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Note. 

To expedite dissemination of t eclmical infonnation to those persons 
requiring it, this report has been issued without the administrative 
review necessary to protect the interests of the U.S. Government, 
the European Atomic Energy Corranunity (EURATCM) and the "contractor". 
The recipient of this report agrees that it is passed on to him in 
confidence, that he will maintain that confidence and make no disclo
sures or publication of the contents, that would be detrimental to 
the interests of the U.S. Government, the European Atomic Energy Corranu
nj ty (EURATa.1) and the "contractor". 
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Summary. 

A contract (011~64-1 TEEN) was granted to the Technological University 
of Eindhoven, starting on January 1st. 1964, for research in the field 
of the heat transfer and fluid flow characteristics of a pressurized 
water reactor. In this research pro~ram much attention is being paid 
to mixing effects within and between parallel hydraulic channels. 

Although it is true that not all the objectives of the origina~ proposal 
have been reached, it is on the other hand apparent that the studies and 
the experiments cover a field broader than originally envisaged. 

~ this report a description of the 140 atmospheres pressurized ~ter 
loop is given and a review is presented of the activities of the instru
ment development updertaken, the experimenta~ results obtained so far 
and of the theoretical and analyzing work carried out. 

I t should be mentioned that the present work is being co~tinued; 
further results will be published elsewhere. 

Included in this report is a description of a mathematical model to 
analyse the flow process in a ~ultirodfuel assembly incorporating th~ 
transverse transport of fl~id coming fr~ diffusion 'and ra,dial press~re 
differences. 
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1" Introduction. 
i 

Nuclear reactors moderated and cooled by water have shown perfoTffianc~ 
characteristics, which make them attractive as possible produc~rs of 
heat which can be converted to low cost electrical power or can be used 
for propulsion purposes. An important part in the effort of exploiting 
this potential is taken up by an extensive research program under per
fOTffiance in several research establishments to obtain basic data on 
the heat and fluid flow characteristics of natural and forced circu~ating 
sy~tems. 

A contract was granted to the Technological University of Eindhoven, 
which started on January 1 st. 19p4, @Ild wi],l finish on October 1 st. 
1966. The research effort is aimed at the study of the heat transfer 
and fluid flow characteristics in pressurized water re~ctors. In this 
research program much attention is being paid to mixing effects within 
and between parallel hydraulic channels. A surmnary of the aim and scope 
of the research program is given in Appendix 1. During the contract 
Quart~rly Progress Reports have been written, see Ref. 1-9. 

The activities during the first year of the ~ontract were directed to
wards getting the 140-atmospheres pressurized water loop in operation. 
At the en4 of the first year the op~rational behaviour frqrn the POint 
of view of water characteristics, scaling of the heating elements and 
adj~stment of stable conditions even at low mass flows was very succes
ful. The loop was then in such a condition that the experimental pro
gram proposed could be started. 

During the second year some experimental work on mixing has been done 
in the pressurized loop. During the same period an air-wat~r test set
up has been put in operation. This apparatus has been made available 
by the Division Atomique of the Societe Natio~le d'Etude et de Con
struction de Moteurs dtAviation within the fr?ffi6work of the ~derlaying 
contract. 

During the final year of the contract experimental data have been ob
tained both from the pressurized water loop and the air~water test 
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set-up. Also much effort has been put in the development of a numeri ... 

cal computer program on mixing and in the comparison of experimental 

data with the ''Hambo'' model developed at the UKAEA Research Establish

ment at Winfrith, England. 
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2. Description of the Pressurized Water Reactor. 

2. 1. The high pressure experiments are carried out in a simulated 
pressurized water reactor loop. This loop has been built during 
1962/1963 in the Laboratory for Heat Transferan4 Reactor Engi~ 
neering of the Technological University of Eindhoven. 

To provide a minimum course of contami~ents, the primary test 
loop and water treatment circuit have been constructed entirely 
of stainless steel. On+y the secondary and tertiary circuits con· 
sist of carbon steel components. The loop has been designed for 
a pressure of 175 atm, although the maximum allowable operating 
pressure has been limited to 150 ~tm. During this pressure the 

loop can be operated at 3500~, i.e. approximately 100e above 
the corresponding saturation temperature. 

The test loop schematic is shown in figure 1. Downstream of the 
main circulation pump a calibrated flow measuring orifice and 
a preheater are mounted. The primary water enters the test vessel 
at the side of its lower end. After having left the pressure veS
s~l the coolant mass flow enters the primary side of a vertical 
U-tube steamgenerator. At the shell side the thermal en~rgy 
gained during transport through the test vessel is dissipated to 
generate steam. From the steamgenerator the primary coolant flows 
back to the inlet of the main pump. 

The main circulation pump is a centrifugal pump of the canned 
rotor type. The maximum capacity is 45 m3/hr at a pressure head 
of 50 m water column. The pump is equipped with a high pressure 
and a low pressure cooling citcuit with safety alarms. A second 
radial bearing has been installed in addition to the one origi~ 
nally mounted to overcome danage during switch-on. 

Preheaters are provided by wrapping insulated heating wire around 
the tubular section between the pump and the test vessel. The pre ... 
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heaters are fed with A.C. power to a maximum test dissipation of 
about 30 kW. The mass flow of liquid to the inlet of the test 
vessel is measured by means of a pressure drop reading over an 
orifice plate. This orifice plate is designed according to 
V .D. I. Normblatt standards. The pressure drop is measured with 
a Bopp & Reuter mercury U-tube manometer made of stainless steel. 
The orifice and manometer are calibrated by means of weighing the 
amotmt of liquid flow during a known time. The reproducibility 
and accuracy of the measurement is within ~ 0.5%. 

The steamgenerator is equipped with a vertical U-tube btmdle 
consisting of 49 monel tubes of 10 rom O.D. and 8 nun LD. The 
primary mass flow is inside the tubes. At the shell side (the 
secondary side) the heat dissipated in the test section is 
transferred into steam. A shroud is placed arotmd the vertical 
btmdle, dividing the steamgenerator into a riser and a downcomer. 
The shroud with an internal diameter of 180 nun placed close 
arotmd the btmdle, has four rectangular gates near the pipe plate. 
Th~ maximum power transfer from the primary water side to the 
secondary steam/water side is 1 MW. The circulatiqn at the secon
dary side takes place by natural convection: The average btmdle 
height above the pipe plate is 600 nun. 400 rom Above the btmdle 
a ste~separator has been placed, the water flows over the shroud 
into the downcomer. The waterlevel in the downcomer is a few 
centimeters below the separator and is controlled automatically 
by means of a P.I.D. - controller. The steam leaves the steam~ 
generator at the top where it passes through a steamdryer. The 
steam is throttl.ed and condensed in a twin-condenser operated at 
atmospheric pressure. The condensate at 400C returns to the ste~
generator by means of a small piston-pump and enters the annular 
downcomer about 750 mm above the pipe plate via a ringshaped 
header with small holes. The pressure on the shell side varies 
from atmospheric to 100 atm according to the required load. 
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The loop is pressurized by means of two pressurizers equipped 
with electrical heaters of 1 S kW power each. The total voltlIle 
of the pressurizers is 100 dm3 of which at least 60% is occupied 
by the steamvoltlIle. The electrical heaters are controlled auto
matically and are capable of keeping the loop pressure constant 
within! 1.0 atm during several hours. The loop pressure is measured 
with a Bourdon-spring type of manometer of 20 an scale diameter 
connected to the inlet of the test vessel. The 200 atm gauge is 
calibrated against a dead weight tester; the reproducibility and 
accuracy is within! 0.5 atm. 

The water treatment equipment is connected over the main pump. 
Water of 3000 C is cooled down through a regenerative and a non
regenerative heat exchanger to SOOC, then passes one kation, 
two anion exchangers and one mixed bed unit. Reheating is done 
on the secondary side of the regenerative cooler. Also a degasser 
unit (a so-called Straub column) has been installed in order to 
control the 02~content in the primary loop. The degasser circuit 
operates at atmospheric pressure and has been equipped with an 
air driven ptlIlp to return the degasped water back into the loop. 
This ptlIlp can aho be used as make-up water' pump. Normal water 
conditions dur~ng operation are: 

conductivity a.s/us 
pH 7.2 and 
02-content less than 0.2 mg/l. 

These conditions are checked before test runs start. Before filling 
and starting up the loop is flushed three times with Argon and 
filled and rinsed with cold demineralized water twice. The loop 
is filled with demineralized water that has been boiling at atmos
pheric pressure during half an hour. This procedure reduces signi
ficantly the time needed to obtain ,the stated Oz-content. 
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The pressure vessel containing the test sections is made of stain
less steel type 347. The coolant enters and leaves the vessel on 
the cylindrical sides close to the bottom and top of the vessel 
respectively. The inner diameter is 16.5 an, the maximum test sec
tion length is 135 an. 

The inlet temperature to the test vessel is kept constant within 
.:!:.. 10 C during a long time by means of an automatic controller. A 
thermocouple installed in the inlet mass flow to the pressure ves
sel delivers an input signal to the controller, which is connected 
to the throttle valve in the secondary circuit between the steam
generator and the twin condenser. Two calibrated Chram~Alumel 
thermocouples are used to measure the temperature of the in- and 
outlet masses to and from the test vessel, the output E.M.F. is 
read of a potentiometer. The cold junctions are placed in an ice
box. Temperature changes can be determined up to .:!:.. O.Ol oC, the 
absolute value is known within + lOCo 

The electrical D.C. power is supplied on the bottom and top of 
the vessel. At the bottom is a nickel plated copper flange to seal 
the vessel and carr,ied the negative current. At the top side is 
a ring with 12 insulated positive electrode penetrations and a top 
flange. The power supply to the heating elements in the test sec
tions is by means of a bundle of thin flexible silver strips con
nected to the insulated electrode penetrations at the top side 
and to the bottom flange. 
The current to the test section is measured by means of a cali
brated current transformer placed around one of the supply rails 
to the test vessel, while the tappings for the voltage measure
ment are placed directly on the electrodes of the heating element. 
For the determination of the power dissipated in the test section 
use is made of a precision light-spot watt meter, the power is 
determined accurately to .:!:.. 1%. 
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Instnnnentation wires such as shielded thermocouple wires, burn
out detection wires, voltage tappings, etc. penetrate the pres
sure vessel through the top flange by means of Conax coup~ings. 
Static pressure tubes leave the vessel through Conax couplings 
placed in the side-wall near the bottom end of the vessel in order 
to avoid evaporation of the liquid inside the tubing when passing 
through the high temperature steam/water mixer at the outlet of 
the test section channels. 

2.2. Power supply. 

In the laboratory a large power supply is available for heating 
the elements. The tmit consists of 2 rectifiers, which are fed 
by two transformers from the 10 kW mains. The transformers are 
cooled with oil by natural convection and are placed outside the 
laboratory. The rectifiers are placed inside the laboratory hall 
and are watercooled. 

One of the rectifiers is for stepwise power control and the other 
one for continuous power control. By means of an auto-transformer 
on the primary side of the transformer the stepwise controlled 
rectifier Can be set at 10, 13, 16, 19 or 21 Volt. At each of 
these setting:; a current can be given off of 14.400 Amperes. 
This means a maximum power of 320 kW. The voltage of the conti
nuously controlled rectifier is variable between 10 and 60 Volts 
by means of a transductor at the primary side of the transformer. 
The transductor is regulated by a special control, which can be 
programmed. 
The power can be excited with a frequency of about 8 cycles per 
second with an amplitude of about 20% of the mean value. In the 
whole voltage range a current can be given off of 14.400 .Atnperes, 
which means a maximum power of 860 kW. 

The two rectifiers can be used independently or in series. Con ... 
nected in series the available power is about 1.2 MW. 
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2.3. Instrumentation. 

In order to carry out the experimental program several instru
ments had to be developed, while the accuracy of existing 'methods 
had to be improved. Furthermore, use of special recording and 
analyzing apparatus had to be made. In the following a short re
view is given of the measuring, recording and analyzing equipment 
presently in use in the two phase flow program. 

2.3. 1. ~~Y!!Ug_~gY!~~I];1 

Void fraction. 

The system of measuring void fraction in steady and non
steady conditions in electrical way, as applied in this 
laboratory, can be distinguished in teclmiques measuring 
the change in: 

a. the impedance method; 
b. the y-ray attenuation method. 

The teclmique for measuring the void fraction in a two
phase flow system using the impedanc~ method has been de
veloped for the square test section geometry given in figure 
2. The application of this measuring teclmique is based 
on ~e determination of the conductance in a two-phase 
mixture with respect to that of a one-phase liquid at the 
same temperature. The gauge located in the channel consists 
out of two silver plates. The positive electrode has two 
guard plates. The side walls of the channel are lined with 
bakelite. The positive electrode with the two guard plates 
and the negat~ve plate are connected with a constant voltage 
oscillator, see figure 3. The electric-magnetic field be
tween the two electrodes is fairly homogeneous. One of 
these void gauges is located at each channel-end while a 
reference voidgauge is located at the single phase inlet 
of one channel. The oscillator frequency is 3000 c.p.s., 
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which is a compromise between the high frequency require
ment, due to the unfavourable influence of the capacity 
of the leads and of the insulation of the gauge, and the 
low frequency requirement due to the polarization effects. 
The void gauge connected to the main electrodes consists 
out of a modulator, a band pass filter (3000 c.p.s.), an 
amplifier and a demodulator. The theoretical basis of this 
technique was derived by Maxwell (figure 4). By assuming 
an analogy between the electrical conductivity and the di
electric constant of a mixture, it follows that 

where: 
& = is the conductance of the mixture 
8 1 = that of the vapour phase 
82 = that of the liquid phase 
and 
a = the void fraction 

The impedance void gauge has been calibrated in a plexi
glas loop filled with an air-water mixture against the 
reading of a y-ray attenuation method which is described 
in chapter 3. 

Static pressure, 

In the laboratory fast gauges have been developed for dyna
mic measurements. The principle of the measuring method is 
that the change in capacitance due to the displacement of 
a membrane with regard to a fixed and insulated electrode 
is measured by a capacitance displacement meter. The capa-
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citance to be measured is placed in a LC resonance circuit. 
The static pressures along the coolant channels will be 
measured with a multimanometer. This manometer withstands 
a pressure of 175 atm and is partly filled with mercury. 
The manometer consists of 25 tubes equipped with magnets 
for direct optical view. 

Temperature. 

For the accurate measurement of the stearn and water tempera
tures and also of differential temperatures for the adjust
ment of the subcooling, chromel-alumel thermocouples, which 
are shielded and insulated by an inconel sheeth, are being 
used. The outer diameter of the sheeth is 1 mm. Difficulties 
have been encountered due to the presence of strong electri
ca+ and magnetic fields. Measures had to be taken for shield
ing the leads and recording equipment. The thermocouples and 
recorders are calibrated at regular intervals. It turned 
out that the connections between the thermocouples and the 
copper extension leads had to be placed at constant tempera
ture to avoid influence on the temperature measurement from 
the surroundings. The calibrations are also made under these 
conditions. 

Burn-out detector, 

To avoid burn-out of the heating element, a burn-out detec
tor has been installed as a safety device. The upper and 
lower half of the heating element are placed in a Wheatstone 
bridge. Due to a temperature difference of these two parts, 
the bridge becomes out of balance, which is made visible 
on a trip galvanometer. When the needle contacts a preset 
limit switch, the power on the heating element is switched 
off. A special indicator has. been developed in the laboratory 
to indicate which burn-out detector has switched off the 
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power and what part of the element has been overheated in 
the case that: 

a) more burn-out detectors have been installed over'the 
length of the element; 

b) a seven rod cluster element is used with a burn-out 
detector at each rod. 

A burn-out detector without a trip galvanometer can also 
be used for following the fluctuation in temperature in 
the heater rod, which occurs at some combinations of power, 
pressure and subcooling. 

Heat generation measurement. 

The heat generated in the element and the preheaters is 
measured electrically in steady state conditions by means 
of precision voltage and current meters and of a light 
spot watt-meter. 

Flow measurements. 

Flowrate measurements are made by means of AP measurements. 
For steady state conditions use is made of a Bopp & Reuter 
or a Meriam manometer already mentioned and Barton differen
tial pressure transducers. Differential pressure gauges of 

~' 

the inductive type with mV output are applied for dynamic 
measurement. The output is recorded on a PM tape-recorder 
and/ or an ultra violet recorder. The mul timanometer is used 
for calibration of the Barton differential pressure trans
ducers and the inductive type pressure gauges. Also, the 
home-made pressure gauges are used. 

In the future in those tubings of the boiling loop in which 
only water is transported, mass flow measurements will be 
done by means of turbine flow meters. These meters have al
ready been developed for application in water and it is be-
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lieved·, that they require only' small adaptations for 
application in this boiling loop. 

2. 3 • 2. E~S:QrQ:!ug _~gY!m~1}! 

Conventional recorders. 

For slow recording purposes use is made of commercially 
available continuously writing or printing recorders with 
temperature or mV scales. Most of them have a variable 
range and the possibility of zero-shift and zero-suppression. 

IN-recorder and FM tape-recorder. 

The signals of flowrate, void fractions, water, steam and 
surface temperatures, pressures, bum-out detectors, elm
gat ion of the heating element and the Hall generator 
(power) can be continuously recorded at fast rates on a 
16-channel ultra violet recorder, equipped with photographic 
paper_ 
For.more detailed analysis purposes the signals can also 
be, recorded on a 14-channel Frequency Modulated Magnetic 
tape system at 6 different speeds. 

Automatic read-out equipment for steady state conditions. 

This equipment consists of a 20 point scanner, digital volt
meter, encoder and printer. The speed of this equipment 
is 5 numbers of 1 2 decimals in 2 seconds. It is in use 
for automatically printing out of the data in decimal form 
in steady state conditions. 

Data logger for non-steady state conditions. 

Recently a 500 channel data logger has been delivered. 
This data logger consists of: 

a) a 500 channel scanner 
b) an analog to digital converter with a conversion speed 

of max. 1000/sec. 
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c) a pre-amplifier which has an adjustable range setting 
of 10 to 10.000 mV. 

d) a puncher with a speed of 110 characters/sec. 

Any numbers of scarming points from 1 to 500 and any se
quence of these points can be progranuned by means of push
buttons and plugs. Also, the sampling rate and the sampling 
time can be adjusted separately. These are kept constant 
between points in one cyclus as well as between points in 
successive cycli. This is especially important in a digi
tizing process for noise analysis in terms of auto- and 
cross correlations and power curves. This equipment has 
been used in connection with the magnetic tape system or 
directly in line with the process. 

High speed camera. 

For studying the formation and growth of bubbles on a heated 
surface and flow types occurring in a two-phase mixture, 
a high speed film camera, Beckman & Whitley, Dynafax-316, 
has been purchased. A continuously adjustable speed is 
possible in a range of 200 - 26.000 frames per second. 
Studies with this apparatus are made about instabilities 
in the atmospheric glass boiling loop. 

2. ~ • 3. ~!Y~!ng_~g1;!ill!~!!~ 

Analogue computer. 

An analogue computer, type PACE, present in the laboratory, 
is being used for the studies of the mathematical description 
of the behaviour of a pressurized water loop and reactor. 
The analogue computer is a PACE R-231 equipped with 84 ampli
fiers, 8 multipliers and 6 function generators, a digital 
voltmeter and an automatic print out device. Furthennore, a 
plotter is available while a multi-channel recorder of the 
Sanborn type is foreseen. 
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Digital computer. 

On the IBM-1620 computer of this university computations 
have been carried out regarding the characteristics in 
steady state conditions of the flow process inside a fuel 
channel of a pressurized water loop. For more extensive 
calculations use is made of the IBM-7090 of the EURATOM 
Center in Italy and the NRC Elliott 503 computer installed 
at a consult ing center in The Netherlands. The programs 
are written in Algol, Fortran or machine code. 

Noise correlator. 

The noise correlator ISAC (Instrument for Statistical Ana
log Computation), present in the laboratory, is a special 
purpose analogue machine and can be characterized as fol
lows: 

a) it records three electrical signals simultaneously on 
a magnetic tape in a frequency range of 0-200 c.p.s. 

b) it calculates of the recorded signals: 
1. the auto- and crosscorrelations 

, 2. the power density and amplitude density curves 
3. the first order amplitude distribution function 

c) it calculates entirely automatically and the results are 
presented graphically on a X-Y-recorder. 

2.4. §xperimental results, experimental studies. 

Experimental studies have been carried out for establishing the 
effect of mixing between parallel channels and of the presence of 
cold walls on the overall performance characteristics and to de
termine by more refined measurements the degree of mixing in de
pendence of the parameters which de,tennine the flow process. The 

refined experiments are aimed at checking the validity and under

lying assumption of the different theoretical descriptions of the 
mixing process. 
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Two types of experiments have been executed, which will be defined 
as follows: 

a The detenninatien of the influence of mixing and the presence 
of cold walls on the overall perfonnance of a nuclear fuel assem
bly, particularly en the maximum obtainable heat transfer rates, 
e.g. bum-out power and burn-out heat flux. These experiments are 
~arried out at high pressure conditions in the 140-atmospheres 
~ressurized water loop. This program has been set up mainly to 
become acquainted with loop opaational and instrumental problems 
and to fill up the waiting time for the mixing test section, see b • 

.2. The perfonnance of refined experiments at high pressure in the 
140-atmospheres pressurized water loop to measure characteristics 
of the mixing process at high pressure with heat additions. 
These experiments have been done in a simple two channel geome
try. The mixing process is influenced by changing the intercnn
nection characteristics of the two channels. 

In the following the experimental programs will be briefly described. 
Furtheron, some results obtained in the different series will 
be reported. 

a) Experiments are being carried out on a single rod assembly 
and a seven rod cluster fuel element. In the single rod experi
ments t he influence of the presence of a cold wall and of mixing 
between the fuel channel and a surrrunding channel on the burn
out heat flux is being measured (ref. 10). A series of experi
ments on four test sections is being perfonned, see figure 5. 
The test section consists of a single rod of D.D. 10.2 mm and 
a lengt h of 725 mm, placed in a quadrangular shroud, 15 mm 
square, see test section ~ of figure 2. In test section £ a 
second shroud is placed inside the original one dividing the 
channel into two parts. This shroud has been perforated in test 
section,£., allowing cross flow and diffusion between the 
outer and the inner channel. The fourt h test section is some
what out from the mixing experiments. With this test section 



- 16 -

the burn-out heat fluxes are being measured of a rod in contact 
with a ceramic wall. The expernnents are being carried out in 
a mass flow range of 800-3500 kg/h and a range of inlet tempera
tures of 2880 C to 3040C. The pressure is 140 atmospheres. During 
the first experiments serious difficulties have been encountered 
due to leakage of process water to the inner side of the heating 
element. This resulted in a malfunctioning of the burn-cut de
tector and thermocouples. Same results are given in figure 6. 
The influence of lowering the mass flow or increasing the inlet 
temper at ure on the burn-out heat flux is demonstrated. Between 
the test sections a and b there is ndtmuch difference in burn-- -
out heat flux for the same mass flow density. 

b) To check the results of the theoretical study (ref. 11 and 12), 
a test sect ion has been made for performing experiments in the 
pressurized water loop. It consists of two square channels (fi
gure 2) separated by a plate with a slit over part of the length 
giving a hydraulic connection between the channels. The hydraulic 
length is 100 em, the heated length 80 em. The two channels are 
heated with a different heat flux, the ratio being 1.33. Both 
channels have a cross section of 2 x 2 em2• At both ends of the 
channel sensors can be installed such as thermocouples, pitot
tubes to measure velocities, static pressure taps, reference
and void gauges. 
Conditions during the experiments are varied over the following 
ranges: 

pressure 
subcooling 
average mass 
void fraction 
heat flux 

10-140 atm 

30- 100 C 

flow velocity 1-3 m/sec 
0- 25% 

100-225/130-350 W/em2 

Expernnents were first carried out with a solid plate between 
the channels. Same results of the measurements with a 3 rom 
slit have been reported in ref. 13. No COl clusions have yet 
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been drawn from these experiments due to lack of infonnation 
(such as pressure drop, radial pressure difference and void 
fraction along the height of the channels). Therefore a separate 
loop has been constructed for a more fundamental study on 
mixing. The loop has been built for a pressure of about 10 atm. 
The first test section is a plexi glass 2 channel section which 
can withstand a pressure of 1.5 atm. Maximum heat input to each 
channel is 7 kW. The test section is made such that channel 
dimensions and slitopening can be easily changed. The maximum 
length is 2 meters. The first cross section is 1 x 1 cm2 for 
each channel. The effect of cross flow and turbulent mixing 
on the exchange of liquid and vapour between the two square 
channels will both be investigated. A multimanometer will be 
used to measure axial as well as radial pressure differences 
over short intervals. Impedance void meters as well as y-ray 
attenuation methods will be used to measure void fraction at 
the outlet and along the height of the channel. The loop will 
be in operation at the beginning of 1968. Although this work 
is not covered by this contract, it is expected to continue 
over the next years. 
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3. The experimental air-water set-up. 

The study of mixing phenomena in a steam-water mixture is one of the 
studies which can highly contribute to a deeper understanding and to 
a more accurate determination of the critical flux of the fission ele
ments, being in a reactor core. For this critical flux is one of the 
factors, which strongly limit the thermal performance of the reactor. 
As a reactor core can thought to be constructed fran a great many chan
nels, and, as this complex geometry, stn"ely in first instance, does not 
suit the study of mixing phenomena, a simplification had to be made by 
chosing a two channel geometry. A further simplification was made by 
chasing an air-water mixture, instead of a steam-water mixture as 
running medi un.. 

Despite these excessive simplifications, it appears to be possible to 
make clear certain as pects of mixing phenomena (ref. 14 and 15). 

3.1. ~§£!1~!!QU_Q!_~~_~!!:~~!~!_§~!:YQ~ 

As already in the introduction has been remarked, in this loop 
water was used as running mediun, in which in several ways a 
variable mass flow of compressed air could be injected. Hence, 
in the following general description of this loop, a distinction 
will be made between the water- and the compressed airs ide of 
this atmospheric air-water loop (figure 7). 

The mass flow of water, obtained from the normal piped water net
work, was pumped through the test section, after having passed 
a constant level tank, the water-punp and a venturi, which measured 
the inlet mass flow of water (figure 7). This mass flow could be 
adjusted by means of a regulating valve, fitted between the water
pump and the venturi. 
The connection of the water supply pipe with the test section had 
been profiled in such a way that the inlet losses were as low 
as possible. At the top of the test section, consisting of two 
symmetrical parallel channels, there were two separators, each 
connected with one channel, in which separation of air and water 



- 19 -

came about. The mass flows of water from these separators were 
led to the drain, via two flexible plastic drain tubes and a 
measuring tank. At the end of these drain tubes, two regul~ting 
valves had been fitted, in order to create such a constant water 
level in both of these drain tubes, that no air would be carried 
away with the water that was drained off. The measuring tank was 
used to measure either the outlet mass flow of water of one chan
nel or of both channels. 

r,he injection system and the test section had been designed in 
such a way that injection of compressed air could be dane in two 
different ways, namely: 

a symmetrical injection of compressed air. 
b asymmetrical injection of compressed air. 

These two different ways of air injection will be described below. 

a. Symmetrical air injection. 
Before entering the test section, the compressed air tube is di
vided into two symmetrical circular injection tubes, which, 
discharge into the center of each channel, at the entrance of 
the test section. 
This way of injection was only used during measurements which 
had to give information about the geometrical symmetry of both 
channels, and during a m.unber of measurements, accomplished 
with the y-ray attenuation method. 

b. Asymmetrical air injection. 
Asymmetrical air injection measurements were carried out by 
using only the circular injection tube, discharging into channel 
1 (so closing the one, discharging into channel 2), or by in
jecting compressed air at four different levels along the test 
section, also into channell (figure 7). 

The influence of the way of injection on certain experimentally 
obtained results has been taken into account in chapter 9. 
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The geometry of a reactor core, in whiCh the fission elements 
have been grouped in a square pattern, mderlies the geometry 
of the two channel system of this test section. 
In order to be able to do visual observations during the experi
ments, the test section had been made of plexi-glass. 

Beside the possibility of injecting compressed air into channel 
1, at different levels, there are static pressure taps at all 
inj ection levels, which, from a constructive point of view, have'" 
been fitted in channel 2. 
At the same time, this construction, having pressure taps in 
channel 2 and injection taps in channel 1, allowed measuring 
the radial static pressure differences between channel 1 and 2, 
at those levels, where no air was being injected. 
Besides,at the entrance of the test section, a pitot-tube system 
had been installed in each channel, in order to be able to measure 
water inlet velocities of channel 1 and 2. 

In the following a brief description of the instrumentation appa
ratus will be given. 
The inlet mass flow of water was measured by means of a venturi, 
which had been connected with a U-tube manometer, fiDed with mer
cury. 

At the compressed airside, the mass flow of air was measured by 
means of a ''Normdiise'' which had been connected with a so-called 
''Betz'' manometer. 

Besides, both at the water- as well as at the ,compressed airside, 
the temperatures were measured in order to be able to determine 
the in- and outlet mass flows of air and water as accurate as pos
sible. 

For the determination of the static pressures and pressure diffe-
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rences at different levels in channel 2, the test section pres
sure taps had been connected with U-tube manometers. 

Electronic instrumentation apparatus was only used for the deter
mination of the void fraction at different levels along the test 
section and at different injected mass flows of air. 

For the determination of the void fraction a, on any height along 
the test section, the y-ray attenuation method was used. The pur
pose of this determination was double, namely: 

1) to obtain information about the air-water mass flow distribution 
:in both channels 

2) to calculate, by means of this information, the different air 
and water velocities in both channels. 

In figure 8 a block diagram of the used electronic system has been 
drawn. 
As already mentioned above, the purpose of this system was to 
measure the void fraction, a, in any cross section where it was 
thought to be necessary. This was accomplished by measuring the 
attenuation of a beam of photons by an unknown mixture of air 
and water passing this cross section, and interpreting the attenua
tion as a void fraction. 

The interpretation of the measurements into a void fraction was 
done by comparing the recorded results to the photon beam attenua
tion under the condition when the test section was full of air and 
when the test section was full of water. 

3.3. ~!~~~e!_!~~Y!!~~ 

As mentioned the test section was designed such that air could be 
injected into channel 1 at 4 different levels (see figure 7). 
The amount of injected air was varied. Results of these experiments 
are given in figs 9 and 10. On the vertical axis in fie;. 9 the 
difference has been plotted between the measured outlet mass flow 
of water in channel 2 and the outlet mass flow of water, which 
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would have been measured when no air was injected (equal to half 
of the total inlet mass flow of water). This difference has been 
plotted as a function of the total injected mass flow of ~ir for 
the 4 different levels of injection. The corresponding curves for 
the outlet mass flows of water of charmel 1 are found by reflect
ing the plotted curves relative the horizontal axis. Similar re
sults for the outlet mass flows of air are given in figure 10. 
In this figure the mass flow of air at the outlet of channel lap.d 
2 has been plotted vertically. For making an analysis of these 
results the assumption was made that the mass flows of air and 
water, at a distance z above the level of injection are equal to 
the mass flows of air and water measured at the outlet of the 

test section(,when air had been injected at a level situated at 
a distance z below the outlet of the test section. This assunption 
was verified experimentally by means of void fraction and axial 
pressure drop measurements. By making the above assunption the 
outlet mass flows of air and water in figs 9 and 10, now also cail 
be read as a function of the distance above the lowest level of 
injection. In figure 11 the mass flows of air have been plotted 
in this way. Horizontally the distance above level I has been 
plotted logarithmically, while on the vertical axis the mass 
flows of air in channel 1 have been plotted. Fram figure 11 it 
becomes clear that the mass flow of air as a function of the 
logarithmic value of the axial coordinate can be represented by 
a straight line for any injected mass flow of air at level I. 
In extrapolating the curves towards higher values of the axial 
coordinate a point is found where the mass flows of air are equal 
in both channels. Comecting these points, which indicate the 
theoretically required test section length in order to get com
plete mixing, a curve is found that gives the theoretically re
quired test section length as a function of the mass flow of 
air injected at level I into charmel 1. In figure 11 it is shown 
that the required test section length for complete mixing is, 
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for low values of the injected mass flow of air, decreasing with 
increasing mass flow of air. At higher mass flows of air, the in
verse is true: the required test section length for complete 
mixing increases with increasing mass flow of air. At very high 
injected mass flows of air the behaviour is similar to that at 
the vel)' low mass flows. It is interesting to note that in the 
latter region CQair larger than 1.25xl0-3 kg/sec) the extrapolated 
straight lines show one cammon point of intersection. This is also 
the case for the two other regions, e.q •• 2Sxl0-3 kg/sec. < Q < 

1.2Sxl0-3 kg/sec. and Qair < .2Sxl0-3 kg/sec. 

By looking at the figs 9 and 10 the case of air injection at 
level I the same three regions can be distinguished. At very low 
injected mass flows of air all the injected air stays in channel 
1, which corresponds, according to figure 11 with a nearly infi
nite mixing length. At somewhat higher mass flows of air, part 
of the injected air crosses over to channel 2; this means that 
the required test section length for obtaining complete mixing 
decreased. Then at injected mass flows of air from .20x10-3 to 
1.S0xl0-3. kg/sec. The curves for channel 1 and 2 diverge again, 
which means an increasing mixing length corresponding with the 
results of figure 11. 
Finally at injected mass flows of air higher than 1.50x10-3 

kg/sec. the curves converge again. By plotting the experimental 
results in the "weighted mean velocity-average volumetric flux 
density plane" proposed by Zuber and Findlay (ref. 16), the 
same three regions could be distinguished. According to Zuber 
and Findlay the relationship between the two quantities for a 
fully established flow profile arid for a t we-phase flow system 
in whiCh a change of phase does not occur, is a straight line. 
Through the plotted data, figure 12, three lines could be drawn 
with intersections at an injected mass flow of air of about 
.05xl0-3 and 1xl0-3 kg/sec. corresponding with the values mentioned 
before. This means that the different behaviour of the mixing 
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process in the three regions corresponds with a change in flow 

profile probably from bubbly to slug and from slug to semi-annular 

flow. The slug flCM regime should correspond to the regio~ where 

the required test section length for complete mixing increased 

with increasing injected mass flow of air. 

Besides mass flow measurements, also void fraction data along and 

across the channel have been taken. The purpose of these measure

ments was to detennine the volumetric air and water distribution 

in channel 1 and 2 at 4 different levels. 

As has been mentioned earlier, the experimentally obtained void 

fraction data were recorded on a continuously writing recorder. 

Hence, by assuming the void fraction distribution to be symmetric 

about Y-axis, it has become possible to plot the void fraction 

distribution over the cross section at a certain level and at a 

certain amount of injected air, an example is given in figure 13. 

From similar figures it can be clearly seen in what way the void 

distribution changes with the amount of injected air and along 

the test section. From the recorder graphs the mean void fractions 

for channel 1 and channel 2 were obtained by an integration pro

cedure. For two positions the void fractions have been plotted in 

figure 13 as a function of the total mass flow of air injected at 

level!. In section 4 these data are compared with those predicted 

by the RAMBO program (ref. 17). Finally, also pressure data have 

been taken. In figure 14 the measured pressure difference between 

channell and channel 2 is plotted at the levels II, III and V 

with air inj ected at level I. 

The radial pressure difference has been taken positive when the 

static pressure in channel 1 was higher than the static pressure 

in channel 2 at the same level. As can be concluded from figure 

14, the pressure in. the bottom part of channel 1 is higher than 

that in channel 2, while in the upper part of the channel the 

opposite is t rue. Also the results of these exper:iments are com

pared with the results of the HAMEO program. 
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From the expe~:imentally obtained mass flow, void fraction and 

pressure drop data, the following conclusions can be drawn: 

1. In inj ecting air :into channel 1 in the, in chapter 2 described 

way, the injection system operates as a barrier, causing a 

strong cross flow of water from mannel 1 into channel 2. Hence, 

bet\\.een the levels I and VI, the "cross flow" consists of a 

cross flow of water from channel 2 into channell and a cross 

flow of air from charmel 1 into channel 2. 

2. AJthough at the inlet and in both separators the static pres

sures were equal, a notable radial pressure difference between 

the channels 1 and 2 was established at different levels, 

which certainly can rot be neglected, as, translated into pres

sure gradients, those radial pressure gradients are, in abso-

lute value, of the same magnitude as the axial pressure gradients. 

3. The twisted tapes, used in the SNECMA experiments, ref. 18, 

are very effective with regard to the location of the point 

of complete mixing as a function of the injected mass flow 

of air. 

This phenomenon can be explained by the: fact that these twisted 

tapes act as turbulent promotors. 

4. The grade of mixing, expressed in tenns of air qualities, is 

strongly influenced by the flow regime. 

S. An exact knowledge of axial and radial air- and water velocity 

distributions is necessary, in order to be able to calculate 

the extra axial pressure drop contribution of the cross flows 

of air and water. 
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4. Theoretical st udies on mixing. 

A better knowledge of the effects of vapour and I iquid exchange between 

adj acent channels upon the flow distribution is of nuch interest in 

many engineering processes, among Which the heat removal system of a 

nuclear reactor. This interest is a result of the desire to improve 

the safety margin for burn-out in the reactor and so to increase the 

average reactor coolant outlet enthalpy. 

4 .1. ~HPlgJ!!Q.9:~!!. 

A theoretical study starting from first principles has been re

ported in ref. 19 and ref. 20. The aim of this study was to 

provide a basis for a detailed approach for an understanding of 

the heat transfer and fluid flow characteristics of a single 

chamel two-phase flow under stationary and transient conditions. 

The model recognizes three regions of heat division between the 

two phases in each channel. The coolant enters a channel in the 

single phase region where the total heat supply is added to the 

upst reaming flow. La teron some steam will be generated upon the 

heated surface although the bulk temperature is still below satu

ration temperature. In this region of low voidage, called the 

subcooled region, part of the heat supplied is used to evap:>rate 

liquid, the remaining part heats the liquid phase. If eventually 

the bulk temperature reaches saturation temperature, the ent ire 

heat flux: is used to evaporate liquid. The basic equations are 

formed by application of the laws of conservation of mass, momen

ttml and energy and the equation of state. These equations can be 

solved if one adopts, in addition, correlation functions for the 

slip, friction and the heat division parameter and the boundary 

conditions. The study has been restricted to the steady-state 

condition and radial components of the liquid and vapour velo

cities have been ignored. This means that no radial transp:>rt 

of mass, momenttml and energy because of convection will take 

place within a single chameI. Nor have effects of interaction 

between bubbles been considered. 
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In the mixing program (ref. 11 and 12) the axial and intercharmel 
variations of mass velocity, local enthalpy and pressure drop are 
computed from the equations of mass-, energy- and momentum con
servation, by taking into account turbulent mixing efecting heat 
and momentum exchange between subchannels. 

Two possible mechanisms of mixing have been considered: 
1) a microscopic transport of mass, momentum and energy because 

of differences in velocity, temperature and void concentration 
between the neighbouring charmels, called turbulent mixing and 

2) a macroscopic transport of mass, momentun and energy because 
of pressure differences between the neighbouring charmels, 
defined as cross flow. 

An expression for the turbulent mixing can be obtained by defining 
a mixing length. The mixing length in turbulent one-phase flow is 
known from the literature. It has been assumed that in a two
phase flOW, when all mixing and friction processes are increased 
in intensity, the two-phase friction multiplier can be used for 
calculating the turbulent mixing length in a two-phase flow. 

An expression for the mass, momentum and energy transport, due 
to cross flow is obtained from the assumption that a pressure dif
ference between the channels will lead to a radial flow velocity 
given by equating the pressure difference with a pressure drop 
coefficient for the gap between the channels multiplied by the 
average density of the donating charmel and the cross flow velo
city squared. In the program the charmel length is divided up 

into a number of intervals. 
The mass-, heat- and momentum balance equations for two-phase 
flow for each subchannel and for each interval of length can be 
formulated as follows: 

1) Mass flow leaving interval = mass flow entering! cross flow 
to adjacent charmels !net turbulent flow to adjacent charmels. 

2) Exit heat flow = inlet heat flow! heat carried by cross flow 
fluid! heat carried by turbulent mixing + heat addition; 
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3) Exit press~re = inlet pressure + frictional component + 

acceleration component + hydrostatic head + momentum ex
change between subchannels (drag) + momentum exchange ~y 
turbulent mixing + spacer pressure drop. 

The calculations for obtaining mass velocity, pressure drop 
and void fraction data in a certain interval are carried out 
by means of an iteration procedure, based on guessing an in
terval exit mass velocity. In doing so the pressure difference 
between the subchannels can be calculated. Once having calculated 
this pressure difference a new cross flow velocity can be esti
mated from the error in the pressure balance. This can be done 
until there is a pressure balance between the corresponding sub
channel intervas and the lateral friction pressure drop caused 
by the cross flow. Each calculation interval is treated in turn 
starting from the bottom until the end of the channel is reached. 
From the enthalpy and flow variations along each subchannel the 
local void fraction may be calculated. TWo boundary conditions 
have to be satisfied. First, the pressure drop across each chan
nel including the inlet and outlet losses should be equally 
the same. This is obtained by iteration with the inlet velocity 
of each channel. Secondly, the total pressure drop over the 
channel and any further restriction in the loop should equal the 
pressure gain of the driving pump. The program is being tested') 
and no channel analysis was yet available during the write-up 
of this Final Report. 

4.2. gQIDQ~ri~Q~_Q!_~~~r!ID~~!~l_~~!~_~!!h_!h~_~Q_hY~r~Yl!£_~Q~~l~ 

The pressure drop, void fraction and mass flow data, obtained 
from the air-water experiments described in chapter 3, were 
compared with those, predicted by a computer program, called 
"HAMBO". (ref. 17). 
This comparison became possible thanks to the kind cooperation 
of Mr. R. W. Bowring, under whose supervision this computer pro-
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gran had been developed at the Atomic Energy Establishment in 
Winfrith, Ihgland. The purpose of "HAMBO" is the subchamel ana
lysis of the steady state hydraulic and burn-out characteristics 
of a rod cluster assembly, cooled by boiling water in a vertical 
up flow. In this program, the axial and radial variations of 

mass velocity, local enthalpy and pressure drop are computed 
from the equations of mass, energy and momentum conservation. 
For this purpose the channel length is divided up into a numb~r 
of calculation intervals. The calculations for obtaining mass 
velocity, pressure drop and void fraction data in a certain in
terval are carried out by means of an iteration procedure, based 
on guessing an interval exit mass velocity. In doing so, the 
pressure difference between the subchannels can be calculated; 
once having calculated this pressure difference a new exit mass 
velocity can be estimated from the error in the pressure balance. 
This can be done several times until there is a pressure balance 
between the corresponding subchannel intervals. 

As mentioned above, HAMBO has been written for a rod cluster asSEm
bly cooled by boiling water. Therefore, the in this report des
cribed air-water system had to be transformed into an equivalent 
boiling water system. This has been done by imitating the asymme
trical way of air injection by two small heated rectangular areas, 
diametrically situated in channel 1 at level I. 

By means of the measured inlet pressures as function of the injected 
mass flow of air, the air-water system could be translated into 
a boiling water system in wfu:h the amount of produced steam was 
equivalent to the injected mass flow of air. Calculations with 
the HAMBO computer program were carried out for eight injected 
mass flows of air at air injection at level I into channel 1: 

-3 -1 
Qairinj.= 0.5;1.0;1.5;2.0;2.5;3.0;3.5; and 4.0x10 kgs • 

In this program the channel length had been divided up into 17 
intervals, not all of them having the same height, as, especially 
at the inlet region of the test section a strong cross flow 
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gradient was found to be present. In this part of the testOsection 
the interval height was chosen smaller than, for instance, in the 
upper part of the test section. 
Although no detailed description of the HAMBO computer program 
can be given, an exception for one coefficient, used in this 
program, should be made, this is the so-calEd 'mixing" coeffi
cient FM• 
The mixing coefficient multiplies the mixing exchange between sub
channels by the value of FM and has therefore a nominal value of 
1 for a clean system (no grids nor wraps), with higher values when 
turbulence promotion is present. 
Provisonally the following values of FM, to be given as input data, 
are recommended, depending on the method of rod support: 

clean 
grids 
wraps 

2- 5 

5-10 

10-20. 

As in this geometry no grids nor wraps had been installed, the 
value of FM must lie between 2 and S. 
Therefore, each case, corresponding with one of the above mentioned 
injected mass flows of air, was calculated, using five different 
FM values, namely: 

FM = 0; 1; 3; 5 and 10. 

Plotting the calculated void fraction values as function of the 
injected mass flow of air at four different levels, and comparing 
the results with the experimentally obtained data, it appeared 
that the best results were obtained with a value of FM=3, 
which is in good agreement with the predicted value for a clean 
system. Next, the calculated axial pressure drop and mass flow 
of air and water data were plotted and compared with the experi
mental results. The agreement between measured and calculated 
axial pressure drop between the levels I and V in channel 2 is 

very good, except for a proportional deviation of about 6-10\. 
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Appendix I. 

Summary: of the aim and scope of the research contract on the heat transfer 
and fluid flow characteristics of a pressurized water reactor. 

In this research program several studies will be made on the heat transfer 
and fluid flow characteristics as occurring in a pressurized water reactor. 
In these studies use will be made of a 175 atmospheres pressurized water 
loop. 

As a function of power, pressure, subcooling and mass flow the pressure 
drop, fluid and rod temperatures, void fraction and heat transfer coeffi
cient will be measured along the height of the chamlel. These experiments 
will be carried out up to high power levels where overheating of the rods 
will be the limiting factor. 

In the program experiments will be carried out to determine the degree 
of mixing between parallel hydraulic chamlels caused by differences in 
veloci ty, temperature, power and steam quality in neighbouring channels. 
Mixing will be introduced by varying the heat relative power input to 
one of the rods in a cluster assembly. 
Attention will be paid to subjects such as the influence of grids on the 
heat transfer and fluid flow characteristics, the development of elastic 
grids and the effects of distortions and vibrations. Furthermore, it is 
intended to determine the stability of the systems by measuring the trans
fer functions from power to the dependent variables. 

In connection with this program development work will be done on the 
temperature and void fraction measuring techniques. 

The experimental results will be analyzed in detail and compared with 
data from the literature. The whole program will be backed up with fun
damental theoretical studies, especially in the field of mixing. 
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