expression can be set equal to one and transformed into dimen
sionless numbers to obtain a threshold criterion. The resulting equation 
is 

(7) 

This equation demonstrates that the similarity numbers, N and NS , 
which were used to obtain.the empirical relationships of eqs. f2) and v 
(5), can also be derived from ~ stability ~nalysis. Furthermore eq. (7) 
displays the inverse relationship between N

80 
and NSv which appeared in 

experimental data. The remaining terms in eq. (7) could have counteracted 
one another in the cryogenic experiments to produce a net slowly varying 
effect, which was approximated by a constant. 

Density effects and delay times were also shown to be capable of 
producing system oscillations by Boure (10). · Boure 's analysis was directed 
at ambient liquids well below the critical pressure, and emphasized the 
contribution of subcooling, which was neglected in the cryogenic experi· 
ments. Some of the similarity numbers he derived are related to those 
discussed earlier. 

EXPERIMENTAL SYSTEMS AND RESULTS 

Two previously mentioned cryogenic experiments (8,11), which studied 
thermally induced oscillations, used hydrogen in a 1/4-in. (0.64-cm) i.d. 
heated tube of different lengths, and with horizontal and vertical orien
tations. These experiments covered different ranges of N and differed in 
their ability to detect oscillations by an order of magni~Xde. In order to 
test the application of the similarity relations to another fluid, and to 
verify the role of sensitivity of oscillation detection in producing the 
difference between eqs. (4) and (5), liquid nitrogen data was collected 
using the apparatus of reference 3. The test section is shown in Fig. 3. 
Stations B, C, and D were approximately 30, 60, and 90-in. (75, 150, 225-
cm) from the inlet plenum. This corresponded to measurements at 119, 238, 
and 358 diameters from the inlet plenum. A description of the method .of 
collecting data is given in reference 3, and details are available in 
reference 11. In order to test the scaling of the similarity relations to 
a different diameter, data were obtained from the previously mentioned 

: 4-in. (lO•cm) i.d. liquid hydrogen to water heat exchanger at the Nuclear 
locket Development.Station in Nevada. 



Oscillations reported in hydrogen experiments (3,11) at near critical 
pressures generally presented an almost harmonic appearance as illustrated 
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in Fig. 4. Amplitudes were sufficiently small f9r mean values to be easily 
obtained. Nitrogen oscillations presented a contrasting picture, as is 
shown in Fig. 5. Note scale inversions on pressures, liquid flow rate, and 
inlet and outlet temperatures. Static pressure oscillations are shown for 
the inlet plenum, stations B, C, and D, and the outlet plenum. A record of 
differential pressure shows the regular appearance of short periods of 
negative readings indicating that oscillations were sufficiently intense to 
produce momentary flow reversals. The output of the turbine meter, which 
was upstream of the test section, produced twice as many peaks as the other 
channels. This too is an indication of flow reversal since the output of 
that instrument is a function only of the speed of the rotor, and not of 
the direction in which it is turning. Inlet and outlet plenum fluid 
temperatures were recorded using platinum-resistance sensors. Fluid temper
atures at stations B, C, and D were recorded with miniaturized thermocouples. 
These 300 to 400 °R fluctuations in nitrogen temperatures were larger than 
any observed in hydrogen. The flat minimum readings at station B correspond 
to the saturation temperature, which indicates the presence of two phase 
flow 30-in. (75 em) from the inlet during a portion of the cycle. In some 
of the nitrogen runs, pressure oscillations_had an almost harmonic appear
ance. However, the ·amplitudes of temperature fluctuations were invariably 
large, and sometimes had longer periods than the pressure oscillations~ 
Experimental data on the onset of oscillations in nitrogen are given in 
Table 1. 

A schematic of the 4.06-in. (10-cm) i.d. liquid hydrogen to water heat 
exchanger is shown in Fig. 6a. A photograph is shown in Fig. 6b. The unit 
consisted of two 80-ft (25 meter) long sections, connected in series, in 
which water flowed countercurrent to hydrogen. The hydrogen inlet section 
contained a twisted tape swirl inducer. The total length to diameter ratio 
is approximately that of the apparatus in Fig. 3. The heat exchanger was 
designed by Bartlit and Williamson (12) to study hydrogen heat transfer in 
large diameter tubes. The appearance of oscillations at pressures below 
400 psia (27 atm) in the heat exchanger was incidental and undesirable for 
general operation. However this occurance afforded an opportunity to test 
the geometrical scaling in eq. (4), and to extend'the range of the thres
hold criterion. Consequently the operation of such large diameter heat 
exchangers could be planned to avoid the generation of flow oscillations. 
Experimental data on the onset of oscillations in the 4-in. (10-cm) i.d. 
heat exchanger are given in Table 2. 

Data from Table 1, on nitrogen in a 1/4-in. tube, and from Table 2, 
on hydrogen in a 4-in. (10 em) tube, are shown on Fig. 7. The solid lines 
show the osc-Ulation inception criteria of Thurston (11,3), eq. (4), and 
Rogers (8), eq. (5), over the range of specific volumes numbers (N

8 
) they 

investigated. The dashed lines are extrapolations of eqs. (4) and v(S). 

COMPARISON OF INCEPTION CORRELATIONS 

!Wo correlations of oscillation inception conditions were given by 
equations (4) and (5). These are identified as Thurston (11) and Rogers 
(8) on Fig. 7. The possibility that the difference between these 

5 
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correlations could be caused by a difference in sensitivity to detection 
of oscillation amplitudes was investigated through the use of Thurston's 
(3,11) amplitude correlation: 

[ J 
0.66 

NAm ~ 0.011 NBo - (NBo)i (8) 

If identical experiments were performed with instrumentation that differed 
in sensitivity to detection of amplitudes of pressure oscillations, the 
only parameter that would be different in eq.(8) is (NBo)i, which spec
ifies the conditions for which the smallest observable oscillations 
appear. Furthermore if (NB )i was based on a sensitivity of 0.1 psi, then 
instruments with a 0 sensitivity of 1.0 psi would produce an 
inception correlation corr~sponding to a lineof constant NA • Such lines 
are shown on Fig. 8, which is a plot of eq.(S), for (N )i.m Thurston's 
correlation, eq.(4), closely follows a line of constan~0 NA , which 
indicates that the difference between equations (4) and (5) mis caused by 
the difference in sensitivity of pressure amplitude measurements upon 
which they were based. Figure 8 also shows that if sufficiently sensitive 
instrumentation is not used at high specific volume numbers, experimental 
data might indicate oscillation thresholds are indepettdent of Nsv•. 
Since NSv is a function only of a fluid and its vapor pressure, 
this would mean that the use of relatively insensitive instrumentation 
would erroneously show oscillation thresholds to be independent of pressure 
for fluids which undergo a relatively large change in specific volume at 
vaporization. 

DISCUSSION 

The use of similarity relationships for the correlation of flow 
oscillations on cryogenic systems has been established on the basis of 
four similarity numbers derived from instability theory, and on the experi• 
mental verification of two of them in establishing oscillation inception 
conditions. A boiling number NBo, and a specific volume number N

8 
, 

correlated inception data for hyarogen, oxygen, and nitrogen. vThe 
hydrogen data included a 16-fold variation in tube diameter from 1/4 in. 
to 4 in. (10-cm). Boure (13) has suggested that some of the dispersion 
in the data was caused by the neglect of subcooling effects, which are 
accounted for by the third similarity number, N5 b' However the dis
persion was shown in ref. 11 to be of the order u of experimental 
precision. Therefore the effect of subcooling in cryogenic systems 
appears to be less significant than it is with ambient fluids. The fourth 
similarity number, NGFP' represents the ratio of pressure drops in the 
gaseous and liquid phases. It was untested in the data disc~ssed 
here because accurate measurements of the liquid phase pressure drop were 
not obtained. 

( ) ) -1.0 The dependence of NBo 1 on (NSv has been established on the 
basis of theoretical ang experimental considerations. The 

·dependence of, (NBo)i on (Nsv>- • 75 in eq.(4) was shown to be a result 
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of insufficient sensitivity in the measurement of small amplitude pressure 
oscillations. However, from a practical viewpoint, pressure oscillations 
with amplitudes less than 1 psi (0.068 atm) are generally tolerable. For 
such cases eq.(4) is acceptable for predicting the threshold of oscillations 
in cryogenic systems which do not have a large liquid phase pressure drop. 
The threshold criterion given by eq.(4) appears applicable to oscillations 
with frequencies corresponding to the resonance of a pipe open at both 
ends, Helmholtz resonance, and time lag-density effects. The oscillation 
threshold probably corresponds to the conditions at which a disturbance is 
sufficiently strong to excite unstable or oscillatory modes, which have a 
feedback effect on the source of the distu~bance. 
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NOTATION 
~ l!t• A = cross sectional flow area, ft , m 

c = sonic velocity, ft/sec, m/sec 
D = diameter of flow channel, ft, m 

dx = differential length along flow channel, ft, m 
G = W/A, mass flux, lbs/sec-ft~, kg/sec-nf 
H = enthalpy, Btu/lb, cal/kg 

Hf = enthalpy of saturated liquid, Btu/lb, cal/kg 
Hfg = enthalpy of vaporization, Btu/lb, cal/kg 

H = enthalpy of saturated vapor, Btu/lb, cal/kg 
g 

H • enthalpy of fluid at wall temperature, Btu/lb, cal/kg w 
~l = enthalpy of subcooling, Btu/lb cal/kg 

J =thermal conversion factor, 778 ft•lb/Btu, 427.kg-m/cal 
L = total length of test section, ft, m 

NAm = pwD/GHfgJ' amplitude number, dimensionless 

NBo = q/GHfg* boiling number, dimensionless 

(NBO)i = boiling number at inception of oscillations 

4.4. 

NGFP = ~g/OPx' ratio of gaseous to liquid pressure drops, dlmenaionleaa 

NL = A/~(L-A), geometrical grouping, dimensionless 
rL d 

NSt = waJo-! , Strouhal number, dimensionless 

NSub = ~1/Hfg' subcooling number, dimensionless 

NSv = vfg/vf' specific volume number, dimensionless 
p = pressure, lbs/ft~, kg/uP • 
~=amplitude of pressure oscillations, lbs/ft8

, kg/m1 

~f =pressure drop in subcooled flow, lb/ft8
, kg/.P 

~ • pressure drop in two phase and gaseous flow, lb/ft8
, kg/~ 

g 
q a heat flux, Btu/sec-fta, cal/aec~8 . 

u • velocity, ft/sec, m/sec 
ul = mean velocity of subcooled flow, ft/sec, m/aec 

v • specific volume, ft3 /lb, m3 /kg 
v • specific volume of saturated liquid, ft3 /lb, m3 /ka 

vff • ehange in specific volume at vaporization, ft1/1bt ~/ka 
g ' ' 
V =volume of resonator cavity, £~, m3 

W = mass flow rate, lbs/sec, kg/sec 
y • ratio of specific beats · · 

r • average length' of tube with subcooled flaw, ft, • .. 
C • perimeter of flow area& ft, m 
P • denalty, lbs/ft3

, kg/m 
Pf • density of liquid phase, lba/ft1 , kg/m3 



w = observed frequency, cps 
w • acoustic frequency, cps a 
w8 • frequency of Helmholtz resonance, cps 

w • frequency of open•open pipe resonance, cps 
p 

superscript 

( )* • quasi two•phase property evaluated for use at high 
subcritical and supercritical pressure 
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Table 1 
Nitrogen, 1/4-in. i.d. tube 

Run Pin Tin T out q w "fg ~ NB.Q • w 

psia OR OR Btu 1bs ~ x103 'cps 
1n!2-sec sec 1b 

a 211 138 370 0.0159 0.0141 58.1 9.1 1.02 2. 7 
b 213 138 230 0.0124 0.0151 57.9 9.0 0.70 2.9 
c 211 136 160 0.0059 0.0524 58.1 9.1 0.10 
d 184 139 395 0.0157 0.0126 61.2 11.1 1.00 2.9 
e 100 139 182 0.0078 0.0083 71.0 23.8 0.65 3.4 

f 101 145 461 0.0082 0.0065 70.8 23.5 0.88 3.7 
g 197 138 387 0.0155 0.0136 59.7 10.0 0.94 o.8 
h 221 136 457 0.0105 0.0096 51.0 8.5 o.94 2.6 
1 221 140 225 0.0082 0.0097 51.0 8.5 0.73 1.8 
j 171 139 471 0.0096 0.0090 62.6 12.2 0.84 2.3 

k 171 138 200 0.0063 0.0083 62.6 12.2 0.60 
1 141 138 192 0.0061 0.0084 66.0 15.6 0.54 
m 194 150 376 0.0144 0.0124 60.0 10.3 0.95 2.5 
n 157 186 551 0.0332 0.0282 64.2 13.6 0.90 2.3 
0 155 186 520 0.0360 0.0262 64.5 13.8 1.05 1.8 

p 215 171 292 0.0420 0.0500 57.1 8.9 0.72 

Table 2 
Hydrogen, 4-in. i;d, tube 

Run 
~ ~ T q w H* N* N;aQ w 

2llt fg Sx 
psia OR OR Bty lR.l. ltJL x103 cps 

- in 1 2·s~s ses lb 

q 375 46 ...... 0.198 5.66 20.;5 o.u5· 22.0 ---
r 280 43 533 0.314 5.13 58.2 0.37 13.7 0.20 
8 395 43 308 0.287 8.20 14.5 0.07 . 32.0 
t 405 45 60S 1.55 2.47 12.0 o.os 80.0 0.20 
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