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The Hydraulic 
Characteristics of a 
Naturally Circulating 

Boiling Water System~:~) 

by Dr. lr. C. L. Spigt 

Summary 

A review is given of the various types of flow 
oscillations which can occur in steam-water 
mb.:tures. After a description of the experimental 
set ups, results are given of a systematic experiment
al study on the steady-state characteristics and 
the onset and character of a common type of 
oscillations, which are caused by the interaction 
between the steam production and the recirculation 
rate. It is shown that there is a connection between 
the stability characteristics of the steady-state and 
the onset of flow oscillations in a two-phase mixture. 
Futhermore, the burn-out heat fluxes are presented 
obtained in transient conditions. The experimental 
results are compared with those obtained from a 
theoretical study. 

') Dcze publikatie besehrijft de voomaamste resultalen 
\"<lll een onderzock dat is uitgevoerd in bet Labora
torium voor \Varmlctechniek en Reactorbouw van de 
Technische Hogeschool te Eindhoven onder contract 
met Euratom. Voor een uitvoerigc bcschrijving 
van de verkregen resultaten wor(lt vcrwezen naar hel 
proefsehrift van de auteur (1). 
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.l. Introduction 

Nuclear reactors in which the fuel rods or plates 
are cooled by circulating water haYe shown per
formance characteristics that make them attractive 
as possible producers of heat, which can be con
verted into electrical power or used for propulsion 
purposes . Particularly those reactors in which 
naturaiJy or forcedly circulating coolant boils with 
or without net steam production, seem to offer 
such potentialities. A demand for exploiting these 
characteristics is the ability to predict accurately 
the heat transfer and fluid flow characteristics in 
the applied coolant system. This holds even more 
particularly for those nuclear reactors in which the 
circulating water is also used as moderator, the 
density of which has a major effect on its potential 
to slow down the fission neutrons. In many cases 
the characteristics of the coolant impose a limit on 
the power output of a nuclear reactor. 
Therefore, in many research establishments an 
extensive research programme is being carried out 
to obtain basic data on the heat transfer and fluid 
flow characteristics of naturaiJy and forcedly 
circulating boiling water systems, especiaiJy under 
conditions prevailing in nuclear reactors. 
One of the main items in these studies are the 
stability and transient characteristics of a boiling 
system. These characteristics are of special impor
tance from an operational point of view. They 
determine the stability and the controllability, and 
the knowledge of them is necessary for the devel
opment and the evaluation of the safety aspects of 
a nuclear reactor, as well as for an accurate design 
of the control devices. On the other hand, these 
studies are related to the onset under particular 
conditions of spontaneous flow oscillations in 
natmally as well as in forcedly circulating boiling 
systems. These oscillations may be of different 
origin and nature and may have a great influence 
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on the operating limits of a nuclear reactor. They 
may, for instance, be responsible for large power 
oscillations owing to neutronic feedback. Further
more, the heat b·ansfer charactelistics may change 
considerably and an appreciable reduction in the 
power levels where burn-out occurs may be 
expected. 
In the Laboratory for Heat Transfer and Reactor 
Engineering of the Mechanical Department of the 
Technological University of Eindhoven a research 
programme is being carried out, comprising experi
mental as well as theoretical studies on the dynamic 
characteristics of a two-phase flow. This programme 
is of a fundamental nature and not directly related 
to a specific reactor design. The programme is 
sponsored by the Atomic Energy Commission 
(AEC) of the USA and Euratom. The work to be 
described in this publication is part of this pro
gramme. It deals with the onset of flow oscillations 
in a single fuel channel of a reactor, where the 
coolant and moderator are boiling water circulating 
by natural or forced convection, and which is 
designed for net steam production. 

2. Types of flow oscillations 

In connection with these reactors, concern has been 
expressed about different types of coupling effects 
and flow oscillations. A diagram in which two 
types of coupling characteristics are indicated is 
shown in Figure l. The coupling effect between 
the steam-void volume or the density of the mod
erator and the reactor power has been mentioned. 
In Figw-e l, this process is indicated by the feed
back path outside the broken lines. The reactivity 
is defined as the extent, by which the neutron 
multiplication factor exceeds one. If the coupling 
between steam-void volume and nuclear power 
turns into regenerative feedback, divergent power 
oscillations may occur. 
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A second feedback path is indicated within the 
broken lines of Figure 1. A change in steam-void 
volume in a coolant channel causes a change in the 
pressure drop along the channel and thus in the 
coolant flow rate in that channel, which, in its turn, 
causes a change in the steam production and thus 
in the steam-void volume. lf, owing to this feed
back the system becomes unstable, heavy flow 
oscillations occur. In this type of flow oscillations 
the intcrcoupling of the boiling channel with the 
other parts of the system plays an important role. 
ln the recent literature these flow oscillations arc 
sometimes referred to as pressure drop oscillations 
ancl density wave ost.:illations. In boiling water 
reactors with forced circulation, incorporating a 
pump which keeps the inlet flow constant and 
independent of the change in pressure drop along 
the channel, the feedback mentioned is not present. 
Also, the intercoupling between parallel channels 
in a boiling water reactor may produce flow oscil-
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lations which are related to the second type just 
mentioned. Both are from a purely hydrodynamic 
origin. 
Besides, other types of hydraulic flow instabilities 
may occur in a naturally or forcedly circulating 
coolant channel, for instance, nucleation instabili
ties (these instabilities are caused physically by a 
building up of a certain superheat followed by a 
sudden evaporization of the liquid phase with 
resultant rapid increase in specific volume and in 
pressure), flow-pattern instabilities (these are con
nected with the variety of possible geometric con
figurations into which the two phases can arrange 
themselves: bubbly, chmn, slug, annular, etc.), 
acoustical or propagation waves (connected with 
the compressibility characteristics mainly of the 
gas phase in a two-phase mixture) and thermal 
oscillations (connected with the occurence of burn
out in the high quality region). 

3. Description of the experimental set-ups 

3.1. Pressuri;:;ed boiling water loop 
The hydraulic phenomena occurring in a single 
coolant channel have been studied outside the 
renctor in a pressurized boiling water loop where 
the nuclear fuel rod is simulated by an electrically 
heated tube of the same configurntion and dimen
sions. Up till now the experimental part of the 
programme was restricted to the operation under 
conditions of natural convection. 
A simplified flow scheme of the loop is given in 
Figure 2. 
The test section is placed in the cylindrical pa1t of 
the pressure vessel. The loop is filled with demi
neralized water up to a certain level. The channel 
formed by the heating element and the shroud is 
called the riser; the one formed by the shroud and 
the pressure vessel, the clowncomer. Since the 
shroud is open at both ends, the two channels are 
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in direct connection with each other. \Vhen the 
element is heated, the water in the riser starts to 
boil and vapour is fanned. Owing to the resulting 
density difference between the fluid in the riser and 
in the downcomer the steam-water mixture in the 
riser flows upwards by nah1ral convection. At the 
water surface steam and water are separated. 
The water returns to the inlet of the riser through 
the downcomer. The steam flows to the condenser 
and the condensed steam is returned to the clown
comer. 
Before returning to the riser, the water passes 
through a subcooler giving the possibility to sub
cool the \\;ater and to adjust the inlet temperature. 
The secondary circuit of the subcooler consists of 
four helical tubes through which an adjustable 
quantity of water flows. For a closer control of the 
inlet temperature a preheater has been installed 
which can be conb·ollecl automatically or manually. 
The subcooler circuit can be extended with a 
cenb·ifugal pump and connecting tubes for carrying 
out forced circulation measurements. Inlet sub
coolings up to 50 oc can be obtained. 
The pressure vessel is made of stainless steel 316 
and has a design pressure of 40 atmospheres. The 
cylindrical part has an inner diameter of 0.15 m 
and a length of 3m. During operation the variation 
in water level, caused by thermal expansion and by 
the formation of steam is kept within certain limits 
by means of a water drum connected with the 
pressure vessel. In the condenser the steam is 
condensed inside three cooled tubes by sprinkling 
cold water on the tubes. The coolant flow to the 
condenser is controlled automatically or manually. 
The two test sections used consist of a stainless 
steel h1be placed centrally inside the shroud. On 
both ends reel copper electrodes have been soldered. 
An asbestos graphite gland with spring pressure 
at the bottom electrode allows for expansion of the 
element. The top electrode is connected to a flange 
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Fig. 2. Flow sheet of the pres
surized boiling water loop. 

multi -monometor 

control ftlve 

(D- thermocouple 

0-pr .. ourc QIUQI 

15 



Dr. Jr. C. L. Spigl 

which is insulated from the pressure vessel as is the 
shroud. The bottom electrode is connected to the 
pressure vessel and both are earthed. The two test 
sections, denoted as Test Section I and II, differ 
only with respect to the inner diameter of the 
shroud, which is 50.0 and 58.8 mm respectively. 
The inner and outer diameters of the heating 
element are constant along the length giving a 
uniform heat load distribution. The hydraulic 
diameter of the test sections is lG.lG mm for Test 
Section I and 25.03 mm for Test Section II. 
The maximum current and power which can be 
supplied is 14,000 A, DC and 1,000 k\V. 

3.2. Void fraction measuring techniques 

One of the important parameters for the evaluation 
of the perfonnance of a boiling water reactor is the 
void distribution along the fuel channel. ;..·Ioreover, 
for the study of the dynamics of a boiling water 
reactor it is desired to have a momentary indication 
of the void fraction at a particular place in a fuel 
cha1mel. Several techniques can be used for the 
measurement of the void fraction. In the Lnboratory 
for Heat Transfer and Reactor Engineering of the 
Technological University of Eindhoven three 
methods are in operation: 

1. they-ray attenuation method, 

2. the impedance method, 
3. the acoustical method. 

In this study the first two methods h:we been used. 
The y-ray attenuation method using the pulse 
counting technique has been applied for void 
fraction measurements in steady-state conditions at 
one fixed location along the channel. This technique 
is based on the difference in absorption character
istics of y-rays for water and steam. In the experi
mental programme repmted here some special 
measures have been taken in connection with the 
construction of the loop and some others to improve 
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the accmacy of the method (see Ref. 1). A 
Thulium-170 source of approximately 300 mCmie 
and a half-live of 127 days can be positioned inside 
the heating element. The y-quanta are going 
through the two-phase mixtw·e and, after passing 
a collimator, are detected by four scintillation 
counters grouped around the riser. 
The technique for measuring the void fraction in 
a two-phase flow system using the impedance 
method has been developed for the test section 
geometry w1der discussion. The application of this 
meastu·ing technique is based on the determination 
of the conductance in a two-phase mixtme with 
respect to that in a one-phase liquid at the same 
temperature. The heating element is used as the 
first elecb·ode. In the hull of the shroud four 
plates are placed at a given axial location (see 
Figure 3), insulated from the shroud but connected 
to each other, to act as a second elecb·ode. Nine of 
these void gauges are located along the coolant 
channel. The theoretical basis of this technique 
was derived by Ma.xwell (Ref. 2). I3y asswning an 
analogy between the electrical conductivity and 
the dielectric constant of a mb:ture it follows that 
for a bubbly or a mist flow 

E- €2 E1- E2 
--- - -=a- ----

E + 2 E2 E1 + 2 E2 

where e is the conductance of the mLxture, 
E1 that of the discontinuous phase (steam), 
E2 that of the continuous phase (water), 

and a is the void fraction. 

The calibration of the impedance void gauge has 
been carried out in a perspex loop, filled with 
water, in which air was blown. In the pressurized 
boiling water loop a void gauge has been placed at 
the location of the y-ray source and the values 
obtained with both methods could be compared. 
Some results are given in Figure 4. The difference 
between the hvo methods is less than ± 2% void. 
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On the whole the reproducibility of the impedance 
method is better than that of the y-ray attenuation 
method and is generally within ± l% void. 

4. Experimental results 

In the following some results will be given obtained 
in the expedmental programme on the characteris
tics in steady-state conditions, the onset of flow 
oscillations, the stability characteristics and the 
burn-out heat fluxes in oscillating conditions. 

4.1. Steady-state 

A prerequisite to an understanding of the dynamic 
behaviour of a two-phase flow is an understanding 
of the characteristics of the steady-state. 
For a given geometry, the hydraulic behaviour. of 

a natural circulation loop is basically determined 
by its independent variables: 

a. the total heat input, Q; 
b. the system pressure or corresponding saturation, 

Tsnt; 
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c. the temperature at the inlet of the coolant 
channel T; 11 or the corresponding subcooling 

6T"""= T""t - T;w 

In Figure 5 results are given of the water circulation 
rate, measured at the inlet, as function of the 
channel power at various saturation temperatures 
for Test Section I. As is shown, there is a maximum 
in the circulation rate versus channel power curve. 
At low power the driving head increases as a result 
of the increase in void. This produces the rising 
part of the curve. At high channel power the two
phase friction pressure drop and acceleration-pres
sure drop become progressively more important 
(the two-phase friction-pressure drop increases 
roughly with (l - a)-~) resulting in a decrease in 
the circulation rate with increasing channel power. 

Fig. 5. The circulatio11 rote as a fuuctiun of chcm11el 
JIUWer fur t.:ariou~· system pressures, Test 
Section I . 
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As can be concluded from Figure 5, there is a 
maximum in the circulation rate in dependence of 
system pressure at low channel powers too. At high 
saturation temperatures, i.e. high system pressures, 
the driving head decreases with increasing tem
perature owing to the decreasing void fraction. This 
results in a decreasing circulation rate. At low 
saturation temperatures, the subcoolecl region, 
defined as the region where the average bulk 
liquid temperature is below the local saturation 
temperature, increases with decreasing temper
ature, since the influence of the pressure difference 
between top and bottom of the coolant channel 
due to the hydrostatic head, becomes more signifi
cant. The driving head and hence the circulation 
rate will, therefore, decrease witl1 decreasing pres
sm·e. 
In Figure 4 the influence of the operating condi
tions on the void fraction a near the exit of tl1e 
heated part of the coolant channel is given. It can 
be shown that in first approximation, cx/ (1-cx) is 
proportional to the channel power, which explains 
the decreasing slope of the void fraction versus 
power curves with increasing channel power. 
An increase in pressure results in a decrease in void 
fraction, which is largely due to the increase in 
density per unit volume of steam. This effect is most 
significant in the low pressure range. 
The ability to predict the steam volume fraction in 
a two-phase system as a function of the design and 
operating parameters is very important for a 
complete performance and stability evaluation of 
the system. The existing theoretical and empirical 
formulations correlate either tl1e actual steam 
volume fraction or tl1e phase velocity ratio V J Vh 
usually called the slip ratio S, which is actually 
defined as : (see Ref. 1) 

Ac 
S a( V' dA 

S=- • 
Ac 
f (1- a') V1' dA 

1-a· 

(.( 
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A,. is the cross-sectional area of the channel, and 
dA a small segment of it. The prime denotes local 
values with respect to the radius or dA. Therefore, 
the slip ratio is the ratio of the weighted averages 
of the phase velocities and not, as jt is defined in 
some publications, the ratio of the averages of the 
phase velocities. From the equation it !11<t)' be con
cluded that even where the local velocity of the 
steam phase equals that of the water phase 
{ic. V ,.' = Vi') the slip ratio may have an apprecia
ble value. Furthermore, depending on the con
centration and phqse-velocit)' distribution, the slir> 
ratio nHI)' also be smaller than unity. A slip ratio 
based on average values of the phase velocities is 
very difficult to establish and of no me for the 
designer. 
To obtain more detailed information the measured 
void d<tta have been plotted in the weighted mean 
steam velocity-average volumetric flux density 
plane, proposed by Zuber and Findlay (Ref. 3). 
In Figure G verticallv is plotted the volumetric flow 
rate of steam per tmit cross-sectional area divided 
by the void fraction and horizontally the volumelTic 
flow per unit cross-sectional area. The prime 
denotes again local values with respect to the 
radius, and < > denotes average values over the 
cross-section. According to Zuber and Findlay the 
relationship between the two quantities for a fully 
established flow profile and for a two-phase flow 
system in which a change of phase does not occur 
is a straight line. The slope of the line is called the 
d.isb·ibution parameter C., which is determined by 
the flow profile over the cross-section and is less 
than unity when the void fraction near the wall is 
larger than in the center and above unity when the 
opposite is true. The intersection of the vertical 
axis, a, is detennined by the local relative velocity 
between the two phases. 
In Figure G the measured void fraction data are 
plotted. As is shown the linear relationship holds 
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good even for an evaporative system and it may be 
concluded that fully developed flow conditions are 
present over the larger part of the coolant channel 
and throughout a wide range of operating con
ditions. Only at the lower volume flows a systematic 
deviation from the straight line is observed. Most 
of the data points in this region were obtained in 
lower parts of the boiling region, where the flow is 
probably developing. The slope of the lines is vet"}' 
near to unity which indicates that flat flow profiles 
for the velocity or concentration distribution and 
probably an established annular flow regime are 
present. The intersection with the vertical axis 
found by extrapolation of the straight line decreases 
with increasing system pressme being in agreement 
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with the decreasing local slip between the two 
phases. 
As is shown, the widely used Marchaterre - Hoglund 
correlation yields too high values of the weighted 
average steam velocity and this would result in too 
low values of the void fraction for a given vohunet
ric flow of the mixture. 

4.2. The onset of flow oscillations 

In carrying out the steady-state measurements 
presented before, different types of flow oscil
lations appeared, although the independent quan
tities as chmmel power and condenser and sub
cooler heat removal were constant. It was possible 
to distinguish three types of oscillations having a 
frequency of roughly 0.03, 1.0 and 15.0 c.p.s. 
A systematic research has been carried out as re
gards the oscillations of the intermediate frequency 
only, which can be e;\.-pected to occw· and have been 
observed in the fuel channels of a boiling water 
reactor. Only these will presently be described. 
In Figure 7 recordings are reproduced of the signal 
from the differential pressure gauge connected to 
the pi tot-tube. These recordings have been made in 
preliminary tests with a test section similar to Test 
Section I. Three series of recordings for different 
system pressures are shown. In each series the 
channel power is increasing from the top to the 
bottom of the figure. For each single series, the 
sensitivity of the differential pressme gauge is 
constant, so that the recordings can directly be 
compared with each otl1er. The output voltage of 
tl1e pressure gauge has been translated into Newtons 
per square meter, using the manometer readings of 
the pitot-tube. By increasing the channel power, 
the average differential pressure decreases, which 
is in agreement with tl1e character of tl1e circulation 
rate versus channel power curve as given in 
FigureS. By increasing tl1e power from 87 to 90 kW 
at 120 oc saturation temperature, the onset of 
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spontaneous flow oscillations can be observed. The 
frequency of these oscillations is about 1 c.p.s. while 
the amplitude is roughly .5 times larger than the 
average value at low power level. Furthermore, it 
can be concluded from Figure 7 that at this low 
system pressure flow reversal is present. At 200 oc 
saturation temperature the oscillations start at a 
higher power level, while they develop more 
gradually once the power is increased. Furthermore, 
the amplitude is smaller and the flow rate 
periodically drops to zero, but does not reverse. 
At even higher pressure (234 oc saturation tem
perature), the flow maintains a positive value. 
The onset of severe hydraulic oscillations is clearly 
demonstrated in Figures 8 and 9. Vertically there 
is plotted the root mean square value of the 
fluctuating part of the signal from the differential 
pressure gauge indicating the variations in pressure 
loss and thus in mass flow rate across the inlet of 
the coolant channel. For comparison the steady
state value of the differential pressure across the 
inlet at the maximum in the relevant circulation 
rate versus channel power curve is also given. 
The influence of system pressure on the onset of 
hydraulic oscillations is given in Figure 8. As is 
shown, the fluctuations in the pressme drop across 
the inlet at a saturation temperature of 120 °C are 
as large as G times the value ever obtained in 
steady-state conditions. At this temperature it is not 
difficult to determine the channel power at which 
hydraulic instabilities start. At a channel power of 
65 k\V, the fluctuations in pressure drop increase 
sharply. The system pressure has a stabilizing effect 
in that sense that, at higher pressures, severe oscil
lations start at higher channel power. lvioreover, at 
higher system pressures, the onset is not sharply 
defined . There is hardly any abrupt change from 
stable into unstable operation as a result of a single 
incremental power change, but a steadily gro,yjng 
lack of stability is observed over a range of power 

25 



r.lft.l 

Nt,J 
6P1-

t 
2IDCII 

ISGII 

1DIMI 

50CI 

D 

Dr. lr. C. L. Spigt 

(\ /r- .... 
Teat i iUb 

\ • 1~0 ~2 ~ 
160 1: 0 

\ nt ~i n I I ~00 l~ ~ " . l220 
\ I 0~34 .a 

I 

I !Teet ~i I 1ft][ -- - -- . 120 F l; :c • 12oo 
I v-I / 
} ' D t..n ·out 

I J. ~ 
0 bun alo ~ill• ;...,~ 

lma• """ lrat• 
I I v digit leo !nf>ut tion I = 
I I 

I ~ = 
::: j r Ill 

b-&-· I _j_ ~ -~ 
~X 

' ~ ~~ ~ ~- ~---- -- -
:.,_...- -- ... - ~ 

50 100 150 2110 250 300 350 
chonnel power, kW 

Fig. 8. The influence of system pressure on the onset 
of hydraulic instabilities, Test Section I arul II. 

inputs. The designer of nuclear reactors must decide 
what fluctuations should be tolerated and up to 
how far in the region of flow oscillations, operation 
is permissible. 
At low subcoolings, the effect of increased sub
cooling upon the onset of severe hydraulic oscil
lations is opposed to that at high subcoolings, as is 
shown in Figure 9. At low subcoolings, an increase 
in subcooling precipitates the onset of large flow 
oscillations. At high subcoolings an increase in 
subcooling postpones the onset of large flow oscil
lations. For instance, at 43 oc subcooling for Test 
Section I, severe hydraulic oscillations occur at 
about 250 kW channel power (Figure 9) compared 
with these oscillations starting at about 160 kW for 
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Fig. 9. The influence of subcooling on the onset of 
hydraulic instabilities, Test Section I and II. 

0.7 •c subcooling {Figure 8, in either case at 
200 •c saturation temperatw·e). On the contrmy, 
at a subcooling of 11.0 •c the oscillations start at 
about 145 kW channel power. As a first approxi
mation, it can be stated that the observed hydraulic 
oscillations occur only at a high value of the void 
fraction at the exit of the channel. Any increase in 
pressure and subcooling, or both, therefore, have a 
stabilizing effect. The destabilizing effect of sub
cooling is caused by the increase of the subcooled 
region, which will result in longer b·ansport times 
and phase lags in the circuit. This destabilizing 
effect is predominant at low subcooli.ngs. 
The increase in hydraulic diameter has a stabilizing 
effect. The occurrence of severe hydraulic oscil-

27 



Dr. Ir. C. L. Spigt 

lations in Test Section II at a particular operating 
condition of pressme and subcooling has been 
shifted to higher channel powers compared with 
Test Section I. With Test Section II, the inverse 
effect of increased subcooling at low a1id high sub
coolings is even more clearly demonstrated, see 
Figure 9. 
As a rule, the inlet flow oscillations are measured 
primarily in experiments on hydrodynamic insta
bility. The void fraction oscillations are of impor
tance as well, since these oscillations produce oscil
lations in the nuclear power of a reactor. The 
behaviom of the steam-void in the boiling channel 
of Test Section I is shown in Figure 10 at a 
sahu·ation temperatme of 200 °C and a channel 
power of 160 kW. Recordings of the signal from 
the various impedance gauges for three different 
subcoolings, but at constant channel power and 
system pressure are given together with a recording 
from the differential pressme gauge connected to 
the pitot-tube. Though the mass flow at the inlet 
(i.e. the differential pressw·e from the pitot-tube) 
at a subcooling of 0.5 oc exhibits oscillations of a 
modulated character, the void is oscillating only 
in the lower part of the channel; only the lowest 
void detector gives evidence of any void oscillations. 
As mentioned before, the stability of the system 
will deteriorate as subcooling is increased. The 
modulation of the mass flow disappears at a sub· 
cooling of 3 oc and the void shows oscillations with 
a longer period over a substantial part of the boiling 
channel. The void oscillations are now maximal at 
void gauge 6, and not at the bottom of the channel. 
This location corresponds approximately with that 
where saturated boiling, as calculated from a heat 
balance, starts. By fmther increasing the subcooling 
to 9.5 °C, the maximum in void oscillations shifts 
to the location of void gauge 5. The void near the 
exit of the channel is now likewise oscillating with 
a small amplitude. 
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\Vhen one compares the signals under the last 
operating condition , a phase shift of roughly 180° 
can be observed between the oscillations in void at 
the bottom and the top. Futhermore, there is a 
difference of phase of 180° between the oscillations 
in mass flow and the steam-void at the bottom. 
These results have been confirmed by theoretical 
calculations. 
From the foregoing it may be clear, that steady
state criteria for the onset of flow oscillations as for 
instance "the exit void fraction may not exceed a 
certain value" or "the power level must be less 
than that corresponding to the maximum in the 
circulation rate versus channel power curve" 
(Figure 5), as proposed by some authors, are not 
mean in gf ul. 

4.3. Stability m easurements 

In order to obtain informatwn on the stability and 
response characteristics of a stead~'-state condition 
of a boiling system, frequency response measm·e
ments were carried out in the region of 0.01 to 2 
e.p.s. In these measurements the heating power to 
the boiling loop was oscillated with a sine of small 
amplitude and varying frequency and the resulting 
time-dependent variation in the physical quantities, 
i.e. the amplitude and phase relationship between 
input and output, was observed. In the following 
this relationship is called the transfer function and 
it will be shown that transfer functions and the 
occurrence of severe hydraullic oscillations are 
closely related subjects . 
In Figure 11 the transfer Function is given from 
channel power to the differential pressure from the 
pitot-tube (i.e. the inlet mass flow rate) for Test 
Section I, for three values of the channel power at 
a saturation temperature of 200 °C. The measured 
value of the amplitude of the responding signal per 
k\V channel power oscillation was made dimension
less by dividing it by the corresponding value at 
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zero frequency obtained from steady-state meas
urements. 
From the amplification characteristics it can be 
concluded that a resonance peak is present which 
increases in magnitude with channel power, while 
also the peak shifts to a higher frequency. Com
parison of these results in this frequency region with 
those presented by St. Pierre (Ref. 4), for a forcedly 
circulating boiling system, which are showing no 
resonance peak, leads to the conclusion that these 
resonance peaks are character:istic for a naturally 
cu·culating system. In conb·ast to a forcedly 
cu·culating system, in a natw·ally circulating system 
the inlet mass flow and the steam-void are strongly 
intercoupled. The resonance peak, therefore, is 
caused by this intercoupling effect. The amplitude 
ratios together with the behaviour of the phase shifts 
show that the system is only weakly damped. By 
increasing the channel power, the damping forces 
become relatively smalle1: and the system becomes 
less stable. At the highest channel power of 145kW, 
which was only about 20 kW lower than the 
channel power where spontaneous severe hydraulic 
oscillations start, a sharp falling off in the phase 
shift is observed, indicating that the system 
approaches an unstable condition. It can be claimed 
that then the resonance peak has been transformed 
into spontaneous flow oscillations owing to the 
fact that the dynamic intercoupling between the 
stean1-void in the channel and the inlet mass flow 
has become tmstable and not because the flow is 
responding to a present boiling instability, or flow
pattern instability. A study of the onset of flow 
oscillations, therefore, cannot be made from the 
equations describing the steady-state, but must 
start from equations incorporating dynamic effects. 

Fig. 11. Transfer functions from channel power to 
inlet mass flow for oarious channel powers, 
Test Section I. 
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The Ledinegg instability (Ref. 5), cannot be the 
e>..-planation for the flow oscillations under discus
sion. For determining the onset of flow oscillations, 
the describing equations may be linearized. For 
determining the characteristics of the flow oscil
lations non-linear effects must be introduced into 
the equations. 
In Figure 12, the influence of subcooling on the 
stability of a steady-state is shown. Results of trans
fer functions are given for Test Section I at a 
saturation temperatw·e of 200 °C and a channel 
power of 113 kW. The transfer function from 
channel power to the differential pressure from the 
pitot-tube has been plotted for tlu-ee values of sub
cooling. Comparing the cm-ves of 1.5 °C and 
10.8 °C subcooling at the COITesponding resonance 
frequency shows that the amplitude ratio at 10.8 oc 
subcooling is greater than at 1.5 °C subcooling at 
about the same phase shift. This indicates that 
increased subcooling in the lower subcooling range 
does indeed impair the stability of the steady-state. 
At high subcooling rates, the opposite is true. 
Increasing subcooling from 10.8 °C to 32.0 °C 
results in lowering the resonance peak, whilst also 
the phase shift is reduced. This indicates that at 
hildt subcooling rates, any further increase in sub
cooling has a stabilizing effect. The opposite effects 
of increasing subcooling in the low and high sub
cooling ranges are similar to the effects of sub
cooling observed in the experiments carried out to 
establish the onset of hydraulic oscillations. 

4.4. Burn-out 
All the experimental series for measuring the 
steady-state characteristics and the onset of hydrau
lic oscillations have been cmTied out by increasing 

Fig. 12. Transfer functions from channel 7Jower to 
inlet mass flow at various subcoolings, Test 
Section I. 
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the channel power at a constant system pressure 
and a constant inlet-subcooling. In all series the 
channel power was increased in small steps until 
the burn-out trip was reached. 
The burn-out heat fluxes (e.g. the channel power 
at which burn-out trip occurred divided by the 
area of the heated surface) are plotted as functions 
of the sahu·ation temperature and subcooling 
temperahU'e in Figures 13 and 14 respectively. In 
these figures also the heat fluxes at the instability 
threshold have been plotted. As can be concluded 
from Figme 13 the burn-out heat flux increases 
with saturation temperatme and thus with system 
pressure. This is a result sin1ilar to that obtained 
in forced-circulation e:\.-periments under stable flow 
conditions and at low system pressures. It is ob-
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served that at higher satw·ation temperatures the 
cW"ve of the threshold of instability approaches the 
bwn-out CW'Ve. With Test Section II and at a 
system presslli'e of 30.7 ata (saturation temperature 
of 234 •q burn-out was obtained without the flow 
passing through the oscillation region. 

The curve, representing the bW"n-out heat flu.x as 
a function of subcooling passes through a minimum. 
The trend of the burn-out heat flu.-.: decreasing with 
increased subcooling for low subcooling rates is the 
opposite to what is normally observed in bW"n-out 
experiments with forced circulation, in which the 
burn-out heat flux generally decreases with in
creasing steam quality at the outlet. One explana
tion may be that unstable natural convection bum-
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out for low subcooling rates resembles that with 
employing a "soft inlet" (i.e. steam quality at the 
inlet), when at a low flow rate and at low pressme 
the b·end of the bum-out heat flux increasing with 
increasing quality at the bum-out point has been 
observed at low quality. At high subcooling tem
peratmes the bmn-out heat flux increases again with 
increased ~ubcooling similar to the behaviour of 
the instability threshold. Then, the flow oscillations 
become smaller and the subcooled region larger. 
Because burn-out occurred almost only under 
unstable conditions, the measured values can be 
expected to be low compared with data obtained 
under stable conditions with natural or forced 
circulation conditions. Evidence of this is provided 
by the measurements reported in Ref. 6. 

5. Theoretical studies 

For making an analysis of the characteristics of a 
boiling system the fom equations have been for
mulated, describing the steady-state and b·ansient 
behaviom of a two-phaseflowsystem(Ref. 7). These 
four equations are the laws of conservation of mass, 
momentum and energy for the mixture and an 
equation describing the transport of steam in axial 
and radial direction, determined by the process of 
bubble diffusion, interaction effects between bub
bles etc. Owing to the complex nature of this last 
equation and the difficulties involved in using this 
equation in a perfmmance calculation of a two
phase system another equation has been fmmulated 
for determining the quantity of steam. For that 
purpose, the energy equation is split up into two 
separate equations, one equation governing the 
warming up of the liquid phase of the flow and a 
second representing the heat supply to the vapour 
part (Ref. 1). In the four equations fmmulated the 
independent variables are the time and the space 
coordinate; the four dependent variables are the 
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void fraction a, the temperature of the liquid and 
vapour phase Th and T5 (local satw·ation temper
ature) and the velocity of the liquid phase V1• The 
other variables present in the equations are deter
mined by the equations of state and by the cor
relation ftmctions for the slip ratio, the two-phase 
friction losses, and the ratio of the heat supplied 
to the steam phase and the total heat input. The 
bow1dary conditions for the boiling chmmel and 
thus the describing equations are formed by the 
condenser, downcomer, subcooler etc. Also these 
have been fmmulated in terms of the conservation 
laws. All these equations have been linearized while 
it is assumed that the variations of the variables 
with time are hm·monic. The hannonic variations 
are complex quantities and have to be ex-pressed in 
their real and imaginary constituents. The ultimate 
result of this is the doubling of the number of 
equations and vm·iables in the unsteady case. The 
procedure is shown schematically in Figm·es 15 
and 16. The equations have been programmed for 
a digital computer (Ref. 8). 
The hydraulic instabilities that are of interest here 
are those that are typical for a natw·al circulation 
system. In a forced circulation boiler with steep 
head-flow characteristics, no hydraulic instabilities, 
such as considered here, have been found. This 
suggests considering a forced circulation boiler, as 
shown in Figure 17. A pump is present in the down
comer, which pump generates a pressw·e rise, cor
responding with a rise in satm·ation temperature 
6 T5• The pump measures the fluctuations in mass 
flow v,,i and translates these variations into a rise 
in saturation temperatw·e of 6 Ts,i· Now it is 
assumed that the system is brought into excitation 
by controlling the pump with a sinusoidal signal 
con-espondi.ng to a desired fluctuation in mass flow 
Vl,i· The ma~itude of 6 Ts,i (see Figur~ 18) is 
dependent upon the difference between v,,i and 
V1,;. Hp is a measure of the pump characteristics. 
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The transfer fw1ctions for the open-loop without a 
pump and with a cut, as indicated by the broken 
line in Figure 18, are defined as: 

G - ~ (Ts,i) do ~ 
1- j • ( , and 

~ (Ts,i) in J H, = 0 

Here G1 and G2 determine the change in saturation 
temperature (pressure) and mass flow rate at the 
outlet of the downcomer upon a variation in 
saturation temperatw·e (pressure) at the inlet. 
The transfer function for the closed-loop from 
imposed modulation in mass flow to the satw·ation 
temperature at the inlet of the channel can then 
be Wl'itten as: 

An instability condition is obtained when this 
transfer fw1ction approaches infinity. There are 
two situations where this is indeed the case: 
a. For large values of Hp, the system will always 

be stable, as long as G2 does not approach zero. 
From the definition of G2, it may be concluded 
that G2 will normally never approach zero, un
less resonance conditions appear within the 
boiling channel. 

b. For sufficiently low values of H 1, an instability 
condition is obtained when G1 becomes + l for 
some frequency. 

It appears to be advantageous, therefore, to cal
culate the open-loop transfer functions G1 and G2 
and S(;:e wether the modulus of G1 approaches a 
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condition of + 1, and at the same time whether the 
phase angle has reached a value of a bout 0 o or 
360° for H" = 0, or whether the modulus of G2 

has become sufficiently small, for large values 
of Hll' 
In Figure 19, open and closed-loop calculated 
characteristics have been plotted for a saturation 
temperature of 200 oc in the frequency range of 
0.6 to 1.4 c.p.s. for different chmmel powers. In 
the plot of the open-loop characteristics, GP it is 
shown that an unstable condition is passed when 
progressing from 150 to 151 k\V channel power. 
At 150 kW the modulus of G 1 becomes larger than 
unity but the phase angle does not approach the 
value of 0 or 360°. At 1.51 kW the modulus of G1 

is larger than unity and the phase angle becomes 
zero, which indicates that the S)'Stem is unstable. 
A compmison between the open and closed-loop 
results at 150 and 151 k\V leads to the conclusion 
that large amplitudes in inlet mass flow are present. 
The predicted instability threshold of 151 kW at a 
frequency of 0.947 c.p.s. is in fairly good agreement 
with the experimentally detem1ined values of 162 
kW and a frequency of 0.93 c.p.s. (Figure 8). 
In Figure 20, the calculated disb·ibutions along the 
channel of the variation in the saturation temperat
ure 6. T,, in liquid temperature 6. Tb in the 
liquid velocity 6. V1 and in the void fraction 6. a 
upon a sinusoidal variation in channel power are 
shown for a frequency of 0.9-.17 c.p.s. and at 151 k\V 
channel power, just after the predicted onset of 
hvdraulic instabilities. At 150 kW channel power, 
jt;st before the predicted onset. curves are only 
given for the void fraction and the liquid velocity. 
As is shown, when the system is unstable (151 k\V), 
there is a difference in phase of about 180° between 

Fig. 19. Open and closed-loop transfer functions in 
the intermediate frequency range. Test 
Section I. 
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the void fractions at the inlet and exit of the 
channel and between the void fraction at the inlet 
and the inlet mass flow rate. The oscillations in void 
fraction are largest at the bottom of the channel. 
These results corre.~pond to the observations made 
in the recorded signals during hydraulic oscil
lations, see for instance Figure 10. 
The oscillations in liquid velocity at a channel 
power of 151 k\V are largest at the inlet ancl outlet 
of the channel and smallest at about 0.8 L from the 
bottom of the channel. At this minimum, a large 
variation in phase shift of about 120° occurs. The 
fluctuations at the inlet and outlet are, therefore, 
about opposed in phase and resemble more or less 
a standing wave, i.e. it represents approximately 
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a half-wave length oscillation in the velocity dis
tribution. 
Besides the l c.p.s. oscillations, also the other 
observed flow oscillations, mentioned in the begin
ning of section 4.2 could theoretically be deter
mined. The low frequency oscillations are related 
to the Ledinegg instability (Ref. 5) and the high 
frequency oscillations to the acoustical character
istics of the channel, connected with the compres
sibility characteristics of the gas-phase. 

6. Concluding remarks 

In the foregoing some results of an experimental 
and theoretical study have been reported on the 
steady-state and stability characteristics of a 
natmally circulating boiler. The experimental 
research programme is continued by studying the 
influence of the time response of the heating 
element and the incorporation of a pump in the 
downcomer on the two-phase flow characteristics. 
In the theory, further analysis work will be carried 
out regarding the phenomena govering the onset 
and character of the hydraulic instabilities and 
concerning the choice of parameters which are o[ 
less significance and may hence be safely dis
regarded. 
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