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NOMENCLATURE 

a amplituie 

al' a2' a3 constauts in slip-correlation 

Al' Az ••. A11 see Appendix C 

Ad cross-section of downcorner m2 

A cross-section of boiling channel m2 
r 

b amplitude 
'1<+ dimensionless velocity of kinematic wave 

co distribution parameter eq.3.11. 
integration constant in TFA block diagram 2.11. 

de outer diameter heating element m 
D hydraulic diameter of boiling channel m 

Dd hydraulic diameter of downcorner m 

fch friction factor boiling channel 

fd friction factor of downcorner 
2 2 F friction term in momenturn equation kg/m sec 

g acceleration due to gravity m/sec2 

G constant in TFA block diagram 

hsw heat of Yaporisation J/kg 

hs enthalpy of steam J/kg 
h enthalpy of water J/kg w 
h z enthalpy of water at saturation 

temperature J/kg 
H constant in TFA block diagram 
I attenuated gamma-ray intensity 

Im imaginary part 
I original gamma-ray intensity 

0 

kc, ki, kd specific conductivity Dm 

eq. 2.3. 

kin inlet loss factor 9 



m 

n 

p 

D.p 

q 

'\n 
'lo 
Q 

Qtot 
r 

Re 
s 
t 
t+ 

t 1, t 2, t 3 , t 4 
T 

To 
T s 

constant in TFA block diagram 
conversion factor for pitot-tube 
parameter in slip-correlation 
dimensionless distance 
length of shroud 
boiling length 
exponent 
exponent 
upper integration limit 

pressure 
pressure difference 
heatflux 
heat input per unit volume 
axially averaged heatflux 
integrated heating power 

total channel power 
exponent in slip-correlation 
real part 
slipfactor 
time 
dimensionless time 
time derivatives 

liquid temperature 
integration time 
liquid temperature at departure of 
nucleate boiling 
saturation temperature 

subcooling temperature at the inlet 
radial velocity distribution 
inlet flow velocity 
dimensionless inlet flow velocity 

void propagation velocity 

local steam velocity 
local water velocity 
drift velocity of vapour 
drift velocity of liquid 

eq. 3.5. 

eq. 3.1. 

m 

m 

eq. 3.1.· 

eq. 3.2. 

N/m2 

N/m2 

W/m2 

W/m3 

W/m2 

eq. 3.6. 

sec 

oe 
eq. 2.11. 

m/sec 

m/sec 
m/sec 
m/sec 

m/sec 
m/sec 



w 
m 

x 

x 
y 
y 

z 

Greek symbols 

Cl 

drift velocity of gas 
volumetrie flux density of liquid 

volumetrie flux density of gas 

volumetrie flux density of mixture 

total mass flow rate 
measuring signal 
steam quality 
reduced measuring signal 
measuring signal 
reduced measuring signal 
axial distance 

void fraction 
radial void distribution 

vapour souree term 
layer thickness 
relative amplitude of flow perturbation 
relative amplitude of power perturbation 
heat distribution parameter 
density of steam 
densi ty of water 

pw- Pst 
standard deviation 
absorption cross-section 
phase angle 
parameter defined in eq. 4.2. 
power spectrum of x-signal 
power spectrum of y-signal 
cross-spectrum 
radian frequency 
dimensionless radian frequency 
dimensionless reaction frequency 

m/sec 
m/sec 
eq.3.10. 

m/sec 
eq.3.9. 
m/sec 
eq.3.9. 
kg/secm2 

m 

m 

-1 
m 

degrees 

-1 sec 

11 



ABSTRACT 

The main subject of study has been the influence of subcooling, of a 
sine-shaped heatflux, and of a combination of both on the steady-state 
and dynamic characteristics of a natural-circulation, pressurised, 
boiling water system. In natural-circulation boiling systems hydro
dynamic instahilities may occur at constant power. They appear to 
arise from a dependenee of the vapour volume production rateuponthe 
flow-rate as a result of energy conservation and simultaneously the 
flow-rate depends upon the resident vapour volume in the system as a 
result of momenturn conservation and continuity. The steam pressures 
were taken 15.5 and 30 atm, corresponding to saturation temperatures 
of 200°C and 234°C respectively. 
Although the experimental results disclose the fact that the transition 
from stable to unstable behaviour is not accompanied by a discontinuous 
change of all physical variables, preferenee has been given to a clas
sification of the experiments in steady-state and dynamic measurements. 
It was preferred to incorporate the transfer fUnctionmeasurements in 
the dynamic part. 

Chapter 2 describes the experiences with void measurements by applying 
the impedance technique in addition to data conceming the loop dimen
sions and the measuring equipnent. The calibration of gauges has been 
referred to Maxwell' s theory. 

Chapter 3 deals with the measurements under steady-state conditions of 
the inlet velocity, the axial void distribution and pressure drops at 
different condit i ons of channel power, subcooling at the inlet, flux
shape and pressure. Data reduction was applied to calculate local 
values of the slipfactor and of two-phase friction. The slipfactor has 
been represented by adopting the correlations derived by Bankoff and 
Zuber. The values of two-phase friction were established according to 
~~rtinelli-Nelson. 

Chapter 4 covers the results of the analysis of steady-state noise and 

of oscillations under unstable conditions in terms of amplitudes and 13 



phase differences of ~Pinlet and the axially distributed voids. The 
conditions were chosen equal to those of chapter 3. The void propaga
tion veloeities have been campared with the expression derived by Neal 
fram the energy equation. 

A limited number of transfer function measurements between the channel 

power as the perturbed quantity, and the dependent variables Apinlet 
and the various axial voids, supplemented the experiments. The void 
propagation velocity as a function of frequency has been compared with 
the expression of Zuber, basedon the theory of kinematic waves. 

Chapter 5 describes a theoretica! study based on a solution of the 
familiar laws of conservat ion, · wi th the addition of sui table expres-

. . 
sions for the slipfactor, two-phase friction multiplier and the heat-
distribution parameter in the region of subcocled boiling. No special 
attention has been paid to the boiling boundary, the external system 
and estimated second order effects. For the solution procedure, a 
profitable application was made of the CSMP-program, developed by IBM, 
which facilitated the prograrnming of the integration process. The re
sults of the computations were surprising owing to the close agreement 
with the experimental results with respect to the threshold-powers, the 
frequency, the destabilising effect of moderate subcooling and the in
fluence of a non-uniform heatflux. 

Chapter 6 sunmarises the main conclusions to be drawn from the present 
study. The value of two-phase two-component measurements with the aim 
of transposition to boiling-water conditions is doubted. The equations 

of Neal and Zuber for the void propagation velocity are discussed. The 
influence of a non-uniform heatflux on the system stability·is review
ed and its consequence is stated for dynamic boiling water experiments 
and for the anticipated stability of steamboilers in general and of 
boiling water reactors in particular. 

Where it was possible and profitable chapters and parts of it have 
been completed with conclusive remarks. 

Note: A srnall part of the experiments to be reported here is similar to the 
experiments described by Spigt (S 2). Camparisen between both sets of results 
is impossible as void-fraction is concerned (see eh. 2.2.). Other results can 

14 deviate some per cent. owing to the use of different heatilJ,g elements. 



I INTRODUCTION 

For manyyears an innumerable number of investigators have strenuously 

stuclied the phenomenon of boiling under high heatloads, as present in 
nuclear reactors of the boiling water type,as well as in more conven

tional equipment. Because of the existing number of publications each 
new publication is like carrying owls to Athens, but the exponential

ly increasing number (H 1) finds its justification in the intranspa

rancy of boiling phenomena which leads to an insatiable need for more 

data. One of the causes of this need is undoubtedly the fact that it 
is not possible to define exactly all parameters which influence boil

ing (L 1). One is familiar with the principal mf;asurable parameters 

such as power, pressure, mass flowrate and temperatures, but a number 
of quantities exist which cannot or hardly be measured. Most notorious 
are the void-fraction and, related to this, the void and flow-profiles; 

the latter are interchangeable owing to the inextricable relationship 
between both. Really, void itself is a quantity that is impossible to 

be measured directly, which is understandable from the original mean

ing of "void", i.e. a lack of material, a gap in the fluid. In fact, 

all methods applied to detect void measure the thickness of the accu

mulated liquid layers, and the void-fraction is found by subtracting 
this thickness from the one which would be present if the total cross
section was filled with liquid. This has important consequences for 

the measurements, as the void manifests itself in many appearances and 
is very sensitive to pressure variations. It is impossible to classify 

the different appearances in clean-cut regions. A rough classification 

is given by Baker (B 1) who distinguishes bubbly, slug, plug, churn

turbulent, and annular flow, completed by Hewitt (H 1) with whispy an

nular flow, but all regions change noiselessly from one into another. 

This presence of different regions results in the existence of void

profiles, which constitute a subject of study by, for instance, Zuber15 



and Bankoff (Z 1, B 2). It amplifies the measuring problem to an un
solvable extent. By means of especially developed techniques as, for 
instance, the narrow-beam gamma-ray technique (P 1, S 1) and the elec
trical-resistivity probe (N 1, L 3) void-profiles have been measured 
in low pressure, symmetrical test sections with a constant cross-sec
tion along the vertical axis, but the reality is that eperating pres
sures are above 100 atm and that many flow disturbing objects are pres
ent in the channel. In one test section the whole scale of void con
figurations from bubbly to annular flow can be present. Therefore, al
though it is known that the key of the boiling problem has to be look
ed for in the void-fraction, and in particular in the appearances and 
in the detailed distribution of void, it only shifts the problem be
cause of the secrecy of the key. 

Consequently, one is urged to resort to conceptions such as slipfactor 
and two-phase friction multiplier, derived fram measurable but averag
ed quantities. Although the slipfactor itself was a known quantity ,it 
lasteduntil 1960 befare Bankoff (B Z) related the slipfactor to the 
void-profile and derived a simple expression for it. It is remarkable 
that in spite of this new approach the expression still contains the 
average void-fraction. Lateron Zuber made an extensive study of void 
(Z 1). 

Another not directly measurable but nécessary quantity is the steam 
quality. It is to be calculated from a heat balance, and then the sec
ond problem arises. In case the fluid enters the test section at a 
saturated condition and the heat losses are known, an accurate heat 
balance can he made, but the scene changes if the fluid is subcooled. 
Observations of several authors (B 3, L 2, R 1) have shown that though 
the fluid is subcaoled considerably, bubbles are still fonned. The 
methods by which these authors attack this question diffèr. Bowring, 
who was the first to develop a useful model of subcaoled boiling based 
hls upon the criteria of Jens and Lottes (J 1) and conceived a distri
bution rate between heat used for warming up the water and that u5ed 
for generating steam. Levy (L 2) contines himself to the calculation 
of the starting point of bubble formation and of the amount of steam, 
present at the boiling l;loundary, and having dor;te this, connects both 

16 points by an exponential function. , 



In spite of all these efforts the subcaoled boiling models have not 
been applied quite successfully. This implies that in the region of 
subcaoled boiling the void fraction and the steam quality are very 
dubious parameters, and, consequently, the derived slipfactor is 
equally unreliable. In the region of bulk boiling the slipfactor is 
reliable so far as one has confidence in the void-fraction measure
ments. 

An analogous reasoning can be set up with respect to two-phase fric
tion. Commonly accepted is the conception of Martinelli and Nelson 
(M 1), who defined a multiplication factor R, which indicated the 
ratio between the real pressure drop due to twu-phase friction and 
the pressure drop·that would exist if it was caused by the same mass 
flow under one-phase condition. The value of R is always greater than 
one, but smaller than it would be if the pressure loss was caused by 
one-phase friction and taking into account the local liquid velocity. 
In that case the factor R should be equal to ( 1 ~«) 2 because the local 
liquid velocity can be expressed by 

vlocal C 1 ~a)vinlet' arepresenting the local void-fraction. 

It means that it is not the friction of the liquid along the walls 
which determines the pressure loss, and that the presence of void di
minishes the friction. It is evident that the extent to which the 
channel walls are covered by void, i.e. the void-profile, plays an 
important role. It follows that the two-phase friction multiplier ap
pears to be as arbitrary as the slipfactor. 
What further complicates the picture is the presence of flow disturb
ing objects in operational boiling channels as, for instance, grids. 
It is impossible to calibrate the pressure losses of these objects in 
one-phase or adiabatic two-phase flow and transfer the values obtain
ed to boiling conditions. Besides, the roughness of the walls is of 
interest, more with regard to the density of the nucleation site popu
lation than to the friction. The problem is further complicated by the 
effect of mixing between subchannels and by the complexity of the chan
nel geometry. The consequence of the elusivity of the void is a limit
ed ability to extrapolate experimental results towards other rigs ir
respective of the type of conditions ·in which they differ, to trans- 17 



late them into design rules and to predict the hydraulic behaviour by 

using mathematica! models. 

The last ten years have shown a boom in models in abundant variety: 

linearised and non-linear, lumped and distributed parameter type, suit

able for an analogue or a digital computer, etc. Two extensive studies 

of Neal (N 2) and Bj0rlo (B 4) have proved that the accuracy of the 

predictive properties is poor, and the relative usefulness of models 

is emphasised by the building of large full-scale rigs (6 MW Winfrith, 

8 MW Studsvik) in order to carry out experiments under conditions as 

close as possible to the operational ones. In view of the limitations 

on the experimental as well as the theoretica! side it is unreasonable 

to expect numerical or absolute accuracy of models. It would already 

be very proruising if a model showed qualitatively correct values, i.e. 

if it predicted correctly the effect of pressure, restrictions, sub

cooling, shape of heating power, etc. By adapting this model to a 

smali-scale system it must be possible to predict the hydraulic beha

viour of the operational system provided they have an identical geom-

etry. 

This exposition farms the basic thinking of the study under considera

tion. It contains the results of a number of experiments of a qualita

tive nature. Natural convection was chosen as the main driving head 

based upon the consideration that the only effect of forced circulation 

is a stabilising one. It damps the system by breaking the flow-void 

interaction and conceals some important elements of the hydraulics. 

To what extent the pump has a stabilising effect depends on the ratio 

between the driving head of the pump and the pressure drop across the 

boiling channel. The larger this ratio, the more stabie the system 

will be. 

The variabie parameters were the system pressure, the power, the sub

cooling at the inlet of the channel and the shape of the heat flux in 

axial direction. Each of these parameters was considered to affect 

substantially the hydrodynamic properties of the system. We were, how

ever, aware of the limited pressure of the system and of the unicity 
of the geometry, and this also was a motive to emphasise the perfor-

18 rnanee of qualitative experiments. For this reason less attention has 



been paid to the occurrence of burn-out. Where, however, burn-out has 
been unintentionally encountered, the values of the determining quau
tities have been registered. 

19 



2. EXPERIMENTAL EQUIPMENT AND TECHNIQUES 

2.1. B o i 1 in g Loop 

The system designed for a maximum eperating pressure of 40 atm consists 
of four main components, viz. the pressure vessel, which contains the 
test assembly, the condenser, the subcooler and the pump, the latter 
being an optional additive. The material of all parts that do not con
duct the electrical current, is stainless steel. The components will 
bedescribed with reference to Fig. (2.1.), giving the flowsheet of 
the loop. 

2.1.1. Pressurised part 

The cylindrical pressure vessel has an inner diameter of 150 rrun and a 
length of 3 m. A widening at the top acts as a drum where the veloei ty 
of the fluid is slowed do~~. the steam collected and the moving of the 
water surface tempered. Next to the steam drum is a separate drum, 
which is in conneetion with the downcorner and the steam space in order 
to stabilise the water level during operation. A 75 mm steam line leads 
to the condenser. The vessel is provided with a number of sleeve pieces 
for allowing thermocouples and electrical conducting wires to pass 

through the vessel wall. 

The steam is condensed in a number of vertic al tubes, placed in a row, 
on both sides of which a reservoir is mounted one wall of which is per
forated. The holes have been drilled in such a way that they form a 
sloping straight line and the diameters decrease in upward direction. 
The momentary cooling capacity depends upon that length of the conden
ser tubes which is wetted by the sprinkling water, and this length is 
again dependent on the water level in the reservoirs. Condenser control 
is achieved by automatic adjustment of the water level. The control 
reacts on the temperature in the steam space and compares it to an ad
justed reference value. The controlaction is proportional, integrating 

20 and differentiating. 
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2.1. Flow sheet of the pressurised boiling water loop 

cooling 
water 

21 



The heating element consists of a stainless steel tube, on both ends 

provided withsolid copper electrodes. The upper electrode pierces a 

copper flange and has been soldered on to it. The flange is connected 
to the positive voltage of the power supply and insulated from the 

pressure vessel by means of a gasket made of ferrobestos. The lower 

electrode is enclosed in a cylindrical stuffing box which allows for 

expansion of the heating element. This element is surrounded by a 

shroud with an inner diameter of 50 mm. The water rises through the 

annular passage, between heating element and shroud returns - so far as 

it has not been evaporated - through the downcorner between pressure 

vessel and shroud downwards. A locking device in the downcorner forces 

the water to pass through a subcooler, placed in parallel with the 

downcomer. 

In view of the relatively small driving head inherent to natura! con

vection, the subcooler has been constructed so as to have a very small 

pressure loss. Placed inside a drum through which the primary water 

flows, four helical tubes with cocks can be fed separately by cooling 

water, streaming in counter-current direction to the fluid on the pri

mary side, which makes possible an exact adjustment of the inlet tem

perature of the test section. A preheater installed in the subcooler 

balances the heatlosses of the downcorner if zero subcooling is desired 

and raises the adjustability of the subcooled inlet temperature. 

The construction of the pipe going from the bottorn of the subcooler to 

the downcorner is such that a pump can be installed. Of this facility 

use has been made when calibrating the impedance void gauges. 

2.1.2. Test assem b 1 y 

The shroud with an inner diameter of 50 mm, consists of 9 identical 

parts, each of which has a length of 335 mm and is provided at both 

ends with three lugs for the purpose of fastening the housings of the 
impedance gauges, one of which is mounted between each two shroud parts 

(Fig. 2. 2.). The length of the shroud extends at both ends beyond the 

heated length of the element. The upper non-heated part, i.e. the 

chimney, has a lengthof 246 mm. Pressure tappings have been soldered 

22 in the wall of the shroud, one in the middle of each of the 9 shroud-
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2.2. Diagram of test sectien and impedance void gauge 
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4 silver plates 

A 

shroud 

heating element 

elements, offering the possibility to measure the pressure drop along 

the channel axis. At the lower end there are two extra tappings, one 

detecting the pressure outside and one detecting it inside the shroud. 

Their object is to measure the pressure loss across the entrance, 

which is a measure for the inlet velocity. A pitot tube in the entrance 

makes it possible to check the value of the inlet velocity. Screw 

joints conneet the pressure tappings to a measuring ring, mounted at 

the bottorn of the pressure vessel between two flanges. This ring is 23 



provided with a number of drilled holes, providing a conneetion 
between the inside pressure tappings and those outside the vessel. 

The insulated passage of conducting wires through the vessel wall has 
been achieved by means of Conax multi-hole packing glands with lava 
sealant, fitted in one of the sleeves of the vessel. The shroud is 
electrically insulated from the pressure vessel in view of the observed 
effect on the readings of the impedance gauges. 

The heating element has an outer diameter of 33.8 mm and an electrical 
resistance of 8 mn. Two types have been applied, generating a uniform 
and a sine-shaped heatflux respectively. Since the latter could not be 

manufactured ivith a continuously changing wall thickness, for lack of 
special machine tools, it was composed of 12 pieces welded tagether, 
each having a length of 20 cm. Every piece was internally tumed with 
a tapering diameter. The diameters have been tabulated in figure (2.3.). 

The axial distribution of the resistance was calibrated by using two 

electrades of a special construction. Each consisteel of two sets of 
three sharp-edged feelers lying in one plane at 120°, the distance 
between the two sets being exactly 4 mm. Three feelers belonging to
gether were interconnected electrically. One electrode was then 
fixed at one end of the tube and the second was moved along the 
tube with discrete steps of 6 mm. In this manner it was possible to 
calibrate at the same time the integrated resistance from the fixed 
electrode to the moving one as well as the local resistance over a 
length of 4 mm. The secend measurement provided information neces-
sary to check the quality of the welded joints in view of avoiding 
hot-spots. Dwing to the conical inner shape of the separate parts 
the shape of the axial distribution of the resistance of each part 
is a little concave. The deviation from the designed shape was, 
however, small enough to permit the application of the expression 
for the designed shape. 

The largest difference appears in the middle of the rod, where the 
tube was tumed cylindrically. The heatflux as a function of axial 
distance to either end of the rod can be represented by: 

0.515 
24 q = 0.9 1r de 

sin (0.215 + z) Q 
0.9 · • tot eq. 2.1. 
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2.3. Dimensions of heater tube with varying wall thickness and 

axial distribution of heatflux ratio 

and the local heating power, integrated over z, by: 

0.215 + z 
Q = 0.5 - 0.515 cos ( 0.9 ). Qtot eq. 2.2. 25 
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de represents the outer diameter of the heating element 
z the axial distance to the beginning of the heated part 

' and 
Qtot the total power input. 

The heatflux is synnnetrical and the ratio between maximum and 

average heatflux is 1.38. 

In order to allow a fair comparison between the results obtained 
with a sine-shaped and a unifonn heatflux, a cylindrical heating 
element was ordered, and it was manufactured in the same way, 
resulting in equality of the surface roughness. It is remarked that 
in earlier experiments the heating elements consisted of commer
cially available tubes. 
The relevant dimensions have been summarised in table 2.1. 

Table 2.1. 

Relevant dimensions and values of the test loop 

inner diameter of pressure vessel 150.0 mm 
inner diameter of shroud 50.0 mm 
length of shroud 2.695 m 
outer diameter of heating element 33.8 nm 
heated length 2.4 m 
distance between lower end of heated part 

and entrance shroud 49 mm 
length of chimney 246 mn 
distance between eentres of two subsequent 

void gauges 335 mm 
distance between two subsequent pressure 

tappings 335 mm 
distance between lowest void gauge and 

entrance of shroud 207 mm 

Weissbach friction factor of downcorner fd 0.04 
Weissbach friction factor of boiling channel fch 0.0314 
inlet loss factor of the shroud k. ln 1.64 



2.1.3. Power s up p 1 y 

The channel power was supplied by a unit, consisting of a trans

farmer, cormected to the 10 kV rnains, and a rectifier. The rnaxiirum 
values of voltage and current were 70V and 14,000 A respectively, 
which means that for an optimal resistance of the heating element 
(5 mn) the maxiJllUlll charmel power is 1 Ml'f. A transductor circuit 
at the primary side of the transfarmer made possible continuous 
control of the power and sinusoidal perturbation at a maximum 
frequency of 8 Hz. 

The power supplied to the heating element was measured in steady

state conditions by means of a precision volt and ammeter and a 
light-spot wattmeter. The voltmeter was connected to the electrades 

at both ends of the heating element. Durrent indication was ob
tained from a direct-eurrent transductor, reducing the current by 
the ratio 3000:1. 

The power was measured under dynamic condi ti ons by making use of a 
Hall generator. Tnis device produces a signal which is proportional 
to the product of voltage and current. It was calibrated under 
steady-state conditions against the light-spot wattmeter. The 
linearity was better than 0.1% in a range of charmel powers from 
10 to 400 kW. 

TI1e dynamic response did not necessitate corrections of gain and 
phase. 

2. 2. Measuring facili ties 

Sensors 

The temperatures have been measured by using ordinary insulated 
thennocouples with an outer sheath diameter of 1 mm. They were 
calibrated for an accuracy of 0.25°C. The reliability of the therma

couples was so .good that all experiments could be performed with 
the same set of thermocouples. 

The absolute pressure was measured by a Bourdon spring manometer 
cormected to the steamspace. The pressure differences were measured 27 



under steady-state conditions by means of a multirnanometer and 

under dynamic conditions with pressure transmitters (type SEL). 

These transmitters, applied only for the detection of the pressure 

loss across the inlet and of the pressure difference indicated by 

the pitot tube, were of the inductive type. The displacement of a 
membrane is converted into a change in the inductance of a coil. 

For use during steady-state conditions the pressure-gauges were 

calibrated against the mul tirnanometer. The lineari ty was wi thin 1%. 

Examination of the dynamic characteristics mentioned in (S 2) 

indicated that for frequencies up to 2 Hz no corrections were 

necessary where amplitude and phaseshift are concerned. 

The pressure loss across the entrance of the channel as a function 

of inlet velocity was calibrated conscientiously for a range of 

Reynolds' numbers. The procedure was that by means of a separate, 
suitable centrifUgal pump a dosed flowrate was pumped through the 

system at room temperature. The flowrate was measured by weighing 

on a balance the amount of water that was poured forth during a 

certain period. The pressure drop across the inlet, after conversion 

of the multirnanometer reading, can be written as a Elinetion of the 
inlet velocity according to 

where kin represents the inlet loss factor. The dependenee of kin 
on the Reynolds' number decreases with increasing value of Re 

(Fig. 2.4.). 

In order to approximate closely the experimental values of Re it 

was necessary toperfarm the calibration at flowrates up to 3.1 

m/sec. For the calculation of the inlet velocity from the experi

mental ~p-values kin~ 1.64 was used. The corresponding value for 
the pitot tube was kp = 1.39. 

A disadvantage of this method of measuring the inlet velocity is 

the impossibility to translate under dynamic conditions the ~p

values into values of the inlet velocity owing to the non-linear 

28 relation between pressure drop and velocity. 
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Because the position of the pressure tapping detecting the inlet 
pressure loss, is a little distant from the entrance of the channel, 
the measured value of that loss includes also a contribution of the 
frictional pressure losses in downcorner and heated channel. The 

use of kin in the mathematica! model needs therefore a correction 
forthese additional losses, resulting in kin 1.45. 

Void fraction 

Two techniques of measuring void fraction were available, viz. the 
gamma-ray method and the impedance method. 

(1) The gamma-ray method is based upon the attenuation of a beam 
of gamma-rays when passing through layers of different materials. 
The attenuation is an exponential function of the sum of the thick
ness of different layers multiplied by the individual specific 
macroscopie cross-section for absorption, according to the absorp
tion law 

29 



where I represents the actual radiàtion intensity, 
I

0 
the original intensity, 
the specific macroscopie cross-section and 

öi the layer thickness. 

V/hen the method is applied to void fraction measurements, one of 
the layers, consisting of boiling water, has a variabie density and 
consequently a variabie absorption. The absolute void value is 
determined by means of interpolation between the intensity at zero 
void and that at 100% void. 

In the present case a 350 mCurie Thulium-170 souree was placed in
side the heating element in a fixed pos i tion. The annular cross
sectien of the channel involved this complicated assembly. Around 
the souree four scintillation counters were mounted into the wall 
of the pressure vessel in the form of a straight cross. The appa
ratus possessed some particular features. The amplification of 
each photomultiplier was kept constant by continuous calibration 
against the gamma-spectrum of a 1 0 mwrie Caesium souree, fixed to 
the water-cooled photocrystal, and subsequent control of the high 
voltage. The pulses of the four scintillation counters were mixed 
and counted by a 10 MHz scaler. The counting-rates of the four 
counters were established to be of comparable magnitude. The ratio 
of the intensity, measured in the empty loop, to that measured in 
the loop, when filled with water, connnonly named the empty to fuU 
ratio was about 1.10, attained by carefully dlscriminating over the 
Thulium peak in the energy spectrum (84 KeV). 

(2) The impedance method is based upon the change of impedance of 
a waterlayer owing to the preserree of gas-bubbles. The relation 
between the impedance and the content of bubbles, however, is 
neither linear nor ex:ponential. The basic theory that is generally 
accepted by investigators was derived by 1\laxwell in 1881 (1\1 2). He 
regarded a carrier fluid and a suspension of small spherical parti
cles in it. As an essential characteristic he assumed the distance 
between the particles to be large compared to their diameter. 
Representing the specific conductivity of the mixture by k , the 

(l 

30 specific conductivity of the continuurn phase by kc, that of the 



suspended spheres by ki and the volumetrie fraction of particles 

by a, the relation between the impedance of the mixture and the 

relevant parameters is 

k - k 
a c 

k + 2k 
a c 

k. - k 
a 1 c 

k. + 2k 
1 c 

eq. 2.3. 

This expression can be represented in a diagram and has been 

generally used in that form (0 1, C 1, S 2). 

Realisation of the impedance technique was first tackled by Olsen 

(0 1). He made an extensive study, directed to the applicability 

of the method in boiling water channels. An investigation was made 

as to the influence of the geometry of the electrodes, the influence 

of the void profile and the flow-dependenee of the measurements. 

The different gauges were carefully calibrated in an air-water 

system, equipped with quick-closing valves. The maximum void frac

tion that was attained was 55%. He measured appreciable flow 

dependenee at low velocities, which seemed not to be attributable 
to the velocity or void profile. The strong dependency of the 

bubble size on the superficial water-velocity was assumed to be the 

main cause of the flowrate dependency on the void signals. Later 

on, however, it was stated that at low veloeities there might be 

a considerable difference between the measured average void fraction 

in the test section and the local void fraction in the gauge, owing 

to a decrease of slip-ratio in the void gauge, having a smaller 

cross-section than the channel. 

By applying a correction factor that takes this effect into account 

the flowrate dependency could be reduced substantially. 

Ultimately it was established that there were three conditions that 

had to be fulfilled in order to obtain reliable results, viz. 

(1) the electric field must be homogeneaus 

(2) the distance between the electrades must be large in comparison 

with the diameter of the bubbles 

(3) the flow must be undisturbed. The slip, and consequently, the 

void fraction are substantially altered by a change of the 

cross-section. 31 



In the conclusions (0 1) it was stated that "the measurements of the 
void fraction in a two-phase fluid by means of the impedance method 
are generally subject to large uncertainties. However, by a care
ful electrode design, and by use of the instrument in flow regimes 
for which it is designed, adequate results are possible." 

It was found that the preferential design was a gauge with two plate 
electrades spaeed 17.5 mm apart. The voi~signals from this type of 
gauge were measured to be in good agreement with the corresponding 
values found with Maxwell's formula when the void meter was used in 
bubble flow. In slug flow the electrode geometry was expected to 
have no influence. This is the more astonishing because it is con
flicting >vith the third condition. 

Bj0rlo et al. (B 5) reported void measurements with a gauge consist
ing of a number of concentric, ring-shaped electrodes, which could 
only satisfy the first condition. The gauge was calibrated against 
the turbine-flowmeter, but it is not mentioned whether the results 
followed the Maxwell curve or not. 

The secend experience that has been reported was obtained by 
Cimorelli (C 1). The test sectien used was of an annular geometry. 
Th~ electrades were formed by the central cylindrical tube and the 
shroud itself, thus not introducing a disturbance of the flow. In 
this manner the integral void fraction over the channel length was 
measured, which was compared with the results obtained by the dila
tatien technique. The calibration was not carried out in an air-water 
system but in a boiling water loop. The operation-pressure was 
1.15 kg/cm2 and the steam was produced by flashing ~t the entrance 
of the test section. The water was preheated and passed through an 
orifice under forced circulation, causing a pressure drop and con
sequent flashing. The inlet steam quality was evaluated by measur
ing the temperatures before <Jlld after the orifice. The reliability 
of the results was greater for the higher void fractions owing to 
the scatter of the experimental points in the region of low voids 
(< 40%). An eneauraging correspondence with the .Maxwell curve was 
established for void fractions smaller than 0.5 and an increasing 

32 deviation at higher void fractions (< 0.85), although the diffe-



rence did not exceed 10% void. The deviation increased with de
creasing flowrate, contradictory to the observations of Olsen. 

However, the resul ts having been published, reflections on the 
experimental uncertainties aroused doubts concerning the correct
nessof the observations (E 1), in particular with respect to the 
higher void fractions. It was feit that extrapolation from lower 
voids to higher values is quite a precarieus venture. 

The third investigator who adopted the impedance method was Spigt 
(S 2). The annular cross-section enabled him to apply a very clean 
design of the void gauge (Fig. 2.2.). The heating element itself 
acted as the first electrode and the second electrode consisted of 
4 silver plates, mutually interconnected and placed in an insulat
ing material, in this case Teflon, and fitted in a stainless steel 
housing. The housing was clamped between flanges of the shroud 
parts. The cumulative circumference of the silver plates equalled 
that of the heating element with a view to creating a homogeneaus 
electric field. The electrode plates were flush with the inner 
surface of the shroud, so that the flow was not at all disturbed. 
The secoud condition of Olsen was fulfilled so far as the distance 
between the electrades was as large as possible, equal to the dis
tanee of the channel walls . The height of the plates was 5 cm in 
order to obtain a quiet void signal by the integrating action of 
the axial dimension of the gauge. The four plates were interconnect
ed and only one wire per gauge left the pressure vessel, insulated 
by a Conax-packing gland. 

As for the agreement of the void as measured by the impedance 
method and that measured in the same position by the gamma-ray 
method, Spigt claimed a deviation of only 3% void. A preliminary 
examination had been carried out before in an air-water loop, where 
the gas content was determined from the rise of the water level. 
The results sustairred the observations under boiling conditions. 

Since Spigt completed his series of experiments, the present author 
has prepared a new series of experiments to be carried out in"the 
same rig, using the same instrumentation. 
The whole equipment was inspected quite thoroughly and ,the shroud, 33 



being the most important part of the rig, was dismantled and re
assembled very carefully. In particular, much attention was paid to 
the insulation of the wires that interconnected the silver plates 
and that conducted the signal to the outside of the pressure vessel. 
When starting the experiments, values of the void fraction were ob
tained that exceeded 95%. This observation implicated figures of 
the slipfactor being smaller than one. This is physically impossible, 
certainly for those high void fractions. The apparatus was care
fully re-checked, however, no differences with the previous equip
ment being established that could explain the void fraction to be 
20% greater than before. It was only known afterwards that formerly 
less care had been gi ven to the proper insulation of the wires than 
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was done later on. It can be argued that leakage of the current from 
the void gauges to the surrounding wall decreases the values of the 
measured void fraction. This led to ascribe the present deviating 
results to better insulation of the conducting wires. 

The impossibly large void fractions required a re-calibration 
against the gamma-ray method. Owing to the fixed position of the 

gamma-souree the calibration could only be performed for that upper 
void. In order to gauge low void fractions too, forced ei reulation 
was applied. By accepting the garnma-ray method as the standard and 
measuring the impedance of the mixture, the results no longer cor
responded to the Maxwell curve. Already at small void fractions the 
results started to deviate (Fig. 2.5.). It appeared inevitable to 

0 .1 .2 .3 .4 .5 .6 • 7 .8 .9 1.0 
voidfraction 
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accept new calibration curves that deviated considerably from the 
Maxwell curve. TWo curves are given, corresponding to the two 
eperation pressures (Fig. 2.6.). Varying the flowrate did not 
essentially affect the results. At most it increased the scatter 
of the points. Up to values of 40% void the relationship between 
impedance and void fraction is linear. At high values of void frac
tion the method is less sensitive but still usable. 

C o n c 1 u s i v e r e m a r k s 

Calibration in air-water systems indicates a rather fair correspon
dence to the Maxwell curve, provided that some special precautions 
are taken with respect to the geometry of the gauge. Calibration in 
steam-water mixtures or boiling systems indicates deviations, al
though their magnitude differs for each investigator. This is an in
ducement to distrust calibration in an air-water system. .~ essential 
difference between an air-water and a boiling mixture is the presence 
of two completely independent components. They exert forces upon each 
other, but no one-component phase relationship exists. In the case 
of boiling there exists a strong interchangeability between the two 
phases. The bubbles grow and contract as they exchange heat with the 
surrounding liquid. This has an effect on the shape of the bubbles 
and on their agglomeration. When boiling takes place all along the 
channel, then there is also a difference in velocity and void profile. 
With natura! circulation the void profile in boiling-tubes is strong
ly related to the velocity profile and it is very questionable 
whether this also holds for an air-water mixture. 

A deviation from the Maxwell curve is very accepta~le since the latter 
has been derived for small spherical particles and with a relative-
ly large distance between them. This situation is only present at 
very low void fractions and, on the other hand, also at very low 
liquid content. A similar curve can be drawn for a dispersion of 
liquid dropiets insteam (C 1). At high void fractions it is expected 
that the second situation is approached. In fact, it is not correct 
to extrapolate the Maxwell curve to high void fractions, just as i t 
is not correct to extrapolate the secend curve to the region of very 

36 low void fractions. Both curves represent theoretica!, extreme 



situations and practical conditions will lie in between. This indeed 
is reflected by the new curves. 

The afore-mentioned remarks tend to emphasise the necessity to cali
brate the impedance gauges as far as possible in the test section 
itself. This can be realised by means of the gamma-ray technique. 
It is interesting to evaluate both methods in comparison with each 
other. 

Characteristics of the gamma-ray 
methad 

(1) easy interpolation between the limits of zero and 100% void, 
which makes a calibration over a long range redundant. 

(2) It involves a long measuring period in view of the necessary 
counting time of the pulses. This objection can partly be 

evereome by using astrong souree (S 1)(safety problems). 
(3) item (2) leads to the impossibility to use it for dynamic 

measuremen ts' unless a s trong souree is applied es 1) • 
(4) Although principally possible it is very laborieus to take 

measurements at different locations along the channel axis. 
(5) The apparatus needs permanent care and control owing to its 

great complexity. 

Characteristics of the impedance 
methad 

(1) The calibration is quite difficult and must be performed in the 
test sectien itself. 

(2) The measuring time is zero owing to the electrical nature of 
the method. 

(3) It lends itself admirably to dynamic measurements. 
(4) The gauges are of a simple construction and may easily be 

built into the boiling channel. 
(5) The apparatus is easily manageable and quite reliable. 
(6) The shape of the cross-sectien of the channel is often too 

complicated. for a suitable gauge construction. Even an ordinary 
cylindrical cross-section is difficult to handle (A 1, R 1). 37 



Other devices as, for instance, the dilatation technique (P 2), 
the electrical probe (L 3, 0 1) and the isokinetic probe (A 3) have 
been omitted because the first does not detect local void fractions 
and the latter two do not measure average values. 

The experiences of the author himself as well as of the investiga
tors referred to make it very hazardous to guarantee the accuracy 
of the absolute void values. This was one of the motives to lay the 
emphasis of the experiments on qualitative and relative measure
ments. However, reasonable confidence can still be put in the ab
solute magnitude of the void fractions, which is sustained in (B 4), 
where it is noticed that the void fractions measured by Spigt 
exceed by about 15% (absolute) the predictions of the models studied 
in (B 4) , whereas the predictions for experiments of other investi
gatars fit quite satisfactorily. The difference need not, therefore, 
be imputed to a deficiency of the model. 

The apparatus used is practically identical to that applied by 
Spigt (S 2). The gauges consist of four interconnected silver 
plates in a Teflon housing. Along the length of the shroud nine 
gauges have been mounted at equal distances from each other. The 
lowest gauge, placed in the non-heated part, detects the instan
taneous conductivity of the water and acts as the reference gauge. 

The shroud was given the same potential as the silver plates, thus 
eliminating edge effects in axial direction. The voltage between 
the electrades had a frequency of 3000 Hz. 

Burn-out detector 

In order to avoid burn-out of the heating element, a burn-out de
tector was applied as a safety device. The resistances of the upper 
and lower halves of the heating element formed the variabie branch 
of a Wheatstone bridge. When the difference of the resistance 
values between the two halves exceeded a preset value, the power 
was switched off with a time lapse of about 100 msec. In view of 
the relatively large heat capacity of the heating element this 
period was sufficiently short to guarantee a perfectly safe opera-

38 tion of the loop. 



Slow variations in the out-of-balance voltage, caused, for instance, 
by an increase in heating power, were controlled manually. 
In practice the heating power was always swi tched back just before 
the burn-out detector would come into action since it took about 
two hours to reach the operating condition after switching off 
power. 

R e c o r d e r s 

For temperature readings under steady-state conditions ordinary mV
recorders were available. 
For recording purposes under dynamic conditions the following 
apparatus have been used. 
A U.V. recorder enabled important signals to be visualised conti
nuously on photographic paper. 

A 12-channel FM-magnetic tape recorder, Ampax manufacture, was 
applied to store the signals in view of the off-line analysis 
afterwards. Owing to the limited nuffiber of available preamplifiers, 
only six channels could be used at the same time. The play-back as 
well as the recording speed were chosen 7! ins. per sec. 

2.3. Analysing Equipment 

Transfer function analyser 

The name does not really cover the properties of the apparatus. This 
special purpose analogue computer was purchased in two parts. The 
first part computed transfer functions between an internally gene
rated sinusoirlal perturbing input signa! and a responding output
signa!. It implicated that the computer could only be used on-line 
with the experimental rig. The secend part, when coupled with the 
first part, was capable of computing point-to-point transfer 
functions between two arbitrary output signals in response to a 
transient or sinusoidal perturbation of an adequate input signa!, 
and to compute power spectra of two arbitrary off-line signals. 
The ability to compute related quantities between two off-line sig
nals led to the application of only the secend feature of the com
puter. All signals which were estimated to be of interest in order 39 
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to deterrnine the characteristics of the boiling system were recorded 
on the magnetic tape and analysed afterwards. For this reason a 
short description is given of only the computation process concerned 
with the power spectra. The block diagram is given in Fig. 2.7. 
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The power spectrum of a signal is a measure for its energy content 
at a certain frequency w within a bandwidth + 8w. The relationship 
between two signals is determined by the cross-spectrum. It is 
superfluous to mention in detail the sense and derivation of power 
and cross-spectra. The mathematica! background is sufficiently 
known (T 1) and the technique has been applied by many investigators 
(M 3, B 5, S 2). 

After rejection of the De-component from the signal under considera
tion, each signal passes through a bandpass filter in order to im
prove the signal-to-noise ratio. The signal is arnplified with the 
aim to start from a reasanabie input voltage by which accuracy is 
increased. The signal is fed into the multipliers to be multiplied 
by the internally generated sinusoidal signals of an adjusted fre

quency sin w
0
t and cos w

0
t respectively. The doubled number of 

signals pass subsequently through the low-pass filter, that cuts off 
at the adjusted frequencies w

0
+8w and w

0
- 8w, and again through 

an amplifier, in order to obtain proper output values of the inte
grators. Starting from the original signals: 

n 

x(t) L a. sin(w.t + <1> • ) 

i=1 1 1 wlX 
eq. 2.4. 

n 
y(t) I: sin(w. t + .p . ) , 

i=1 1 w1Y 
eq. 2.5. 

where q, • and q, • represent the phase differences with respect to 
wlX w1y 

the multiplicative signals sin w
0
t and cos w

0
t, the signals after 

the above operations can be represented by: 

n 
x1 (t)=k

0
G1H,IZ.x(t)cos w

0
t=k

0
G1H11z. t1 aisin(wit+ q,wix)cos w

0
t = 

w )t+.p . }+a. sin{ (w.+w )t+<j> . }J o wlX 1 1 0 w1X 

eq. 2.6. 41 



and after the low-pass filter 

wi=w
0

+t:.w 

x1 (t)=k
0
G1H1.! 12 L 

wi=w
0 

-t:.w 

w.=w +t.w 
~ 0 

a; sin {(w.-w )t + ~ • } ... ~o w~X 

b; sin {(w.-w )t + ~ . } 
... ~ 0 w~y 

L: b. cos { (w. -w )t + ~ . } 
-t:.w ~ ~ o w1y 

eq. 2.7 • 

eq. 2.8. 

eq. 2.9. 

eq. 2.10. 

The amplification constants correspond to the blocks in the illus
tration. The signals then become squared or multiplied crosswise, 
added up two and two, and fed into integrators that ultimately 
provide the desired quantities ~ , ~ , Re(~ ), I (~ ) xx yy xy mxy 
representing the power spectrum of the x-signal, that of the y
sigpal, the real vector of the cross-spectrum, and its imaginary 
vector, respectively. The results read: 

2 2 2.11. ~ 2(k
0
G1H1) T

0
C

0
(arms) eq. 

XX 

~ 2(koGzH2)2 ToCo(brms)z eq. 2.12. yy 

Re(~xy) = k0
2G1GzH1H2 arms. brms.T0 C0 cos($x- ~y) eq. z. 13. 

Im(~xy) = k
0

2
G1G2H1H2 arms. brrns.T0 C0 sin(~x- ~y) eq. 2.14. 

T and C represent the integration time and the integration con-o 0 
stant respectively. The phase angle and the cross-spectrum ~xy 
are compmed from the veetors Re(~ ) and I (~ ) . Tne amplitude xy mxy 
ratio ~xy/~xx defines the gain of the transfer function and is 

42 expressed in decibels. 



Procedure 

The output of two particular signals of the magnetic tape recorder 
were connected to the x and y inputs of the TFA. The proper values 
of amplifications, analysis frequency and other constants of im
portance were adjusted and the analysis started. In order to obtain 
reproducible values, taking into account the stochastic character 
of the signals, the period of each measuring point was taken to be 
100 seconds. In view of improving accuracy, each analysis was re
peated twice on the same part of the signa! and the results were 
averaged. The reproducibility of the analysed transfer function 
measurements was good enough to confine ourselves to only two 
analyses at a time. 

Befare starting the analysis of a series of measurements it was 
first investigated at what frequency, viz. the resonance frequency, 
the power spectrum was maximum. Owing to the bandwidth of 2ilw i t 
may be expected that this maximum does not occur at one distinct 
frequency on bath sides of ~~ich the power spectrum would drop 
suddenly to zero. Another reasen for the existence of a finite 
width of the band of power spectra as a function of the frequency 
may lie in the low inconstancy of the resonance frequency. It varies 
somewhat with time. The slope of the bandcurve was less steep for 
noisy signals than for steady asciilating signals. The adjusted 
peak frequency was kept constant during the analysis of signals 
belonging tagether at one condition. It proved a weak function of 
heating power forsome conditions. 

Every series of measurements was preceded by the recording of a 
sinusoidal calibration with known amplitude and frequency. 
It enabled the ultimate results of power spectra to be reduced to 
effective values of voltage and consequently of the physical quan
tities. 

It is quite difficult to estimate the accuracy of the computations 
on account of the stochastic character of the signals. In oràer"to 

an impression of the reproducibility, a random page of results 
has been added in Appendix A. the calibrating signal 
gives results having an accuracy of the amplitude of ~ 2% and of 43 
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the phase angle of~ 0.1°. The accuracy of the results obtained 

from the measuring signals can be deduced from the illustrations, 

which show well-fitting curves through the points. 

Computers 

The Pace Analogue Computer has a capaci ty of 11 0 amplifiers and 25 

multipliers. 

The digital computer, available at the Teëhnological University, 

was an Electralogica X-8. 

For the purpose of reducing the data obtained from the steady-state 

measurements use was made of a simple computer program. The input 

data were the measured quantities of local void fraction and pres

sure drop, the pressure loss across the entrance of the channel, 

channel power and inlet temperature. Taking into account subcaoled 

boiling, the program calculated the local values of the steam 

quality, slipfactor, slip-correlated parameters, parameters corre

lated to the pressure drop, steam and water velocities,and the 

residence times of water and steam phase. 

The digi tal computer applied for the theoretica! study was an IBM 
360-50, placed at our disposal by the Roman Catholic University of 

Nijmegen. 

For a limited number of time-consuming computations use was made 

of the IBM 360-65, available at the Technological University of 

Delft, which reduced the computation time to one fifth of the 

time required by the IB!l 360-50. 



3. STEADY STATE MEASUREMENTS 

G e n e r a 1 p r o c e d u r e 

A sequential summary is given of the necessary actions preceding 
the measurements. In order to be sure of constant water properties 
.and to avoid corrosion, each daily series of experiments was 
started with a check on the electrical resistance of the deminera
lised water. The rig was filled and an optimal level adjusted in 
such a way that it was high enough to cause a sufficient slowing 
down of the waterflow, streaming upwards, in order to achieve good 
separation of water and steam and to avoid the presence of outlet 
restriction, and low enough to maintain a reasonable steam space, 
acting as a buffer for variations in the steam production. The 
level was kept constant in all the experiments. The power unit was 
switched on and a low power level was adjusted to prevent extreme 
stresses in the material when raising the temperature. After some 
hours of heating the water started to boil and the system was de
aerated carefUlly by blowing off at a proper cold location in the 
condenser. This was repeated several times until no more air es
caped from the rig. Still at low power the system was allowed to 
reach the desired pressure. Actually, it was the steam temperature, 
measured in the steam space, which was kept constant by testing it 
to a preset point. Then the lowest power was adjusted, where the 
heat losses were just in balance and a stable condition was attained. 

The desired subcooling, defined by the difference between the tem
perature in the steam space and the inlet temperature of the channel 
was then adjusted. Before taking the first measurement, the experi
mental apparatus was c,\ecked on correct werking. After reading the 

instruments that recorded the most interesting variables, the power 
was increased stepwise and a new condition was stabilised. The 
successive steps in power were chosen so as to be able to define 
the curves of the variables by a sufficient number of points. The 45 



measurements were continued until oscillations started to occur or 
bum-out was encountered. 
A new condition of subcooling or pressure was adjusted and the 
procedure was repeated. 

3. 1 • Basic data 

A survey of the measurements is given in Appendix B. The eÀ1Jeriments 
have been carried out under system pressures of 15.5 and 30 atm, 
corresponding to saturation temperatures of 200°C and 234°C respec
tively. In both cases the influence of subcooling and of the shape 
of the heatflux were investigated. 

Uniform heatflux 

Inlet Velocity 

Fig. 3.1. shows the change of the inlet velocity as a function of 
heating power for a saturation temporature of 200°C and different 
subcoolings. Each curve bas a maxillU.llll which moves to higher powers 
for increased values of subcooling. Similar resul ts have been ob
tained by Becker and Spigt (B 6, S 2). The common explanation is 
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given by consiclering the balance between driving head and total 
pressure drop across the channel. At low powers the driving head 
increases disproportionately to the pressure drop and beyond the 
maximum the reverse is true, causing the inlet velocity to drop 
continuously with power. Increasing the subcooling decreases the 
driving head and consequently reduces the inlet velocity. The maxi
ma lower and move towards higher channel power. The curves inter
seet at 160 kW, where the inlet veloei ty appears to be independent 
of subcooling. 
Generally, it can be concluded from the constant slope of the 
curves beyond the maxinum that, when assuming the driving head to 
change linearly with void fraction, the sum of the pressure drops 
due to acceleration and friction also changes linearly with void 
fraction. The general trend remains the same at higher pressure 
(Fig. 3.2.). The only difference lies in the position of the lowest
subcooling curve with respect to the other curves, which does not 
give higher veloeities than the others as it did at lower pressure. 

channe 1 power, kW 

3.2. Inlet flow velocity versus channel power Tsat 234°C 47 



Void fraction 

The void fractions have been measured in the marmer described in 
chapter 2.2. In the illustrations showing the void fraction as a 
function of the channel power, that void fraction is plotted which 
has been measured at position 2 (see Fig. 2.2.) being the upper 
position where the channel is heated and where calibration against 
the gamma-ray metbod was achieved. 

For the condition of a saturation temperature of 200°C the exit 
void fraction (pos. 2) versus power has been plotted in Fig. 3.3. 

channel power, kW 

3.3. Exit void fraction versus channel power Tsat 200°C 

for different values of inlet subcooling. The void fraction rises 
continuously with power, but the slope of the curves diminishes at 
higher powers. Subcooling reduces the void fraction considerably. 
When comparing figures 3.1. and 3.3. it appears that the maxima of 
the velocity curves correspond to constant values of the exit void, 
viz. 45%. For two values of subcooling, viz. 1.6°C and 11°C, con
sidered to be representative of other values, the axial void dis
tribution has been plotted for different values of channel power 
(Figs 3.4. and 3.5.). The curves run paralleltoeach other, the 
upper ones belo~ging to the higher powers. Near the bottorn of the 
channel there is a rapid growth of void, visible from the steepness 

48 of the curves. The maximum void does not exceed 80%. Subcooling de-



creases the void as may be expected from the consideration that a 
substantial fraction of the power is used to raise the temperature 
of the water up to its saturation value. 

axial position of voidgauges z=L 

axial position of voidgauges 

. 0 0 3.5. Axial void distributions Tsat 200 C, 8T
5
ub 11.0 C 49 



At an inlet subcooling of 11°C the curves :l'or the higher powers 
are similar to those at 1.6°C subcooling. The other curves start 
with a concave part, which must be attributed to the subcooling, 
which consumes here a relatively large proportion of the available 
power. At position 8 it is sametimes even not possible to detect 
void. 

Increase of the pressure results in substantially lower values of 
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void fraction (Fig. 3.6.); the difference is 15% at most. For the 
rest the curves are very similar. The curves of the axial void dis
tribution are nearer to linear than at the lower pressure (Fig. 
3.7.). A similar trend was measured by St. Pierre (S 1). 

Pressure Drop 

The pressure differences as detected by the pressure tappings have 
been plotted first as functions of the axial distance. These pres
sure tappings were fixed to the shroud between the void gauges 
(see Fig. 2.2.). In order to know the pressure drops at the posi-

: AT sub 1. 6°C 
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tions of the void gauges themselves the pressure differences were 

interpolated from the basis curve. For the condition of 200°C 

saturation temperature and lowest subcooling the pressure differen

ces have been given in Fig. 3.8. The intersection with the ordinate 
shows the pressure loss across the inlet, being a function of the 
inlet velocity. Although the pressure loss from bottorn to top ought 

to be constant, there still remains a small unexplained deviation 

at the upper position. 

At the lowest channel power the curve is almost linear but the 

higher channel powers indicate a lower pressure drop along the 

lower half of the channel and a higher one along the upper half. 

The curves do not have a very pronounced shape, the pressure de

creases rather continuously with increasing axial distance from the 

bot torn. 

S i n e - s h a p e d h e a t f 1 u x 

Inlet velocity 

The general characteristics of the curves are essentially similar 

to those of the uniform heatflux (Fig. 3.9.).+ 
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However, gradual differences can be observed. The pos i tion of the 
maxima with respect to the abscissa and the slope of the curves are 
almost identical, but the curves have moved wi th respect to the 
ordinate in such a way that the curves are nearer together. The 
result is that the single crossing points has disappeared and is 
replaced by a number of intersections. The mutual difference be
tween the subcooling curves has become smaller in the region of 
the low channel powers and larger in that of higher powers (cf. 
Fig. 3.10.). Another distinction is the ability to extend the 
curves to considerably higher powers. Anticipating chapter 4, this 
already indicates that the region of stable operatien has expanded. 
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Void fraction 

If the differences in the inlet velocity are not significant at all, 
the similitude of the upper void fractions is really striking, also 
at relatively high values of subcooling (Figs 3.11. and 3.12.). 
The differences could even be estimated to lie within the measuring 
accuracy if the curves of the void fraction versus axial distance 

! 

I 

did not affirm them (Fig. 3.13.). Especially in the lower part of 53 
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the channel the void fraction is much smaller, but when passing 

the centre of the channel, the curves of unifonn and sine-shaped 

heatflux start to approach each other. This holds for both low and 

moderate subcoolings (Fig. 3.14.)·. It is evident that here the low 

heatflux near the bottorn of the channel plays a dominant role. It 

54 suppresses the growth of the void fraction and shifts the position 
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of the departure of nucleate boiling in an upward direction. Even 
at an inlet subcooling of 2°C the gauge nuffiber 8 did not detect 
void at the lowest channel powers. 55 



Pressure drop 

The figure of the axial distribution of the pressure drop (Fig. 
3.15.) does not reveal special characteristics. The pressure drop 
along the lower half of the channel seems to be a little lower 
than for the uniform flux and that along the upper half of the 
channel consequently higher. 
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Effect of pressure . 

What has been remarked concerning the effect of the sine-shaped 
heatflux on inlet velocity and void fraction at 200°C saturation 
temperature, can be repeated for a saturation temperature of 234°C 
(Figs 3.16., 3.17., 3.18., 3.19.). An exception, however, has to 
be made with respect to the form of the curve of the axial void 

56 distribution (Fig. 3.20.). At low powers the attitude is similar 
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3.18. Exit void fraction versus Dlannel power Tsat 234°C 
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but at higher power values the curves are very equal to the eer
responding curves óf the unifonn flltx. The suppressing effect of 
the low heatflux on void generation near the bottorn of the channel 

58 seems to be absent here. 
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Conclusive remarks 
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The shape of the heatflux has no significant influence on the inlet 
velocity nor on the outlet void fraction. Both appear to be only 
functions of the total channel power. The void in the lower part 
is, however, reduced substantially. That this does not induce a 
change of the inlet velocity can be explained by assuming that the 
change in driving head is just balanced by the change in the pres
sure loss due to friction. 

3.2. Reduction of the steady-state data 

Slipfactor 

When analysing experimental results it is often a serieus question 
how to present the data. Plotting the rough data frequently shows 
inadmissible scattering of points. The cause may lie in the para
meter itseif, in a less proper choice of the parameter on which it 

I 

is thought to depend or in a combination of both. It may be ad
visable to conceive a characteristic number of which the measured 
quant i ty farms an integrant part, but which contains other variables 59 



too. This question arises in particular with regard to the slip 
correlation. When the void fraction has been measured and the steam 
quality has been calculated from a ·heat balance, the slipfactor can 
easily be determined. In the present case this has been done by 
applying the special computer program described in chapter 2. How
ever, when plotting the slipfactor versus void fraction the scatter 
of points is too large for decent, usabie curves to be drawn. 
Fortunately, two studies by Bankoff and Zober (B 2, Z 1) are avail
able that offer a possibility toplot the slipfactor, or rather a 
slip-dependent quanti ty, more success full y. These two authors are 
particularly mentioned because they base their study of the func
tional relationship between the steam and water phase on a physical 
background. 

The slipfactor is defined as the ratio of the average steam flow 
velocity to the average liquid flow velocity. The denominatien 
itself indicates the original idea of the difference in veloeities 
to be attributed to a real slip between gas and liquid. 

It was Bankoff (B 2) who developed the conception of void and velo
city profiles. Slip is not the relative motion of separate bubbles 
with respect to the surrounding liquid. On the contrary, the local 
veloeities of liquid and steam are presumed to be equal. The void 
is thought to be concentrated in the centre of the boiling channel 
where a higher flow velocity exists than near the channel wall. 
Because the slippage at any point is considered to be negligible, 
the mixture may be regarcled as single fluid whose density is a 
function of radial position. An examinatien of the radial distri
bution function for voids must take into account buoyancy, and 

inertial and surface tension forces. From the derivation the 
ultimate expression for the slipfactor is 

1-CI. 
S = K-a eq. 3.1. 

The flow parameter K was derived from assuming power law distri
butions for both the velocity and the void fraction: 

eq. 3.2. 



and 
,,.+ 11/n eq. 3.3. 

where 

+ 
u the velocity of two-phase mixture at distance y from the wall 

the velocity of two-phase mixture at tube centre line 

+ 
a 

1 

void fraction at distance y from the wall 
void fraction at tube centre line 

dimensionless distance from the wall. 

eq. 3.4. 

Because of insufficient experimental information concerning values 
of m and n, an expression for K was based on a number of experimen
tal data, viz. 

K = 0.71 + 0.0001. p eq. 3.5. 

where p is the pressure in psi. For an assumed value of K 0. 89 

good agreement was reported with the correlation of Martinelii
Nelson over a pressure range of 100-2500 psia. 

Because of the singularity of equation 3.1. at a= K, Jones (J 2) 
modified it by adding a term to the denominator, giving 

1- a 5 = K-a +(1-K)ar eq. 3.6. 

where r is the quadratic function of pressure: 

eq. 3.7. 

The empirica! correlation (3.5.) for the flow parameter K was also 
slightly modified. 

eq. 3.8. 61 



It was Zuber's intention to provide a general method which could 
be used either for predicting the volumetrie concentratien or for 
analysing and interpreting expertmental data. The analysis truces 
into account the effect of the non-uniform flow and concentratien 
distributions of both phases across the duet as well as the effect 
of the local relati ve veloei ty between the two phases. In analogy 
wi th the kinetic theory of gases, volumetrie densi ties and a drift 
velocity of the gas-phase with respect to the liquid phase have 
been defined. By making use of the continuity equations for the 
two phases, the following equations were developed, and the results 
expressed in termsof average volumetrie flux densities: 

<w2> = <w a> + <V a> m v2 
eq. 3.9. 

<w1> = <w (1-a)> + <V (1-a)> m v1 
eq. 3.10. 

Where w2 represents the volumetrie flux density of the gas phase, 
w1 that of the liquid phase, 
wm the volumetrie flux densi ty of the mixture, 
a the volumetrie concentration, 

the drift veloei ty of the gas phase and 
that of the liquid phase with respect to the volumetrie 

flux densi ty of the mixture. 

Then a parameter C
0 

is introduced defined by 

<w a> 
m 

This quantity substituted in equation 3.9. results in 

<a. vv > 

=Co<W>+--2 m <a> 

eq. 3.11. 

eq. 3.12. 

The effect of tl1e non-uniform flow and concentration profiles is 
taken into account by the first term on the right-hand side, where-

62 as the second term on the right-hand side is the weighted average 



drift velocity of the gas phase. This term accounts for the effect 
of the local relative velocity and of the concentratien profile. 
Upon rearranging equation 3.12. the average volumetrie concentratien 
in a two-phase mixture is to be calculated from: 

<u> 
<aV > vz 

C
0

<w>+---· 
m <a> 

eq. 3.13. 

For the term 
<eN > vz 

<a> 
in the denominator, which represents the 

average drift-velocity, expressions are given in case of slugflow 
and churn-turbulent bubbly regime. Equation 3.13., when written in 
usual experimental values reads: 

x. 
eq. 3.14. 

PS 
+(1-x)} vin+ drift velocity 

This equation defines the functional relationship between void 
fraction and steam quality. Although Zuber avoids the use of the 
term slipfactor, this function really represents the slip corre
lation. When the drift velocity is implied to be zero, the ex
pression reduces to 

S = 1 - a -1--
-- a co 

quite similar to the correlation by Bankoff, where i; = K. The 
value of C

0 
depends on the flow and concentratien pr8files, and 

for established profiles it ranges from about C = 1.5 to C = 1.0. 
0 0 

Tne first figure corresponds to pronounced parabalie profiles and 
the second to flat profiles. In most cases the value of C

0 
is close 

to 1 . 2. From the experiment; C0 can be determined by platting the 
term 

(x + 1 - x)vin versus 
PS 

63 



According to Zuber there must exist a linear relation hebveen these 
two quantities - provided the profiles are established - the slope 
of the straight line giving the value of C

0
. The intersectien of 

this line with the ordinate represents the value of the drift velo
city. Baseduponthese two theories, the slipfactor is represented 
in K and a co-ordinates according to Bankoff, and in the co-ordinates 
defined heretofere according to Zuber. Figures 3.21. and 3.22. with 
Zuber co-ordinates show a considerable scatter of points which 
renders difficult the drawing of a straight line through them. A 
line can be drawn under different slopes while still passing through 
the points in an acceptable way. At low values of the abscissa 
parameter the line bends downwards, indicating the presence of an 
unestablished profile. It is clear that this occurs in the region 
of subcooled boiling. The slope is practically independent of the 
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flux shape and its tangent is about one, which points to a flat 
void profile. In the case of the sine-shaped heatflux, the drift 
velocity is a little higher than for the uniform heatflux. The sarne 
holds for higher pressures. 

Figures 3.23. and 3.24. plotted in the K-a plane, show much less 
scattering, especially at void fractions above 45%. At low void 
fractions the values of K have been omitted, because of the large 
scattering due to the presence of subcaoled boiling. The void frac
tion in that region has been measured correctly but in order to 
calculate the steam quality, the assumption of the heat distribution 
parameter K (see chapter 5) is necessary, and this results in poor 
values of the slipfactor. The lines have been extrapolated to the 
ordinate in view of the usability in the mathematica! model. 

It is remarkable that in the region of subcaoled boiling, platting 
of K shows unadmissible scattering, whereas the co-ordinates of 
Zuber allow the drawing of an acceptable curve. It is stated that 
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3.23. Void parameters based on study by Bankoff (B 2) 

Tsat 200°C and 234°C 

whatever model of subcaoled boiling is used, the calculated values 
of steam quality are rather arbitrary. That a certain scattering is 
present in representations of related quantities is, therefore, 
comprehensible. ~~en looking at the quantities suggested by Zuber 
for plotting void fraction and steam quality, it appears that both 
are linear with steam quality x, provided x is small compared to one, 

d . 1 ( Pw) d rea mg -. x - an 
a Ps 

When plotted in combination, the sensitivity of the curve to steam 
quality is poor. 
The value of Kis far from constant. In figures 3.23. and 3.24. the 
parameter K derived from the expression by Jones has been plotted 

too. KJones = K eq. 3.8. +(1- K eq. 3.8.)ar. There is only good 
66 agreement at the highest values of the void fraction, corresponding 
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to conditions at the outlet of the channel. For lower void fractions 
the value of K is consistently too high, indicating low slipfactors. 

Although Bankoff as wel! as Jones suggests the value of K to be 
practically constant, the experimental verification indicates a 
close relation to the void fraction, which increases the variatien 
of the magnitude of K. It may be that the K as plotted is not iden
tical to the K as derived by Bankoff, and that other parameters 
also play a role in determining the slipfactor. 'Ihis parameter, 
however, cannot be the drift veloei ty of Zuber. If that is taken 
into account, the slipfactor reads: 

(1-a) 

s = 

{1+ drift velocity 
C

0
(1-x) 

67 



The drift velocity term does not essentially contribute to the 
variation of the slipfactor but only to its magnitude. The close 
dependenee of K on void fraction tends to the conclusion that 
either C

0 
is not constant in the measure as claimed by Zuber, or 

that the conception of C and the drift velocity are not sufficient 
0 

to define the relationship between steam quality and void fraction. 
Also Nassos (N 1) supposed, on the ground of his measurements of 
propagation velocities, a void dependenee of C

0
• 

Petriek (P 1) performed measurements of void and velocity profiles 
in a forced air-water flow, supplied with some experiments in a 
boiling water flow. He established values of m and n (eq. 3.2. and 
3.3.) and ascertained a fair discrepancy between measured values of 
the slipfactor and values predicted by Bankoff. Petriek even con
cludes his statement by saying that the phase distributions did not 
appear to play a major part in establishing the relative velocity 
between phases. This is completely contradictory to the basic as
sumptions of Bankoff. Besides, Petriek found that several trends of 
the phase distribution data were contrary to what was predicted by 
the models of Bankoff and Zuber. He found, for instanee, that in 
fully developed flow the void distribution became more skewed as the 
velocity was increased and quality decreased, whereas one would ex
peet flat profiles. 

Compared with the theory of Zuber, insome cases values of C
0 

were 
found to indicate a skewed profile, whereas really the profile was 
flatter. 
Lottes (L 1) reports a study of Fohrman that supports the conception 
of Bankoff. 

Howeverthe parameter K may be defined, it appears to be a valuable 
tooi for platting the slipfactor. Because of the small scatter of 
the points and the monotony of the function, the curves of K have 
been used in the theoretica! model for predicting the slipfactor 
as a function of the void fraction. 

T w o - p h a s e f r i c t i o n 

68 The improbable situation arises here that a correlation derived in 



1948 by Martinelli and Nelson (M 1) is still in use by many inves
tigators and even roeets little competition from other correlations. 
Everybody is familiar with the objections against it, the most im
portant being the fact that it was derived for an air-water instead 
of a two-phase boiling system, but it does not hamper the use of 
the correlation. Several attempts have been undertaken since then 
in order to provide a reliable correlation based upon modern experi
ments (B 9, T 2) but each one has i ts limi tations. The intrinsic 
difficulty of two-phase friction is that its verification in an ex
perimental rig is impossible. When local pressure losses are measured 
it is quite easy to subtract the pressure drop due to the decrease 
of density, provided the void fraction is known, but the remairring 
pressure difference consists of two terms, namely the pressure 
losses due to friction and those due to acceleration. The calculation 
of the acceleration loss can be based upon the definition of the 
flow being homogeneaus or heterogeneaus. These two flow types gi ve 
very different results. 
The expressions read: 

(a) steam and water completely mixed (maximum loss).: 

(b) steam and water completely separated (minill1l..1lJl loss): 

liPace = 
2 

{11..:&:. + 
1- (l 

eq. 3.15. 

eq. 3.16. 

The ratio between the values of the twd expnissions for a saturation 
temperature of 200°C and arbitrary but realistic values of 0.1 and 
0.7 for x and a respectively, is 3.3., which is nota negligible 
value in view of thë contribution of lip to the total pressure ace 
drop. 
In practice the flow is not identical to either of both types and 
the actual condition will lie between these two limits. The inabili
ty to determine expèrimentally the true· acceleration pressure drop 
component causes large scatter in the frictional. pressure: drop 69 



data (see also A4). Tnom (T 2) is one of the few investigators 
who analysed data of boiling water in a horizontal as well as a 

vertical pipe. He calculated per force the acceleration loss 
assuming a separated flow type and plotted the results for horizon

tal flow in a similar way as did ~~rtinelli-Nelson i.e. the two

phase friction multiplier versus exit steam quality. At low pres

sures the data compare very well, but they diverge considerably at 
higher pressures. The deviation is largest at low steam qualities, 

where the curves of Thom are concave, whereas the curves of 

~~rtinelli-Nelson are convex. 
The objection against the platting procedure is the use of the 

quality parameter, because steam quality does not represent a 
physically perceptible quantity. A much better parameter should be 
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the void fraction, but again we meet the difficult measurableness 
of it, whereas the steam quality can easily be determined from a 
heat balance, provided the fluid is not subcooled. Thom as well as 
Martinelii-Nelson assumed the steam quality to be linear with axial 
distance and this is by far not true with respect to the void 
fraction. At the same time it excludes the validity for non-uniform 
heatfluxes. It indicates also again the comparative roerit of stu
dies under adiabatic conditions. The void and velocity profiles 
are essentially different from those in boiling channels owing to 
the heated wall, and in air-water systems the friction due to con
tact with the wetted walls, is not influenced by the presence of 
bubbles attached to them. Experiments by Tarasova et al. (T 3) 
showed a definite effect of the heated wall in an annular channel. 
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n 

Besides, it is unsatisfactory that the two-phase friction rultiplier 
of the figures still contains a fraction of the acceleration pressure 
drop, namely the difference between the actual si tuation and the 
extreme case of minimum pressure loss. The difficulty is that the 
frictional pressure drop component is a function of length while 
the acceleration pressure drop is independent of it, which pre
elucles the possibility to incorporate the extra acceleration pres
sure drop in the frictional pressure drop, even though the momenturn 
equation of all existing models is based on the acceleration loss 
of completely separated phases. 

For want of something better the pressure loss data of the present 
study were plotted by making use of the correlation parameters of 
Martinelii-Nelson (Fig. 3.25 a and b), for ~ definition of which 
reference is made to (M 1). There exists an evident deviation from 
the 1\fartinelli-curve, but the parameters satisfy reasonably as 
plotting quantities. It must be stressed that the figure does not 
exhibit overall but, instead, local values of the frictional data. 
The data points obtained with the sine-shaped heatflux fit very 
well the curve of Martinelli-Nelson. 



4. DYNAMIC MEASUREMENTS 

4.1. Behaviour under unsteady conditions 

Tne oscillations to be reported here are those which are inherent 

to a boiling channel itself, without paying attention to other parts 

of the system which do not essentially exert an influence on the 

occurrence of instabilities. In principle the test section can be 
regarcled as a tube being flowed through by a boiling two-phase 

fluid under a constant heating and a constant pressure head, which 

continuously balances the total pressure drop across the channel. 

We would make a remark }1ere with respect to the effect a pump would 

have. Neal (N 3) stated that the differences between forced and na

tura! circulation systems are not fundamental in the sense that 

different instability mechanisms are involved. It can be added that 

the effect of a pump is twofold. On the one hand it superimposes an 

extra pressure head to the channel; it now depends on the ratio 

between the pressure drop across the channel and this extra pressure 

head whether instahilities can develop or not. On the other hand 

the stiffness of the pump is of importance because it uncouples what 

is known as flow-void feedback or rather the interaction between 

flow and the integrated void volume, and this is even worse if a 

part of the driving head is dissipated in a valve. In the extreme 

case of a plunjer pump this relationship between void and flow is 

completely absent. Both characteristics concur in the stabilising 

action of a pump. 

1-Iowever, a distinction must be made between a single channel and a 

multichannel system. If a number of parallel channels are connected 

tagether to one pump, then only the extra pressure head plays a 

part. Each channel encounters a fraction of the superimposed pres

sure head corresponding to its pressure drop. The stiffness of the 

pump does not come into the picture because the different channels 73 



can freely interact while the total pressure drop remains the same. 
(C 2, M 3). 

Tne threshold of instahilities is defined by making use of r.m.s. 
values accepted by many investigators (B 6, M 3, B 5, S 2) as 
valuable tools. In fact, an r.m.s. value represents the amplitude 
of the oscillating signal when averaged in time and magnitude, 
provided the shape of the signal is sinusoidal. It is therefore not 
necessary to use a time consuming computation when the amplitude of 
the signal concerned can be read directly from a recorder, but this 
only holds in the unstable region. The method of power spectra is 
especially profitable in the region of lower powers, the preambulary 
region, where the oscillations are developing and where it is prac
tically impossible to distinguish visually the momentary resonance 
frequency of the system. As a clarification of "momentary" it must 
be remarked that the resonance frequency is a weak function of power 
in the sense that the frequency slightly increases with power. 

The problem involved in the manipulation of different criteria for 
the determination of the threshold of instahilities has been re

cognised by many investigators (K 1, J 3, B 4, B 7). A comparative 
study has been reported by Dijkman (D 1) on the different results 
obtained from using various criteria. A selection was made of the 
available threshold definitions and these were related to the ex
perimental results from (S 2). Along with the standard deviation 
cr or r.m.s. value, 1/cr and 1/cr2 also have been tested besides the 
ordinary amplitude, measured from recorders. Tne scatter in thres
hold power was about 10%. 

On the ground of this study the choice fell on simply platting cr 
because of two reasons: 

(1) it enables the threshold of instahilities to be determined ob
jectivily and,in correspondence with the experimental obser

vations 
(2) it is a physically imaginable figure. 

The r.m.s. value of a is compared to that of a recorded sinus-
aidal calibration signal with known amplitude which mal~es it pos-

74 sible to reduce the computed r.m.s. values of signals to amplitudes. 



The region of unstable behaviour was entered, starting from a 

really stabie condition, at least 40 k\'1 distant from the instability 
threshold. Then the first measurements >vere taken and the signals 
of the significant variables recorded on the magnetic tape. The 
power was raised cautiously by superimposing a step of about 10 kl\T 
and the system was allowed to stabilise under a new condition. If 
oscillations started to appear, the condition was estimated to be 
stabie when the oscillations showed a fairly constant amplitude. 

Uniform heatflux 

Amplitudes of the Áp-inlet signal have been plotted in Fig. 4.1. for 
two different system pressures corresponding to saturation tempe-
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ratures of 200°e and 234°C and for different subcoolings. As described 
by many authors (J 3, B 6, A 2, S 2, B 5) the effect of lower values 
of subcooling is destabilising. Arneodo established this effect on 
existing oscillations (A 2). The diagram indicates likewise that 
for the condition of 200°C saturation temporature in subcocled inlet 
conditions (and this holds too for high values of subcooling) the 
oscillations develop more rapidly than they do at almast zero sub
cooling; they do not announce themselves long in advance of the on
set. At lowest subcooling there is a continuous lack of stability 
with increasing channel power without a clear onset of instabilities. 
The accepted threshold powers and resonance frequencies have been 
summarised in table 4.1. A similar behaviour is shown by the void 
signals. We will nmv first restriet ourselves to the condition of 
200°C saturation temperature. The r.m.s. amplitudes of the void 
signals detected at the eight different positions of the channel in 
axial direction have been plotted in 4.2. The diagrams of the 
amplitudes have been corrected for the respective da/dV values, as 
reduced from the !.laxwell curve. At minimal subcooling the amplitude 
is obviously largest at the lowest position in the channel and de
creases rapidly when going upwards, i.e. the higher the average void 
fraction the smaller the amplitude of the oscillations. This may 

Table 4.1. Threshold powers and related frequencies measured by 
applying the uniform heatflux. 

T t in °e 61sub in °e threshold power frequency sa in kW in Hz 

zoo 190 1.05 

11 170 0.70 

16 170 0.50 

30 zoo 0.40 

234 2 260 0.95 

7 240 0.85 

13 235 0.70 

30 265 0.45 
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be comprehensible from a consideration of acceleration farces \vhich 
are significantly larger for a certain increase in per cent. void 
(absolute value) at a high void fraction than for an equal increase 
at a low void fraction. It implies that the void oscillations when 

travelling from bottorn to top are being damped strongly. Raising the 

channel power results in an increase of the void amplitude along 
the whole channel axis, camparabie to the behaviour of the bp-inlet 

signa!. 

It is int~resting to divide the amplitude of apinlet by that of the 
various void fractions. The results have been plotted in Fig. 4.3. 

TI1e ratio increases exponentially ;.;rith increased distance from the 

channel entrance. Since the amplitude of Apinlet for one channel 
power is fixed, ti1e curves imply naturally the void amplitudes de

creasing \vith increasing distance from tlle bottorn i.e. the response 
of upper voids to a change of bp. 1 t is less pronounced than t:1at 1n e 
of lower positioned voids. Comparison of the curves of different 77 
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4.3. Axial distribution of amplitude ratio 6p-inlet-void T t 200°C sa 

channel powers indicates that the reaction of the voids to 6pinlet 
is less pronounced for higher powers than it is for lower powers, 

or, reversely, that the response of àpinlet to changes of void is 
amplified at higher channel powers. It is, however, notable that 

the void-to-bpinlet amplitude ratio at position 8 is constant for 
all powers, which means that the void fraction at that position 

changes linearly with àpinlet' and the reverse is, of course also 
true. 
Fig. 4.4. shows the phase angles between void signals and the 

bpinlet signal. They have been computed by means of the transfer 
function analyser (see chapter 2.3.). The phases of the void signals 

have been referred to the 6pinlet signal and have thus been plotted 
in the diagram. The phase differences between the subsequent void 
signals can be obtained by subtracting the phase differences with 

respect to the llpinlet signal. When following the change of the 

phase angle (in upward direction of the channel) the phase lead of 

78 the void fraction with respect to the 6pinlet changes into a phase 
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lag. It is very rernarkable that the phase differences between the 
mutual local voids and also between the voids and the inlet velo
city are completely insensible to the channel power as well as to 
the measure of stability of the system. It accentuates the more the 
indivisible consistency of void fraction and flow-rate. It has often 
been suggested by authors, e.g. Neal and Lottes (N 3, L 1) that the 
occurrence of hydraulic instahilities should find their origin in 
a phase lag between void and flow-rate of 180°. If this is stated 
unshadedly, one has to realise that thereÈ no question of only one 
void fraction but on the contrary, of an infinite number of void 
fractions, differing in magnitude and phase with different local, 
axial positions. In this conneetion Neal species of void volume, but 
this would require the concept of a kind of centre of gravity in 
which the void can be thought to be concentrated. This is, however, 
impossible and as figure 4.4. shows, unprofitable. 

The phase angle changes from 130° phase lead for the lowest void 79 
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position to 50° phase lag for the highest void position. Primarily 
the flow responds to the action of the integrated void volume 
causing a change of driving head and secondarily the void responds 
to the flow via the change in heat transfer. It is not the phase
shift that changes with power but the amplitude. Noise analysis 
could be started already at a relatively low channel power, in this 
case 150 kW, which is 40 kW below the accepted threshold power. It 
means that at this power the resonance frequency of the channel was 
really present and could be distinguished from the inherent noise. 
At a channel power of 50 kW this frequency was not present, i.e. 
the TFA was not able to compute a peak in the power spectrum and 

did not give reproducible values. Thus the resonance frequency is 
present very early and it appears to increase slowly with power; 
see table 4.2. This is supported by Del Tin (T 4). Another interest
ing conclusion is justified by observing Fig. 4.4. Neal (N 3) has 
written the conservation of energy equation in terms of the quality 
disturbance and the conservation of mass, and derived analytically 

Table 4.2. Channel power dependenee of frequency 

Uniform heatflux, Tsat 200°C 

LITsub channel power frequency 
kW Hz 

1.6 150 1.10 

190 1.10 
220 1.10 

11.0 130 0.60 
150 0.65 
160 0.70 
180 0.70 

16.0 150 0.50 
180 0.50 

30.0 160 0.35 
180 0.40 
215 0.40 



an equation for the transportation time of a vapeur quality dis
turbance: 

eq. 4.1. 

where <P x(1-x) {1 (1 )1 dS } a(1-a)' +a -as· da eq. 4.2. 

all values indicating steady state condi tions. W represents t.'le 
total mass flowrate. If this propagation velocity is known from 
position to position one can convert it into phase angles for a 
measured frequency. This has been dorre forsome powers at lmvest 
subcooling, making use of the digital model for stationary-data 
reduction and the results are given in Fig. 4.5. Because the phase 
difference between void and 6pinlet is unkno~~ the position of the 
analytical phase curve with respect to the reference line of 6p
inlet is arbitrary. 
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Owing to the unreliability of steam quality calculations in regions 
of subcocled boiling, the cornputation of propagation veloeities 
under subcocled conditions has been omitted. 
The agreement with the measured values is rather good. 

The propagation velocity is indeed constant along the channel axis 
resulting in the phase shift changing linearly with axial distance 
although the slope is steeper than has been measured. The reasen for 
this deviation is not clear. One may think of an incorrect value of 
void fraction but a check calculation teaches us that the equation 
is rather insensitive to small changes in void. The equation (4.1.) 
is, therefore, in principle correct, \<lhich means a support for the 
validity of the conservation equations and it affirms the conclusion 
of Neal (N 2) that a linear feedback exists between void and flow, 
and that non-linearities are not essential for the instability to 
occur, but merely affect the limit cycle. 

Besides, Fig. 4.4. tends to the condusion that the propagation 
velocity is constant for different channel powers, the threshold 
power included. If it is now assumed that the steam quality and 
void fraction increase from power to power in equal measure, this 
holds too with respect to the slipfactor; see 4.1., 4.2. The im
portant inference to he drawn is the validity of a slip correlation, 
derived from steady state conditions, for dynamic calculations. 
This question concerning the validity is recognised by anyone who 
develops a mathematica! model, and can he answered affirmatively. 
This, consequently, is also true for the correlation of the two
phase friction multiplier. 
Olristensen (C 2) and Davies (D 2) state that inclusion of the 
steady state correlations in dynamic calculations are felt to be 
invalid, Neal (N 4) is convineed of the permissibility, Kirchen-

o 0 
mayer (K 2) doubts it and other people, am:mg whom Akerhielm (A 2), 
feel uncertain about it. 

Phase differences between flow and axially distributed voids in a 
0 0 

boiling water system ;.ave been measured by Akesson (A 1) by making 
use of irnpedance void gauges. The reported results, however, are 
fairly obscure. The data inserted in the tables do not all corres-

82 pond to the figures. The linearity of L~e curve of the axial dis-



tribution of the void phase is contradictory to the scatter re
vealed by the tables. The void signals of the upper positions have 
a scalene-saw-tooth shape. The measurement of the phase angles 
apparently carried out on the basis of photographic recordings leads 
to deviating results. Since the signa! of L~e inlet velocity is 
sinusoidal the phase difference between upper voids and inlet velo
ei ty depends on whether the maximum or the minimum of a void ampli

tude is being considered. For the condition of a pressure ~f 30 atm 
and a subcooling of S°C the plotted curve shows that the phase 
difference reduced from the maxima run from 160° phase-lead to 25° 
phase-lag, going from the lower to the upper void position, which 
agrees reasonably well with the results of the present study. This 
phase shift is, however, dependent on the power. The phase shifts 
reduced from the minima differ considerably but are not power de
pendent. The phase angle between the lower positioned void and inlet 
velocity happens to be 180°, but it is not indicated whether the 
system was stabie or not. 

In order to investigate the relationship between void propagation, 
frequency and transit or residence times of steam and water, these 
residence times have been computed from the present experiments for 
different subcoolings (Fig. 4.6.). The transit time of a void dis
turbance, calculated from eq. 4.1., as wel! as the period of the 
frequencies are indicated by marked points. The period of the fre
quency appears mainly related to the transit time of the water, in 
agreement with the predietien of Kirchenmayer (K 2) deduced from 
theoretica! considerations. The transit time of a void disturbance 
(tv) lies somewhere between the·residence times of water (tw) and 

steam (ts)· The ratio tw/tv is a little larger than the ratio 
t/ts. Nassos (N 1) measured void and veloei ty profiles in a forced
circulation air-water system and derived a simple expression for 
the void propagation velocity based on the theory of kinematic 
waves. The expression needs accurate knowledge of the profiles. The 
qualitative agreement between theory and experiment was satisfactory, 
but the quantitative correspondence was poor. At liquid veloeities 
above 0.6 m/sec the void propagation velocity was measured to be 
lower than the gas velocity. 83 
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4.6. Residence times of water and steam Tsat 200°C 

Also St.Pierre (S 1) reports the propagation velocity to lie 
between the steam and water velocities. We will revert to this 
pubHeation lat•~r on •. Neal (N 4) mentioned a few experiments that 
indicated a similar trend. 
Noteworthy is the notatien of eq. 4.1. in termsof veloeities of 
flow components. Substitution of the velocity definitions: 

Pw 
- v. and v 
p m w s 

yields 

eq. 4.3. 

Neglecting fora mament the term (1-x)p
5 

in 4.1. which contributes 
about 10% to the denaminator, it follows that 

1 dS { 1+ a(1-a)--} 
S da eq. 4.4. 

; 

! 

• 

! 



which reveals that a predietien of vp from known steam and water 

veloeities is not self-evident. 

I n f 1 u e n c e o f s u b c o o 1 i n g 

Similar figures showing the arr~litude of void signals and the phase 

shift in relation to the flow-rate have been drawn for different 

values of subcooling. 
The influence of subcooling on the amplitude of the void signals is 

shown in figure 4.7.a, b, c. At lowest subcooling the following facts 
can be established: 

(1) The amplitude decreases monotonously with increasing distance 

from the bottom. 

(2) The amplitude increases mono~onously with channel power corres

ponding to a similar behaviour of the ~p. 1 t signal. 1n e 
(3) Tne ratio of the amplitudes of lower and upper voids is rela-

tively high. 

Tne different values of higher subcooling concur in the following 
effects: 

(1) The amplitude shows a maximum near the bottom. It moves upwards 

with increasing subcooling. 

(2) The amplitude increases monotonously with channel power except 
for the threshold power where the amplitude increases quite 

rapidly, again corresponding to the behaviour of the ~p. 1 t 1n e 
signal. 

(3) Tne amplitudes of the voids along the channel are of the same 

order of magnitude. 

It is interesting to consider item (1) in detail. The position of 

the maximum moves up with increasing subcooling. It is stated fre

quently (S 2, D 2) that this maximum should be situated at the po
sition of the boiling boundary. However, this boiling boundary is 
a fictitious conception. Physically it does not exist. The figures 
of the axial void distribution show a steady growth of void without 

any discontinuity. In the subcocled region a considerable quantity 

of void is present and it does not change abruptly where the local 85 
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4.7.a,b,c. Axial distribution of void amplitudes Tsat 200°C, 
various subcoolings 

fluid temperature starts to exceed the local saturation temperature. 
Forsome powers the position has been denoted in figure 4.7.a, b, 
c., where would be the thennodynamic boiling boundary resulting 
from a s:i.mple energy balance and the assumption of thennal equili
brium. This is approximately at the level of the ma.xi.JmJm amplitudes. 
The position of the real theoretical boiling boundary is considera
bly further downstream. The peak is just there where the derivativeof 
void with respect to z is high i.e. where the slope of the axial void 
distribution curve is steep. Here the void has the freedom to grow 
rapidly in steady as well as non-steady condition. 

As concerns the phase curves it can be established that the straight
ness of the lines has disappeared; Fig. 4.8.a, b, c. 
The curvature implies the existence of a larger propagation velocity 
in the boiling region than in the subcooled boiling one. The in
herent scatter of the curves has become larger than at zero sub
cooling where the lines form a narrow band. The phase difference 87 
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between the lower positioned void and Apinlet does not really û\ange, 
but that between the lower and the upper voids decreases with in
creased subcooling. There is a tendency of this phase difference to 
decrease for higher power values. 

Fig. 4.8.d is a combination of curves of the two highest channel 
powers of each subcooling. TI1ere is a significant difference between 
the curves of low, moderate and high subcooling. The conspicuous 
distinction is the phase shift between the extreme voids. 
It decreases with increasing subcooling but not to the extent as 
does the frequency. On the ground of experimental data the void 

propagation velocity can be expressed as 

V = p 
frequency • 360 

t;,z • t;, phase eq. 4.5. 

óz representing the length of the axial distance under consideration, 
1:. phase the phase difference in degrees along this óz, and "frequency" 
the momentary resonance frequency. It fellows that the propagation 
velocity of a density disturbance becomes smaller as the subcooling 
increases. 

This should confirm the hypothesis of Neal (N 3) who supposes that 
the principal effect of the non-boiling length is that it introduces 
a transportation time delay between the occurrence of a disturbance 
and the appearance of the corresponding quality change in the boiling 
region. 

Influence of pressure 

It is well known (N 2) that pressure stabilises the system as is 
visible in Fig. 4.1. from a moving of the threshold powers to higher 
values as well as from a decrease of the amplitude of the flow-rate 
signal. The influence of subcooling is similar to that at 200°C, 

with the minimum threshold power likewise at about 13°C subcooling. 
The oscillations develop at lowest subcooling more rapidly than they 
do at 200°C. 

As regards the amplitudes of the void signals, the difference in 

90 magnitude of lower and upper void amplitudes is less than at 200°C, 



for low subcool1ng as well as for higher subcooling values, Fig. 

4.9.a, b, c, d. Again there is a maximum in the curves that moves 
upwards with increasing subcooling. 

It is noticeable that pressure does not act upon the void propaga

tion velocity (Fig. 4.10.a, b, c, d). This is in accordance with 

the constancy of the oscillation frequency which appears to be more 

a function of subcooling than of pressure. The differences in phase

curves between 200°C and 234°C are merely gradual. At low subcooling 

the agreement is perfect although the powers are considerably dif

ferent. At higher subcooling values the phase differences between 

upper and lower voids change less than at 200°C. This observation, 

too, agrees with the smaller variation of frequency with subcooling 

at higher pressure. 

I n f 1 u e n c e o f a s i n e - s h a p e d h e a t f 1 u x 

In a number of publications, of which the most recent are T 5, B 8 

and S 4, the influence has been reported of a sine-shaped heatflux 

on the occurrence of burn-out. It is outside the scope of the study 

under consideration to review these publications. llowever, to the 

author's amazement no experiments are known that aim at studying the 

influence of a non-uniform heatflux on the stability of a boiling 

system. This is the more astonishing because of the essentially 
different behaviour of the system in comparison with that under a 

uniform heatflux. The publications mentioned report a small in

fluence of sine-shaped heatflux on burn-out, it only moves the 

burn-out location to a lower axial position. However, the effect on 
stability is so radical that it is necessary to apply considerable 

correction factors to tl1e results of experiments carried out with 

uniform heating. 

The r.m.s. averaged amplitude of the signal of ~pinlet has been 
plotted versus channel power in Fig. 4.11. for different values of 

subcooling and one higher pressure. \~at strikes the eye first is 

the smallness of the values of the amplitude, being on an average 

15 times as small as corresponding values measured with a uniform 
heatflux. Comparison with Fig. 4.1. shows that the amplitudes are 91 
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4.11. Stability curves defined by 6p-inlet Tsat 200°C and 234°C 

even smaller than those of the corresponding signals of the unifonn 
heatflux in the region of noise. 
The secend conspicuity is the fact that low values of subcooling 
have lost their destabilising effect. At 1.5. and 5.5.0 subcooling 
it is hardly possible to determine a threshold power of instabili
ties, and at 11° and 16° it is entirely impossible. It is more 
correct to speak of a decline of stability than of an increase of 
instability. Because in all cases the burn-out was encountered 
befare the system was really unstable, it is highly questionable 
whether the occurrence of burn-out is precipitated by the decrease 
of stability, or if the burn-out can be considered to occur under 
stabie conditions. It means that a camparisen of results obtained 
from measurements with a uniform and with a sine-shaped heatflux is 
not possible on the basis of L~reshold powers, nor on ,the basis of 
burn-out values. For this reason the threshold powers of the uni
fonn flux and the burn-out powers (i.e. the ultimate powers at which 
the system could be established to be stable) of the sine-shaped 
flux have been summarised in table 4.3. For the purpose of facili-

96 tating camparisen with the uniform flux table 4.1. has been included. 



Table 4.3. 

uniform heatflux sine-shaped heatflux 

temp. subc. threshold freq. temp. subc. b.o. power freq. 
oe oe power in Hz oe oe in kW in Hz 

k\'l 

200 1.6 190 1.05 200 2.0 245 1.05 
11 170 0.70 5.5 265 0.9 
16 170 0.50 11 275 0.9 
30 200 0.40 16 285 0.85 

234 2.3 260 0.95 21 295 

7 240 0.85 234 2.7 305 0.90 
13 235 0.70 11 312 
30 265 0.45 21 330 

lf it is assumed that in the first case the threshold power of in
stabilities determines the danger situation for a reactor core and 
in the secend case the bum-out power, then a comparison of both 
quantities proves convincingly the considerable influence of a sine
shaped heatflux, especially when subcooling is involved. 

The results of all one-channel and multi-channel experiments aiming 
at studying the hydraulic behaviour of a boiling water system under 
high heatloads, are in principle directed to the applicability to 
a core design of a reactor. The results of the experiments mentioned 
tend to emphasise that predictions with respect to the occurrence 
of oscillations in reactor cores based upon loop experiments with 
uniform heatfluxes are fundamentally very conservative and this all 
the more if the fluid at the entrance is subcooled. 

Neal (N 2) and Lottes (L 1) reported reactor power oscillations in 
the EBWR and the SPERT IA reactor respectively. In both cases, how
ever, the oscillations were imputed to reactivity feedback and not 
to hydrodynamic instability. 

Hanssen (H 2) reports stability experiments with an axial heatflux 
distribution. The heatflux, however, did not change continuously 
with axial distance but was essentially uniform all along the chan
nel. The heating rod was divided into three parts, each part gene- 97 



rating a different tm.ifonn heatflux. The heatflux changed abnrptly 
at the junction of two subsequent parts. These discantmuities 
disturb the flow considerably and the experimental results cannot 
therefore be considered to be representative for the influence of 
axial heatflux distribution. 

Bj0rlo (B 5) carried out a study on the camparisen between in-pile 
and out-of-pile measurements. The differences between the applied 
test sections were very smal!. Two important discrepancies were 
still determined, namely the reactor was more stable than the loop, 
and the inlet velocity in the reactor was more than 20% higher. As 
possible causes were mentioned, among less important other ones, 
the different axial power distributions and the different time con
stant of the heater tubes. As far as our experience is concerned, 
nei ther of them, however, can be responsible for the higher flow 
velocity (cf. A5). It is tempting to attribute the increased sta
bility to the sine-shaped heatflux, but the considerably higher in
let velocity has a stabilising effect, too, although it is difficult 
to estimate to what extent. It is, therefore, notevident that the 

study by Bj0rlo constitut~s a support of the present results. The 
conclusions with respect to the stability are confirmed by the 
following figures. The amplitudes of voids are given in figure 
4.12.a, b, c, d. At low subcooling there is a steady falling off 
of the amplitude in upwards direction in the channel but less steep 
than was the case with the tm.ifonn flux, as is clearest visible 
from the lower· two void fractions. The absolute values are consi
derably smaller than for the tm.iform flux; in the lower part of 
the charme! the ratio is about 20. The effect of power is small, 
the curves move slightly parallel to each ether. 

Subcooling changes the fonn of the curves as it did in the case of 
the uniform flux. A small peak appears close to the bottorn of the 
channel, but a strange phenomen is the minimum at the position of 
void number 4, i.e. near to the location of the maximum heatflux. 
There is a certain symmetry in the curve, probably corresponding 
to the symmetry of the heatflux. The sequence of the curves wi th 
respect to the ordinate in the secend peak is in one case (Fig. 

98 4.13.b) similar to that in the first peak, in one case the opposite 



(d) and one case (c) indifferent, thus not significant. The absolute 
value of the amplitude is a factor 10 or more smaller than for a 
uniform flux, emphasising the noisy character of the signals • 
Fig. 4.13.a, b, c, d shows the phase differences between the mutual 
void fractions and the np. 1 t' The general trend is similar to 1n e 
that for a uniform heatflux, but two distinctions can be noticed: 

(1) The spread of the curves is larger. 
(2) The influence of subcooling is negligible. 

As regards (1) during the analysis of the uniform heatflux measure
ments by means of the transfer ftmction analyser i t was al ready ob
served that the reproducibility of the results of the computations 
was better, the more unstable was the system, that means, the more 
the resonance frequency dominated the stochastic noise frequencies. 
A secondary consequence was the comparative difficulty to distin
guish a clear peak in the pmver spectra as a function of the fre
quencies investigated. Both symptoms were present when analysing 
the sine-flux signals, thus confirming their noisy character. 
Referring to (2), the differences as a function of subcooling are 
quite gradual. This is in agreement with the constancy of the re
sonance frequencies, as mentioned in table 4.3. 

It again confirms the relation between frequency and propagation 
velocity. Because of the inherent stability of the system with 
sine-shaped heatflux, the additional stabilising influence of in
creased pressure is not quite evident (Fig. 4.11.). Remarkable is 
the similari ty of the shape of the void amplitude curves to that 
of the curves with subcooling, whereas one would expect a similarity 
to the low subcooling curves (Fig. 4.14.). Summarising, the stabi
lising characteristics of a sine-shaped heatflux can be concluded 
from: 

(1) the absence of a well-definable threshold power, 
(2) the signals keeping their noisy character at increased powers. 

There is no rapid increase of amplitude with channel power, 
not even near burn-out. 99 
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4.2. Transfer Function Measurements 

In order to support and to supply the results as concerns the 

hydraulic behaviour of the boiling water system under steady state 

conditions a restricted number of transfer functions have been 

carried out. The perturbed signa! was chosen to be the heating 

power, because it is the only external physical quantity that is 

independent of the other physical parameters, and because its va

riation with time can be programmed exactly in steady as well as 

non-steady conditions. Varying the heating power does not encroach 

upon the physical consistency of the system. Besides, it is the 

most convenient quantity to be perturbed. 

A remark must be made with respect to the meaning of the measured 

power signa!. The power instantaneously generated in the heating 

element is on the one hand transferred to the fluid and on the 

other hand used for increasing the temperature of the heating ele

ment. The power which easily can be measured is the instantaneous 

total power, but the instantaneous net power which is supplied to 

the fluid and which should be the correct power for correlating 

the transfer functions cannot be measured directly, nor can the 

power, dissipated in the heating element. This distinction between 

measured power and net power introduces irnrneasurable attenuation 

and phaseshift between them. Theoretica! considerations prove that 

the phaseshift can be as large as 80° at 1 . 0 Hz. 

In (S 2) it has been proved that during the perturbation of the 

power signa! the linearity of the system was rnaintained, provided 

that the amplitude was kept within certain limits and that the 

adjusted condition was sufficiently distant frorn that where spon

taneous oscillations would start to occur. 

Procedure 

A sinusoidally varying voltage, generated by the 'IFA, was connected 

to the transductor of the power unit, thus superimposing to the 

mean power a sinusoidally varying heating power with an adjustable 

amplitude. The V'l.riation of the po•ver \'las measured by means of a 

Hall-generator. Contrary to the colTllll()n procedure the transfer 105 



fUnction between the signa! of the Hall generator and the different 

output signals was not computed on-line, but the significant sig

nals were recorded simultaneously on the Ampex magnetic tape re

corder. The motivation was that it accelerated the experimental 

procedure, aud that, because the TFA is rather sensitive to tem

perature variations of the surroundings, it was preferabie to 

carry out the analysis in an air-conditioned room remote from the 

loop. In addition to the signals of the Hall generator and the 

t.p-inlet, 4 or 8 signals were recorded, which were chosen in such 

a way that for reference purpose in any case the upper and lower 

void signals (number one and eight) formed part of them. 

Although it was possible to use that part of the TFA that was 

suitable to analyse sinusoidal signals, the relatively poor re

producibility of the results led to the application of the unit 

for analysis of power spectra. The signals consequently were 

analysed in the same way as have been the noise signals. Unfor

tunately, it appeared impossible with this procedure to analyse 

frequencies lower than 0.2 cps. 

The gain between two quantities were calculated by dividing the 

roots of the respective power spectra. In all figures of amplitude 

ratios the points have been plotted in dimensional units. The 

values have not been normalised by dividing them by the steady

state values of the ratio, because such a procedure veils the physi

cal significanee of the plotted quantities. 

Results 

Uniform heatflux 

The most familiar transfer function is that between heating power 

and t.p-inlet, the Bode-diagram of which is given in Fig. 4.15. for 

the condition of 200°C and a subcooling of 1.6°C. 

As was expected, the results conceming the amplitude ratio as well 

as the phaselag of t.p-inlet with respect to the power are trivial. 

They do not reveal na• aspects. The peak in the gain is at the same 

frequency where the phase curve exhibi ts a phaselag of about 180°, 

106 see (S 2). It must be emphasised that this value does not represent 
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4.15. Power-to-~p-inlet transfer function Tsat 200°C,~Tsub 1.6°C 

,the phaselag between the actually transferred power and ~p-inlet. 

An increase of power accentuates the curvature of the phase line and 

increases the gain. Similar diagrams show the relation between 

heating power and void fraction (Fig. 4.16.). In the vicinity of the 

resonance frequency the curves nm parallel. The sequence of the 

amplitude curves corresponds in that region to the trend of the 

amplitude curves resulting from the noise analysis (Fig. 4.2.), i.e. 

the value of the void amplitude decreases when going from bottorn to 

top. In the region of lower frequencies the sequence is somewhat 

irregular. 107 
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The phase differences of the void signals diverge with increasing 
frequencies and, for the particular condition of 200°C, 150 kW, 
low subcooling, and signal of void number 1, run from about 72° at 

0.2 cps up to 345° at 1.5 cps. There is a rapid increase of the 
phaselag with respect to the power at the position of the peak in 
the amplitude curve, the steepness being a function of the axial 
void position. At low frequencies the void fraction number 8 is 
almost in phase with the total channel power. Concerning the phase
lead of the void fraction at position 8 with respect to the channel 
power at a frequency of 0.9 Hz it must be repeated that this power 

108 does not represent the net channel power. For purposes of comparison 



0 ll 
......... 

("" . r. 
• -......__ ......- ·--....; 

"' j. -
V 40 

......... I i ! 

....... ~ 
~' -· I 

~ ""'"'!.., i" I\ ~ + ' 
......... 

' 
' 1\\'~" ' 

,.~· -·~~. ~\\ 
120 

l.-·-·" 
,_ .. 

I\ i'\ ..... -·-·-· 'tl . ..l.. 
• ......... 160 

...... ...... 

tmifonn flux I '\ -------- Tsat 200°C - i •!I 
aT, 1.6°C : ~~· 

li 6 
channel power 160. o kW \! ' .... 0 

I \ 
I 

200 

24 

I --- ······-·---~ -···· 

I ' I 
voidfraction \ 

280 
\ ·-- 1 \ . -------- 3 

I \ ... 
0 A--- 5 ·- 7 \ 0-·- 8 

32 

0 ---·-·-·-llPinlet I -~ 0 L LJl__L_ '---·- --~· 

36 

.6 .8 1.0 2.0 
frequency Bz 

4.16. Prnver-to-void transfer function Tsat 200°C,öTsub 1.6°C 

the curve of the phaselag of the öp-inlet 
power has been included in the diagram. 

with respect to the 

The two sets of diagrams ( 4. 15. and 4. 16.) once being known, the 
relationship between heating power, void fraction and np-inlet is 
fixed. This enables the triangle to be completed by drawing the 
diagrams showing the mutual dependenee of void fraction on öp-inlet 
(Fig. 4.17.). Because the void fraction is primarily perturbed by 
the heating power and consequently changes the driving force of the 
inlet velocity, the ratio of Ap-inlet to void fraction has been 
plotted and not the reverse. When first attention is given to be 109 
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general trend of the Bode-diagram, it can be noticed that the am

plitude ratio increases continuously with frequency. It means that 

the amplitude of Ap-inlet grows disproportionately to the void 

amplitudes. Reversely, this implies that a change of inlet velocity 

does not have an equally large effect on the void fractions. 

There appears a very flat maximum in the curves . I t nrus t, however, 

110 be stressed that this occurs just beyond the resonance frequency. 
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4.17. Frequency response of &p-inlet-void Tsat 200°C,&Tsub 1.6°C 

'Ihis is supported by the phase curves, which reveal no turning 
point. In this diagram 4.17. the phase angles of the void fractions 
have been referred to öp-inlet. Tne phaselead of void number 8 
with respect to öp-inlet is practically independent of the frequency. 
'Ihis is quite untransparent if the void is supposed to act on the 111 



inlet velocity, because not one particular void but the integrated 
void is leading. When, however, the inlet velocity is supposed to 
act on the void fraction via the influence on the heat transfer, 
then the constant phase angle is comprehensible. The dependenee of 
the phase difference between a void (except number 8) and 6p-inlet 
on the frequency increases with increasing distance from the 
channel bottom, resulting phaselead turning to phaselag for the 
void fractions at higher positions and increased frequency. 
It was supposed that in spite of the superimposed power perturba
tions, the resonance frequency of the system was still present. 
In order to check this, the analysis of the signals has insome 
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cases also been carried out at the basic frequency. The ability 
of the TFA to distinguish noise superimposed on the sinusoidally 
varying signals, emphasises the selectivity of the device. As can 
beseen in Fig. 4.17. the assumption is confirmed by the results. 
The section across. the phase curves at the resonance frequency is 
in perfect agreement with the results obtained from ti1e noise 
analysis (Fig. 4.4.). Reminding the reader of the simple expression 
for the propagation velocity vp ;:"z • frequency • 360° h-phase 
(eq. 4.5.) and consiclering the phase differences in Fig. 4.17., it 

follows that at 0.2 Hz the propagation velocity of the excited dis
turbanee is half that at 1.0 Hz, and that it increases proportionally 
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at higher frequencies. Therefore, there appear to exist two diffe
rent propagation veloeities of a void disturbance at one superimposed 
frequency, and both coincide at the resonance frequency. It is 
obvious that the diagrams prove the existence of the consistent 
interrelationship between void volume and inlet velocity. They form 
together one indissoluble physical couple. Neither of them amplifies 
the other, and a phaseshift of 180° between any void fraction and 
~p-inlet is completely irrelevant to the origin of instabilities. 
Similar figures can be drawn for a higher pressure. Since curves 
of amplitude ratios do not show new aspects, only phase curves 
have been plotted (Figs 4.18. and 4.19.). There is perfect agreement 
with the low pressure results. 

160 .-----····--,----,---·--r---.-----,--,--,-, 
1

----.----------, 

! 

60 f--····----- -i 

-\ 
200~----·········-+----+-----~-----0--~-+-t-r--~~ 

b 

• 2 .4 .6 .8 1.0 2 • 

frequency Hz 

4.19b. Frequency response of ~p-inlet-void phase shift 
0 0 

Tsat 234 c, ~Tsub 2 c 



Sine-shaped heatflux 

It is obvious that although the system under influence of the sine
shaped heatflux is much more stable L~an with a uniform heatflux 1 

the presence of a resonance frequency implicates the possibility 
to excite the system. The Bode-diagram of power-to-~p-inlet is 
given in Fig. 4.20 for two subcooling values. The oscillation power 
of 200 kl'l for the low subcooling case was 40 kW higher than the 
corresponding figure applied to the uniform flux. The oscillation 
power for the higher subcooling was 220 kW. 
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In spite of this higher power in the vicinity of the resonance 
frequency, the phase-curve of power-to-bp-inlet is less steep than 
at lowest subcooling. In both cases the phase differences at the 
position of the turning point are less than 180°. The curves affirm 
once again the greater stability of the system under a sine-shaped 
heatflux and emphasise that the transfer function experiments are 
only interesting as far as they shed light upon the stability in 
the presence of an external excitation force, but that they are 
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completely irrelevant with respect to the dependenee of the stability 
on internally generatod excitation farces. 

The phase differences between the axially distributed void fractions 
and 8p-inlet are given in Fig. 4.21. The phase difference of void 
number 8 is less constant than at the unifonn heatflux. For the 
rest, the curves are quite similar. 
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St. Pierre (S 1) bas measured power-to-void transfer functions in 
a forced-circulation boiling channel at different axial positions. 
Owing to the absence of a resonance frequency these transfer func
tions are apparently different from those of the present study. Up 
to a frequency of 1 Hz there exists a similarity in the phase 
curves, but beyond this frequency, the curves of St. Pierre show 
notches, corresponding tonodes in the amplitude curves. The fre
quencies at which these notches appeared were functions of axial 
distance. The notch frequency was highest for those axial positions 
nearer the test section inlet and decreased with increasing axial 

distance. This notch frequency is evidently strongly dependent on 
the local void position. This corresponds to the image of the dia
grams beyond a frequency of 1 Hz which shows a complete lack of 
relationship between the voids at different axial positions. Each 
void fraction seems to behave individually.Christensen (C 3) has 

derived an expression which allows the velocity of void propagation 
to found from the notch frequency. The values of the propagation 
velocity calculated from this expression were not verified experi
mentàlly by St. Pierre. These veloeities were found to be inter

mediate between the mixture and vapour cross-section averaged 
veloei ties. 

For frequencies up to 1 Hz the axial variation in amplitude and 
phaselag of the transient void response was plotted, too, for two 
cases. In both cases the pressure was 600 psi (42.5 atm), the 
inlet velocity and subcooling in one case were 1.15 m/sec and 
6.9°C respectively, in the other case these figures were 0.77 m/sec 
and 1.8°C. In both cases the void phaselag with respect to the 
power increased linearly with increasing axial distance. ~llien the 
modulation frequency was increased, the phaselag per unit length 
also increased, which is consistent with a phaselag behaviour 
associated with transportation delay. With the lower subcooling 
the p11ase difference between the voids of upper and lower position, 
i.e. over a distance of 1.4 m, was 160° and \Üth the moderate 
subcooling the difference was 85°, both at a perturbation frequency 

of 1 Hz. The flow behaviour for frequencies below 1 Hz was thus 
118 analogous to that of the present study. From the values mentioned 



the void propagation veloeities can be calculated as 3.1 m/sec in 
the lower subcooling case and 6 m/sec in the moderate subcooling 

case. These values are 3 to 4 times as high as the veloeities cal
culated from the expression by Christensen. It therefore seems 
from the study by St. Pierre that two types of void propagation 
can be distinguished because the same behaviour at low frequencies 
demonstrates that the differences cannot be attributed exclusively 
to the different type of citculation. 

It is interesting now to test the validity of the void propagation 
equation which Staub (S 3) developed. Starting from the theory of 
kinematic waves and accepting a number of reasanabie simplifying 
assumptions, the ultimate salution of the void propagation equation 
gives the void response to both flow and power input oscillations 
to the fluid in a system where the power density is a function of 

the axial distance. The system is considered to be in thermadynamie 
equilibrium, i.e. the effect of subcooling is neglected. 

The equation reads: 

+ b +2 +3 
(cz + ~ + az3 ). (1+ cp sin wpt) 

44, 
D 

[1- C llp <a> J . ~. 4~ • (c+bz + -az +Z). (1+ cp sin wpt) 
o Pf pgnfg 

where C 
0 

V. 
gJ 

Cf 
E 
p 

qo 

represents the distribution parameter 
the drift velocity of the vapour 

eq. 4.6. 

the relative amplitude of the flow perturbation 
the relative amplitude of the power perturbation 
the axially averaged l1eatflux 

and the term cz + + the axial shape of th~heatflux. 119 
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For the meaning of the other parameters the reader is referred to 

the nomenclature. 

In ordertorender the void propagation equation dimensionless, 

the following quantities have been defined: 

' + z lengtn. z = lo 

. + 
tlJJle t 

C v. + V . 
0 1ll gJ 

lo 

+ vapour souree term r 

t 

4Io 
D 

Covinsf 
amplitude of the inlet liquid velocity v'in = -C~v~.~+~V-. 

0 1ll gJ 

+ frequency of the power oscillations wp 

+ 
fr~quency of the flow oscillations wf 

C v. +V . 
0 1ll gJ 

cv. +V . 
0 1ll gJ 

Inserting these dimensionless parameters into eq. 4.6., the dimen

sionless farm of the equation is obtained: 

(l<a> 
+ az 

+ 
0 eq. 4. 7. 

where CK+ represents the dimensionless velocity of the kinematic 

wave. 

bz+Z +3 
C + 1 I+ . + + +( + ~)•· K + V in Sln wf t +r cz + ---z--- - 3 



and the dimensionless reaction frequency >l+ is given by: 

>l = 1 +C - <a> r ( c + bz - az ) . (1 + s sin w t ) . + [ l'lp J pf + + +2 + + 
o Pf Coi'>p p p 

The equation 4.7. has been solved on the analogue computer for two 

condi ti ons, viz. 200°C and 234 °C both at 150 kW and zero subcooling. 

0 F-------,. ... 
-=~t--·i· -- ---;:- ----..._ - --- -

+-' 40 '-< 

''"" ,C: 
Ul 

-z = 1/8 ... ---
1'-~ .................. 

-- -------- z = 1/2 ............... ... 
----Z = 1 ' ---·----

ü 
Ul 
;:l 
-a 80 

unifonn flux 
-------·-- T sat 200°C 

61sub 1.6°C 

channel power 150.0 kW 
120 

• 2 .4 .6 .8 1.0 2.0 
frequency Hz 

1.0 

.8 

i=: 
.6 0 

·rl 
+-' 
u 
m .4 ... 

lH 
"1j 
·rl 
0 .2 > 

/ 
f,--

V 
I 

1/ 

0 .5 1 .0 
dimensionless axial distance 

4. 22.· Frequency response of power-void phase shift according 

to Zuber (Z 1) T t 200°C 121 sa 



The values of the specific 

200°C 

c = 1.2 
0 

vfi = 1 m/sec 
V . = 0.55 m/sec 

gJ 

calculated from vgj 

+ r = 19.8 

1.18 

figures were taken to be: 

234°C 

c = 1.2 
0 

vfi = 1 m/sec 
V . = 0.1697 m/sec g] 

Only the power was perturbed by setting cf= 0, and the heatflux 
was taken to be uniform, giving a = b = 0. 
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i'fuen taking a<o:: equal to zero tl1e solution of equation 4. 7. 
at 

gives the stationary values of void fraction along the channel 

axis (Figs 4.22. and 4.23.). They are considerably l1igher tl1an 
those measured from the experiment and also higher than one would 
expect on the score of a physical feeling that in conneetion with 

the high acceleration losses involved void fraction will never 

exceed values of 80-85%. 

I t must be noted that an essential lade of eq. 4. 7. 1 i es in the 
absence of· a reasananee peak, owing to the fact that it is a 

differential equation of the first order. It does not describe the 
behaviour of a really possible system. For this reason only dia-

grams of the mutual phase of some void fractions have been 

given and diagrams of amplitudes have been omitted. As :làr as the 

relation to the power is concerned, the diagrams are not relevant. 
The values of z + have been chosen 1/8, ! and 1 , assuming that 

they are representative of other positions. The phaseshift between 
the upper and lower void is 39° at 200°C and 34° at 234°C, both 
taken at 1. 5 Hz. When extrapolating to z + 0, the figures become 

44° and 38° respectively. These values are substantially lower 

than the corresponding experimental ones. Besides, the phaseshift 
is not linear with , especially not for the condition of 234°C. 

These important deviations from the experimental results tend to 

the conclusion that the reliability of the void propagation equa
tion derived by Zuber is not proportional to its complexity and 
intransparency and that the simple equation as inherently present 

in the conservation equations by far has the preference. 
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5. THEORETICAL STUDY 

5.1. Description of the Mathernaties 

I n t r o d u c t i o n 

Since 1960 (Q 1 , F 2) many attempts have been tmdertaken to catch 
the physical behaviour of a boiling water channel in a mathematica! 
system of differential equations, the number of which depends upon 
the number of physical variables one wants to take into considera
tion. However, in all cases the starting-point has been the farmu
lation of the three principal laws of conservation, viz. of mass, 
momenturn and energy, as derived fora homogeneaus fluid. The neces
sity arose to adapt these equations so as to be able to apply them 
to any two-phase system, and in particular to a one-component two
phase system. A set of equations was developed that could claim a 
reasonable measure of probability. They have been accepted by any
one who accupies himself with the study of a boiling two-phase 
system. Several investigators judged it to be necessary to add some 
extra equations usually connected with the variation of the boiling 
boundary (J 2, J 5). 
It is superfluons to review the models that have been developed 
during the last decade, because of the existence of two famous com
prehensive studies, camparing a large number of mathematica! models 
(N 2, B 4). In spite of the lapse of 21 years between these two 
studies, by which the most recent study (B 4) could contain models 
profiting by some more years of experience and knowledge, both 
studies concord in the general conclusion that the predictability 
of loop physics by all models is rather poor, the one being worse 
than another. 
Contrary toother models, the HYDRO model prediets reasonably well 
the destabilising effect of subcooling. 1~1en applied to the Eind
hoven experiments, the quantitative agreement of the computed 
results was, however, bad. 

124 The existence itself of so many roodels already indicates their 



failure. The models can be classified in several ways, one of them 
being a distinction in lumped and distributed parameter models 
indicating the number of length incrernents the heated channel is 
divided into. The lurnped parameter models having only a few incre
ments have proved to produce the worst results. This is understand
able from the fact that first the integration of the physical 
variables over one increment is necessarily bad, and secondly the 
connections of two subsequent increments introduce severe discon
tinuities. The division into non-linear and linearised models 
shows smaller differences. The general pattem of deficiency also 
holds with respect to the linearised model as described by Spigt 
(S 2). The destabilising effect of subcooling was completely absent; 
for certain values of subcooling it appeared to be even impossible 
to detect a threshold power applying the accepted criterion for it, 
and the frequencies did not agree, to say nothing of phase angles 
and other fundamental qua)1tities. Only at zero subcooling the 
results were reasonably adequate. Several attempts have been under
taken to remedy these drawbacks by modifying the energy equations, 
paying partienlar attention to the region of subcocled boiling. 
Other correlations for slipfactor and two-phase friction were tried 
out, but without promising results. It therefore, was decided by 
the author to abandon this model • 

It is the author's apinion that it is a misunderstanding to think 
that the rescue out of the problems related to the deficiency of 
theoretica! models would corne from models based on fundamental 
principles (Z 2), CW 1). It is then stated that no previous infor
mation is necessary with respect to the slip between the phases, 
two-phase friction, departure of nucleate boiling etcetera, because 
these quantities will be calculated automat1cally by solving the 
fundamental equations. Even if that is true, the salution of the 
equations requires foreknowledge with respect to the number of 
nucleation sites of a partienlar material, the temperature profile 
perpendicular to the bubble surface, the mechanisms that determine 
the growth of the bubbles on the heated wall and in the fluid, and 
the mechanisms that dominate the diffusion process of the bubbles 
in the liquid layer attached ·to the heated surface as well as in 125 



the bulk. Whereas measurement of the familiar unknowns , owing to 

their character of representing average values, although difficult, 

is in principle possible in an existing experimental loop, it is 

intrinsically unfeasible with respect to fundamental data. The 

ability of verifying these data under practical conditions is com

pletely lacking.The problem of the failure of theoretica! models for 

engineering purposes still exists, with the difference that the un

known functions change from a macroscopie to a microscopie nature. 

In spite of the above-mentioned bad experiences with models, and at 

the risk of adding a new specimen to their existing number, it was 

resolved to make an attempt. In any case it could·be investigated 

to what extent one could rely upon the generally accepted set of 

equations. In view of tl1e inherent disadvantages of digital computers 

with respect to the integration method, and on account of the re

quirement that the development should take only a short time and be 

not too costly, the choice had to fall upon the use of an analogue 

computer. Because of the known objections against lumped parameter 

models, an essential different attack was decided upon, viz. inte

gration over length insteadof over time (S 5). It is evi~ent that 

this demand requires a relatively big analogue computer, equipped 

wïth about 150 amplifiers and a memory for the functions calculated 

in the previous time step, and unfortunately such a machine was not 

available in the neighbourhood of Eindhoven. But we were made aware 

of the existence of the Continuous System Modelling Program (CSMP) 

developed and owned by the IBM. This program formed the link between 

a digital computer, not really wanted but available, and an analogue 

computer, wanted but not available. It siliiUlates áll specific 

functions of an analogue computer in a digi tal way. I t enables the 

program of the model to be written in a manner as is usual for an 

analogue computer, but the different blocks of the bleekdiagram 

are siJIIUlated by digital subprograms. It is perhaps not necessary 

to remark that the basic functions as multiplication and adding, 

which take up a great deal of the capaci ty of an analogue computer 

and which constitute precisely the weak point of that type of com

puter from the point of view of accuracy, are realised digitally. 

126 The particular functions that were of fundamental importance in 



order to solve the set of differential equations under consideration, 
were the AFGEN and the RKS procedures • The subprogram AFGEN repre
seuts a function generator, which means that giving an adequate 
number of coordinates causes this program to generate a suitable 
function through these points. The RKS subprogram is one of 7 

available integration procedures. Providing the definition of the 
desired variabie and reading its starting value is sufficient, after 
calling the chosen integration procedure, to put the integration 
proces into operation. It is this subprogram that constitutes the 
greatest feature of the CSMP. On account of the experience gained 
from a similar, but yet essentially different study (R 2), and con
siderations of theoretica! numerical analysis, it was decided to 
apply the Runge-Kutta integration subprogram with variabie stepsize, 
the size to be detennined depending upon the Sth derivative of the 
integrated function. 

Basic thoughts 

It was from the beginning the intention to develop a simple, one
dimensional, more or less primitive model, without superfluous 
fringes in order to prevent undesired intransparency. The phenomenon 
of unstable behaviour was assumed to be a pure channel effect with
out additional influence of the external system. Therefore, the 
pressure difference across the channel from inlet to outlet was kept 
constant and the system pressure was not allowed to change with time, 
i.e. the effect of the condenser was omitted. Neither were the effects 
of heat capacity and thermal conductivity of the channel walls 
estimated to be essential for the occurrence of unstable behaviour 
of a boiling channel. The heat was assumed to be transferred instan
taneously to the fluid, which suggests a heating element with an 
infinitely small wall-thickness. Further, in accordance with the 
experimental scope, it w~ intended to produce qualitative effects 
of some important independent, external parameters. The agreement 
of the results in absolute sense with the experimental values was 

assumed to be of secondary importance. Starting from good quali ta-
tive correspondence wi th it must in principle be possible 
to change adequate parameters so as to fit the experimental results 
quite accurately. This does not mean, however, that arbitrary values127 



of the constants have been used. On the contrary, the values of all 

constants have been carefully determined from the experiment. But 
once having these constants fixed, they have not been changed during 

the cornputations, which might be des i red in order to obtain resul ts 
in better agreement with the experiment. This principle also deter

mines the attitude with respect to the correlation functions. It 

is senseless to carry out an elaborate cornparative study of diffe
rent correlations. A generally valid carrélation does not exist 
owing to the many irnponderable parameters that differ from system 
to system. A rough observation of the correlation in question 

provides sufficient insight into the dependenee of and the effect 

on the main variables , such as void fraction and s team quali ty, 
and the influence of these variables upon the stationary as \vell as 

the dynamic results is well known. It is unavailing to hunt for a 

proper correlation that fits the experimental results of its own. 
It is best to adopt a correlation and to adapt it rigorously to 

the experiment, or to develop an arbitrary function provided it 
fits the experimental values. It is of more irnportance to get correct 
void fractions than to use a theoretically derived correlation. The 

particular correlation functions which in this case have been used 
will be discussed separately. 

Correlation for the slipfactor 

In chapter 3, cornprising the steady-state measurements, i t was de
monstrated that the correlation as proposed by Bankoff (B 2), 

readingS= is a very attractive one for two reasons. First 

it is based upon physical considerations, and secondly the results 
of the measurements when plotted in terms of void fraction and 

factor K give reasonable curves with a scatter only in the region 

of low void fractions, i.e. the region of subcooled boiling. Factor 

K is consequently not rather constant, as defined by Bankoff, nor 

a weak function of pressure as suggested by Jones (J 2), but a 
quadratic function.of void fraction. There is an encouraging 

similarity between the curves belonging to different conditions of 
pressure and shape of heatflux. In the model factor K has been 

2 128 applied in the general form K a1+a2a+a3a , the constants a1, a2 



and a3 being only dependent on system pressure and flux shape. An 
attending feature is that the derivative of void fraction with 
respect to steam quality, necessary in the calculations, is a very 
convenient function and reads 

2 
Cl 

Pw x2 

Correlation for the two-phase friction multiplier 

Despite the objections referred to in chapter 3.2. it was decided 
to use the two-phase friction mul tiplier of Martinelli -Nelson, again 
considering that the general form of the expression was more im

portant than the absolute correctness of the constants. Under 
general form is understood the functional relationship between R 
and the steam quality or void fraction. The experimental results 
as far as they concern the two-phase friction were not sufficiently 
consistent to suggest another correlation, and, besides, it is a 
widely used correlation in theoretica! models. It was, however, 
well kept in mind that this correlation lends itself favourably to 
adaptation in case the results were too divergent. 

Subcaoled boiling 

The first investigator to tackle the problem of subcaoled boiling 
was Bowring (B 3). He distinguished two fundamental questions, viz. 
Where does subcaoled boiling start? and Which law governs the heat 
distribution between water and steam phase? He solved the first 
question by adopting the results of the study by Jens and Lottes 
(J 1). In order to answer the second question Bowring conceived a 
heat distribution parameter K smaller than one, which represented 
the fraction of the heat supplied, used to form vapeur. The remain
ing fraction raised the temperature of the fluid. In macroscopie 
sense the assumption is reasonable, but in microscopie sense i t is 
not. For actually,studies of void generation have proved that all 
heat is transferred directly to the one-phase liquid layer, attached 
to the heated wall, and that bubbles are being generated inside 
this layer by transfer of heat. through the liquid. In. macroscopie 
sense, however, Bowring's postulate can be justified. The heat dis- 129 



tribution parameter as defined by Bowring jumps froril zero in the 
highly subcooled region to a constant value in the region of moderate 
subcooling and changes to one in the region of bulk boiling. This 
constant value K in the region of subcooled boiling is physically 
very improbable and introduces serious discontinui ties into a mathe
matica! model. 

Levy (L Z) has developed a conception of subcooled boiling on a 
theoretica! basis. The point of bubble departure from the heated 
surface is determined from a bubble force balance and from the 
single phase liquid turbulent temperature distribution away from 
the heáted wall. However, this point once detennined, the physical 
basis is abandoned when calculation of the local vapour weight 
fraction in the subcaoled region is concerned. TWo boundary condi
tions are stated, namely that the derivative of steam quality with 
respect to the distance along the channel is zero at the point of 
bubble departure, and that the true local vapour weight fraction 
approaches the local vapour weight fraction calculated from a heat 
balance and thennal equilibrium at the point where the heating power 
integrated over the distance exceeds considerably the negative 
heatcontent, represented by c.ÀTd. The quantity c is the specific 
heat and ÀTd the difference between the mean fluid temperature and 

the local saturation temperature at the point of bubble departure. 
Then a simple exponential relation for the true local vapour weight 
fraction is given which satisfies the boundary conditions. The main 
disadvantage of the relation is that practically the liquid tempe
rature nowhere reaches the saturation temperature, i.e. that bulk 
boiling never occurs, noteven at zero inlet subcooling. This is 
very unlikely. 

In the present model the point of bubble departure was calculated 
by accepting the formulation by Levy. As regards the heat distri
bution parameter K, neither the constant value of Bowring, nor the 
exponential value of Levy could convince the author of its reliabi
lity, and therefore an expressionwas composed which was equally 
arbi trary as the other two, but based upon a physical feeling. The 
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K = 
T-T s 
T -T sat s 

, where T represents the liquid temperature, 

Tsat the saturation temperature and 
Ts the liquid temperature at the point of 

bubble departure. 
According to this expression K runs from zero, when , to one, 
when T=T t' by a monotonic function. When testing this expression sa 
in the model it appeared that, when K was used according to its 
true definition, i.e. if the fraction of heat represented by K is 
used exclusively to evaparate water, then the increase of void is 
toa large in comparison with the rise of the water temperature, 
resulting in a cousiderable steam quality at the exit of the heated 
channel, whereas the fluid temperature is still below the saturation 
temperature even at very small values of inlet subcooling. In order 
to remedy this effect while still maintaining the boundary values 
of one and zero, it was decided to raise K to a higher power. 
Preliminary calculations showed that a value of 3 provided credible 
results. It accelerates the heating of the fluid and suppresses the 
generation of steam. 

Set of equations 
The basic equations are given in the literature (B 10) 

Simplified equations 

The general three-dimensional equations are commonly simplified to 
a one-dimensional farm by accepting cross sectional averaged quan
ti ties of the physical variables. The two-phase character of the 
system is introduced by the definition of the void fraction. 

The three simplified equations read: 

conservation of mass 

conservation of momentum 

2 2 ~ 
{pWVW (1-a)+ p V a}= -F- + s s az 

- g{ p (1-a) + p a} w . s 131 



conservation of energy 

When assuming the physical properties to be constant, i.e. indepen

dent of pressure and temperature, and substituting the total mass 

flowrate, reading 

then the equations can be written in tenns of steam quality, void 

fraction and mass flowrate, viz.: 

conservation of mass 

conservation of 1110mentum 

óW + 
()t 

eq. 5.1. 

Owing to the assumption of a heat distribution parameter K in the 

region of subcaoled boiling, one is forced to split the energy 

equation into two parts, one for the waterphase and one for the 

steamphase. The splitting has been consistently realised in such a 

way that the two fractions of heat are exclusively used to raise 

the enthalpy of the waterphase and of the steamphase respecti vely. 

The split energy equation then reads: 

conservation of energy of the waterphase: 

{p (1-a)rh -lL)+ p a(h -lL)} + 
· w . ,.'w Pw s z Pw 

lQ. = (1 - K)a 
<lz '111 

eq. 5.3. 



conservation of energy of the steamphase: 

{p a(h + lL- lL)} + L xWh - xW (1- Ps)~ = KO eq. 5.4. 
s sw Pw Ps :lz sw Pw :lz m 

In view of the relative low pressures involved it was assumed 

valuable to take into consideration the pressure-volume tenns, lL 
p 

as well as lL , because they make up at most 5% of the total eneV:gy. 
PS 

In order to complete the 4 basic equations the following relations 
have been introduced: 

slipfactor S 1-a 
K-a 

two-phase friction multiplier R according to Martinelli-Nelson, 

T-T 3 
heat dis tribution parameter K = Cr 5 -T ) . 

sat s 

Substitution of the slipfactor in the physical expression 

s = 
Pw 

(1-x) 

p~ 

yields: 

~ PS (1-x) 2 
- { 1-a + } 

2 p~ 

The common expression for the frictional-pressure term reads: 

fch 2 
F = 2 D W R(x) 

Pw 

In the enthalpy terms the contributions of potential and kinetic 
energy have been neglected, resulting in: 

~=cT h - h 
z . --wT=T 

sat 

The saturation temperature follows from: 

arsat 
Tsat = P· ap- 133 



The derivatives with respect to z of the variables u and hz have 

been written in the partial derivative forms 

au ax 
ax élz 

ah 
= ~ 2E. 

ap az 

The local heat input <lm is a function of z and t. 

Hence, the four unknowns are W, p, x and hw· 
It must be emphasised that no extra equations have l:een added. 

When indicating the time derivatives by t 1, t 2, t 3 and t
4 

represent

ing respectively 

au aw 
at ' at ' 

~ {p (1-o.) rh - E-)+ p a(h - E-)} and ~ {p o.(h + E-- E-)} 
at w , .. ,w Pw s z Pw at s sw Pw p

5 
' 

and wri ting the equations in terms of the four variables, the 
equations read: 

Aot1 
aw 

0 eq. 5.5. az 

t + A aw + A ax. + ~ 
2 1 az 2 az az + A3 0 eq. 5.6. 

t + A aw + A ax + A ~ + ~ ahw 
= As eq. 5. 7. 3 4 az 5 az 6 az az 

t + Ag aW + A ax + A ~ 
4 az 10 az 11 az = A12 eq. 5.8. 

The expression for the terms A0 up to A11 comprising no differential 

terms, have been summarised in Appendix C. Substitution of the 

energy equation for the steamphase in the momenturn equation resul ts 

in the elimination of tî in the momenturn equation. The set of equa

tions written in a changed sequence then ultimately read: 

134 aw 
az eq. 5.9. 



A aw + 
1 az 

A aw + 
4 az 

+ 

A ax + A ..2.J:4A_ 
5 az 6 az ·7 

eq. 5.10. 

eq. 5 .11. 

eq. 5.12. 

By writing w\e equations in this manner it appears possible to avoid 
algebraic equations which would need an iterative salution or a 
matrix solution. Èither alternative complicates the salution proce

dure considerably. 

As mentioned earlier, the simul taneous integration in the z-direc
tion bas been carried out by means of the Runge-Kutta metbod with 
variabie stepsize. Integration in the time has been executed by 
using the Euler approximation, thus: 

eq. 5.13. 

eq. 5.14. 

1 pi pi 
t 3 = -t {p (1-a.) (h - -)+p a. (h - -)- p (1-a. 1). 

a w ~ zi pw s ~ wi pw w ~-

eq. 5.15. 

The value of at must be a campromise between desired accuracy and 
minimum computing time. 135 



Boundary conditions 

The inlet conditions of the fluid for each timestepwere determined 
to be x = 0, and T equal to a prescribed value, defined by the 
desired subcooling. 
Tne total pressure drop across the boiling loop was assumed to be 
constant in the time. Besides the pressure loss across the heated 
channel, this pressure drop included the pressure loss in the 
downcorner and across the inlet of the channel. 
Tne iteration equation reads: 

Ap = p~L -
A 

~t(A~ W vd L)z=O 

eq. 5.17. 

The terms of the right hand memher represent consecutively the 
con tribution of the static head, the inlet loss of the boiling 
channel, the friction loss in the downcorner and w~e acceleration 
loss in the downcorner • The constants fd' Dd and Ad represent 
the friction factor, hydraulic diameter and cross-section of the 
downcorner respectively. Ar represents the cross sectien of the 
boiling channel and vdL the equivalent lengthof the downcorner 
taking into account the friction due to the passage through sub
cooler and belonging pipings. 

Por each time step this llp was checked. VJP.en the difference between 
the value of llp and zero arrived at a prescribed toleranee range 
the iteration stopped, else the iteration continued with an adapted 
value of the inlet velocity. 

Order of the computation 

After reading the values of the geometrical and physical constants, 
the following values , determined from the experiment, were fed into 
the machine: the factor of the inlet pressure loss k:irt,the constants 
intheslip correlation a1, a2 and a3, the friction factor of the 
downcorner fd, and the friction factor óf the channel fch. All values 
have been kept constant during the computations except a1 , a2 and 

a3 which have been chosen in accordance with the shape of the 
136 heatflux distribution. 



The specific conditions were. fixed by reading values of the inlet 
subcooling and the heating power. The computation was started at 
zero time, i.e. with all time derivatives equal to zero. The results 
of this run were used as starting values for the next run at time 
t= 6t. The computation continued by raising the time successively 

by l'lt. 

The non-linearity of the equations finds its expression in the 
variatien of the physical quantities with time. A step input of the 
power, analogous to the experimental procedure, results in a sinus
eidal response of the variables wi th a constant frequency, namely 
the resonance frequency of the system. The response converges or 
diverges with time depending on the stability of the system. This 
consequently determines the instability criterion. At time t=0.5 
sec. the channel power was increased stepwise with 5 or 10 kW and 

the response of the system was computed over a period of 4. 5 sec., 
sufficiently to establish convergency or divergency of the varying 
quantities. The transition from t=O to t= 6t caused a small distur
bance. This was the motive to allow the computing process to sta~ 
bilise over the period of 0.5 sec. This period, however, was too 
short for the system to reach the steady state condition correspond
ing to time t=O. The extent to which the system deviated from the 
steady state did not affect the stability threshold but it influenced 

the magnitude of amplitudes. An impression of the correctness of the 
amplitude values predicted by the model cannot be obtained there
fore from the computations aimed at determining the stability 
threshold. 

Transfer functions were computed by simulating the experimental 
procedure of sinusoidally oscillating the input power. In order to 
avoid the amplitudes of the various variables reaching inconveniently 
large values the amplitude o.f perturbing power was reduced for 
higher frequencies. In order to allow the amplitudes and phases to 
stabilise at a constant value after increasing stepwise the frequency 
the computation was continued during 5 periods for each frequency. 
For the purpose of limiting the computing time involved the time 

step was adapted to the frequency in such a way that each period 
contained a fixed number of 20 time steps independent of frequency. 137 



The output of the different variables was organised in such a way 
that they were printed at fixed values of z, attained by interpola
tion between the steps as applied by the Runge-Kutta process. The 
variables printed are z, void fraction, water velocity, temperature, 
saturation temperature, slipfactor, pressure and steam quality. 

5. 2 • Resul ts and comparison wi th experiments 

A limited number of characteristic conditions were selected for 
the computations, namely: 

Tsat 200°C 

uniform heatflux 
liTsub 

1°C 
10°C 
30°C 

sine-shaped heatflux 1°C 
10°C 

asymmetrie axial heatflux 1°C 
transfer functions - uniform heatflux, liTsub 1°C, 

channel power 150 kW 

TI1e subcooling values were chosen so as to render possible the 
observation of the specific effects. The channel powers in each 
condition were chosen so as to shut in the instability threshold 
in case of the uniform heatflux within S or 10 kW. 

S t e a d y - s t a t e c a 1 c u 1 a t i o n s 

Because the main interest concerned the behaviour under dynamic 
conditions, no results are available for lower chaimel powers. 
The values of the physical quantities provided by the calculations 
allow, however, a sufficient comparison with the experimental 
results. 

Uniform heatflux 

The inlet flow velocity (Fig. 5.1.) at moderate channel powers is 
quite corrèct, but higher powers show too great velocities, 
deviating up to about 10%. This is also the case for higher sub-

138 cooling values. The exit void fraction (Fig. 5.2.) fits perfectly 
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cooling was 11°C. The axial void distribution (Fig. 5.3.) is almost 
perfect for the higher positions. At the lower positions the void 
fraction is too low. This trend is more pronounced at 10°C sub
cooling. The heat distribution parameter does not seem to be repre
sented very adequately by the accepted function of K. The function 
can be improved by chosing a smaller exponent. At higher positions 
the void is a few per cent, too high. 
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5.3. Axial void distribution Tsat 200°C, various subcoolings 
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Compared with the experimental results concerning the inlet flow 
velocity and the exit void fraction as well as the axial void dis
tribution , the results obtained with the non-uniform heatflux 
show a similar agreement or deviation as observed from the uniform 
flux results. The axial void dis tribution at a subcooling of 1 0°C 
indicates, however, better agreement for the lower positions than 
for the higher. 

Dynamic càlculations 

Uniform heatflux 

140 Olrves of the inlet flow veloei ty responding to a power perturbation 



are given in Fig. 5.4. for the condition of uniform heatflux and a 

subcooling of 1°C. Only curves of the channel pawers on both sides 

of the instability thresholds have been plotted. The 180 kW curve 

is slightly converging, the 185 and 190 kW ones are indifferent 

with an indication of divergency at 190 kW and the 195 kW turve is 

divergent. The threshold power is seen to be 190 kW. The transition 

from stable to unstable behaviour appears to be very smooth, with 

channel power 180 k\\1 
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a transition zone of about 10 kW. This corresponds rather well with 
the experiJOOntal observations. Increasing the subcooling to 1 0°C 
JIIOVes the threshold power to the considerable lower value of 155 
kW and shows a quite distinct change from stable to unstable be
haviour (Fig. 5.5.). The divergence at 155 kW develops very quickly 
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5.5. Response curves of inlet flow velocity Tsat 200°C,~Tsub 10°C 

similarly to the experimental observations. The oscillation fre
quency has fallen from 1 • 14 cps at 1°C subcooling to 0.63 Hz. This 
frequency is not affected by the change in ampli tudè nor by the 
channel power. Lower channel powers indicate that a slight power 
dependency of the frequency exists, viz. the frequency increases 
with power. A subcooling of 30°C has a strong stabilising effect 
and shifts the threshold power up to 230 kW and the frequency down 
to 0.44 Hz (Fig. 5.6.). This stabilising influence is JIIOre pro
nounced than was established from the experiments. It must obvious
ly be imputed to the effect of subcocled boiling. The steady-state 
results showed the void fraction at lower positions to be less than 

142 the measured values and it is clear that this is very important, in 
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5.6. Response curves of inlet flow velocity Tsat 200°C,öTsub 30°C 

particular to high subcooling values. The computations showed that 
even at the exit the saturation temperature had not been reached. 
This means that all over the channel length only subcaoled boiling 

was present at 30°C subcooling. The resul ts mentioned have been 
summarised in table 5.1. 

Comparison wi th table 4. 1 • indicates a prmn1smg correspondence 
with the experimental results. Although the absolute figures do 
not fit completely, the trend of the subcooling effect is obvious. 143 



Table 5.1. 

t.Tsub 

1°C 
10°C 
30°C 

Threshold powers and related frequencies obtained 
from the non-linear model 

Uniform heatflux 

threshold power in kW 

190 
1 ss 
230 

uniform flux i 

Tsat 20~oc 
llT5ub 1 C 

0 
Tsat ZOO C 

frequency 

1.14 
0.63 
0.44 

, charurel power 195 kW ! 
.§ 1--- --~ 1 ---~. pos.-~-
\j .79 ::TT- ,- -- --- --
<!:1 
::1 
~ 

77 , 

pos. 2 

.,..; --- -- ... _ .... ~ ... - --~- ...... +,..-"" ,; ... -

i.-- _ I ~:~~. 

time 1sec 

in Hz 

144 S. 7. Response curves of axial void distributions Tsat Z00°C,C~Tsub 1°C 



The curves of the void fraction at different axial positions have 
been given in Figs 5.7. up to 5.9. for different subcoolings. At a 
subcooling of 1°C the void amplitudes are not comparable owing to 
the dependenee of the amplitudes on the magnitude of the disturbance. 

The upper voids show a short running time before the correct phase 
and amplitude are established. In the diagrams the position of a 
maximum has been indicated in the curve of the inlet flow veloei ty, 
which enables the phase shifts between voids and flowrate to be 
determined. For the case of 10°C subcooling (Fig. 5.8.). the maximum 
void amplitude lies at a position intermediate between positions 6 
and 7. Pos i tion 8 is lacking owing to the absence of void there. The 
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' 0 0 5.9. Respons~ curves of axial void distributions Tsat200 C,~Tsub30 ( 

boiling boundary was calculated to beat position 4 (see Fig. 5.11. 
It implies that the model, too, does not predict a relationship be
tween maximum void amplitude and boiling bOtmdary, i.e. that the 

boiling boundary is not a significant quantity for the hydrodynamic 
behaviour of the system. During the experiments the maximum ampli
tude was at position 7 (Fig. 4.7.). The irrelevance of the boiling 

146 bmmdary is emphasised by Fig. 5. 9. for 30°C subcooling, where a 



position intermediate between positions 5 and 6 indicates the maxi
mum void amplitude whereas all along the channel no bulk boiling 
occurs and consequently no boiling bmmdary exists. The experiments 
showed the maximum amplitude at position 6 (Fig. 4.7.). 

The axial phase distribution of voids with respect to the inlet 
flow velocity • 5.10.) shows perfect agreement with the experi-
mental curves (Fig. 4.4. and 4.8.). The differences are only a few 
degrees. The influence of subcooling is similar to that observed 
from the experiments. The common conservation equation$ are thus 
found to be fully sui table to predict phase relationships between 
different physical variables. 

axial position of voidgauges 

5.10. Axial phase distribution of void Tsat 200°C, various subcoolings 

For the case of 10°C subcooling the response of the temperature of 
the liquid at various axial positions has been plotted in Fig. 5.11. 
In order to avoid overcrewding the diagram, the variations at lower 147 
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5.11. Response curves of axial temperature distributions 
0 0 

Tsat 200 C, ~Tsub 10 C 

positions have been omitted but the values have been mentioned which 

indicate the maximum and minimum of the first period of the liquid 

temperature in question. The largest amplitude appeared between 

positions 7 and 8. It is supposed that this corresponds to the 

position of the steepest slope of the axial steady-state liquid 
148 temperature distribution. Actually the slope is largest immediate-



ly at the beginning of the heating element; however, that botmdary 

conditionwhich'dictates the inlet temperature to be constant im
pedes the maximum amplitude to occur at the entrance. The amplitude 

decreases when reaching position 4 where the liquid temperature 

equals the saturation temperature. ,For position 4 and H (between 

positions 4 and 5) the variatien of the saturation temperature has 

been plotted, too. The liquid temperature approaches smoothly the 

saturation temperature without overshoot. This is, of course, 

caused by the formulation of the heat dis tribution parameter. There 

appears to exist a steadily changing phase difference between the 

liquid temperatures but that between the saturation temperatures 

does not change at all. The phase shifts have been plotted for 

only two positions. The phase of the liquid temperature at position 

4! can be thought to be extrapolated from the lower positions and 

is 180° with respect to the saturation temperature. This is quite 

remarkable because the liquid temperature has to equal in magni

tude as well as in phase the saturation temperature at pos i tion 4. 

This is, iudeed, the case and i t causes a turn of the phase from 

180° to 0° over a distance of 16.7 cm. 

Sine-shaped heatflux 

The response of the inlet flow velocity to a power disturbance is 

given in Fig. 5.12. for the condition of T t 200°C and öT ub 1°C. sa s 
The computations have been performed up to 230 kW. At this po\ver 

the convergence appeared still to be so rapid that it was judged 

tmfrui tful to continue the calculations because the threshold power, 

if any, would 250 kW exceed, and beyond this power the threshold 

of oscillations is of no further interest, since burn-out would 

have occurred at this figure. The same procedure was foliowed for 

the condition of 10°C subcooling. The variables showed stabie 

si tuation at 200 kW and unstable at 230 kW. The threshold was not 

shut in more accurately. It is expected that the threshold will lie 

between 210 and 230 kW. The destabilising effect was obviously also 

present under an axial heatflux distribution,contrary to the experi-149 
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5.12. Response curves of inlet flow velocity Tsat 200°C,nTsub 1°C 

mental observations. The stabil i ty level, however, was really 
shifted towards considerably higher channel powers compared with 
the uniform heatflux, but not to the extent as indicated by the 
experiments. The frequencies for 1°C and 10°C subcooling were 1.11 
and 0.84 Hz respectively. The frequency is less sensitive to sub
cooling than i t was for the uniform heatflux, in correspondence 
with the experiments. 

The void variations at various axial positions do not really differ 
from the results of the uniform flux (Fig. 5.13.). The amplitudes 
of position 4 and higher differ only slightly mutually. At 10°C 
suocooling (Fig. 5.14.) the amplitude is maximum at position 7, 
whereas the maximum for the uniform heatflux occurred at a slightly 
higher position. The phase differences between void and inlet flow 
velocity (Fig. 5.10.) differ somewhat from the experimental values, 

150 particularly visible in the lower positioned voids. The deviations 



may probably be attributed to a less correct slip correlation and 

on the other hand to the less adequate exponent of the heat distri

bution parameter. 
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Asymmetric,axial heatflux 

It was thought valuable to perfarm some calculations vvith an asym

metrie axial heatflux distribution in view· of the reactor flux dis

tribution being of an asymmetrie shape. The shape was approximated 

by a 5th order expression, which is a fliDction of axial distance, 

and is represented in Fig. 5.15. The results are quite identical 

to those of the sine-shaped heatflux (Fig.S.l6). At 230 kW the 

152 system was still stable. 
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Transfer functions 

2400 

Por the condition of uniform heatflux, Tsat 200°C, bTsub 1°C and 
channel power 150 kW transfer functions were computed between the 
disturbing channel power and the dependent physical variables. The 
Bode-diagram of inlet flow veloei ty versus channel power is gi ven 
in Fig. 5.17. The illustration represents the trivial characteristics 
of an amplitude peal< and a sharp turn of phase shift at the resonance 
frequency. 

The phase shift between inlet flow velocity and local voids is given 
in Fig. 5.18. There exists a good agreement with the corresponding 
experimental illustration (Fig. 4.16.). 153 
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Conclusi ve remarks 

The results 'of the computations answered perfectly the intention 

• 

to develop a simple model that qualitatively should predict correctly 
the influence of subcooling and axial heatflux distribution. Although, 
or perhaps because; the steady-state results did not fit exactly the 
experimental results, yet in quantitative respect, too, the results 
were quite promising. The axial phase distributions for the uniform 
heatflux corresponded perfectly with the experimental values. The 

+ In (B 4) it is stated that modifying a model to better predict 

steady-state results aften has a reverse effect on the dynamic 

154 resul ts . 
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destabilising effect of subcooling was a little more pronounced 
when comparing the threshold powers, but there was 1i ttle or no 

difference when camparing the powers in unstable condition. 
The sine-shaped heatflux did not show instahilities at lowest sub
cooling and 230 kW. nor did the asynnnetric heatflux. Hoderate sub
cooling caused instahilities to occur beuveen 210 and 230 kW which 
is at least 55 kW higher than the corresponding threshold under the 

156 uniform heatflux. 



6. CONCLUSIONS 

Instahilities in boiling water reactors are very significant to the 
reactor industry because the safe operating power of a boiling 
water reactor can he determined by the threshold of instability. It 
must be emphasised that the subject of interest is boiling water. 
This is important because in many experiments the fluid properties 
are simulated by air-water mixtures. One has to be very cautious 
when transfer results and observations obtained from an air-water 
rig to a boiling water system. Instahilities of the type as are 
encountered in a boiling water channel are essentially impossible 
in an air-water mixture (J 4). For instance, the oscillations in 
the latter type of fluid can be of the slug type (A 1) • Thus, the 
analogy between single-component and two-component two-phase sys
tems, so often employed, could lead to erroneous conclusions (J 4, 
F 1). This is supported by the exper:lence with the calibration of 
the present void gauges. The results obtained from air-water tests 
deviated substantially from the loop results. This is not really 
surprising because of the lack of physical interrelationship be
tween air and water. 
The experiments revealed that the oscillations can to a great extent 
be reduced to steady-state conditions. The phase differences between 
axially distributed voids and ~p-inlet were very constant and did 
not change when entering the unstable region. A change in the phase
lag between any void and the flowrate to 180° could not be detected 
from the experiments. Consequently, the void-propagation veloeities 
are constant. An analytica! expression as derived by Neal (N 3) from 
the laws of conservation succeeds very well in predicting the pro
pagation veloei ty, whereas the kinematic v;ave theory, as applied 
by Staub (S 3), is not very successftil. The rate of increase of the 
amplitudes of the different physical variables as a function of 
power is at the lowest subcooling smoother than at higher subcoolings, 
where the transition from stable to unstable is very abrupt. During 
unstable behaviour the twin-type relation between void and inlet 157 



flow veloei ty is maintained, which is supported by an observation 
of the relationship between the amplitudes of the signals. 

The effect of two important operating parameters, acting on loop 
stability either separately or in combination is unexpectedly large. 
The destabilising effect of moderate values of subcooling has been 

0 
reported by several authors (J 3, B S, B 6, S 2, A 2), but in com-
bination with a sine-shaped heatflux the effect is reversed. The 
stabilising influence of an axial flux distribution appeared to be 
so great that no oscillations at all could be observed up to burn
out point. Increased subcooling does not promote instahilities but 
moves the burn-out power up to higher values. 

The phase differences between void and flow velocity, the threshold 
powers of instabilities, the oscillation frequencies, the axial 
position of the amplitude maxima of void, the destabilising effect 
of subcooling and the strong stabilising effect of a sine-shaped 
heatflux were correctly predicted by a simple non-linear model. 
The success of the model implied a justification of the basic assump
tions and of the neglect of estimated second order effects. It 
affirmed the validity of steady-state physical correlations for 
dynamic computations and the correctness of the basic conservation 
equations. According to Neal (N 5), in case of saturated boiling 
flow it is not necessary to apply separate momenturn equations for 
the two phases. This is supported by the model. The promising results 
of the model are a stimulus to proceed with non-linear programming 
as a beginning of optimalisation (D 7). The successful application 
of the Cffi·W-program evidently suggests the suitability of hybrid
computers in order to increase accuracy and to diminish the com
puting time considerably. 

From the measurements it is obvious that one must seriously query 
the results of experiments with a uniform flux in view of the 
enormous influence of axial power distribution. It is, however, this 
shape that is being generated in a nuclear reactor. It means that 
it is questionable whether any instahilities of the type as des
cribed in this report can occur in a boiling water reactór. This 
can be related also to steamboilers with asymmetrie heating. 

158 Therefore, the experiments reported here seem to prove their own superfluity 
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APPENDICES A, B AND C 

Appendix A. Rough data computed by the Transfer Function Analyser. 

Condition of unifonn heatflux, Tsat200°C,t. Tsub 16°C and 150 kW 

signals power spectra cross-spectrum phase angle 
x I y q,xx q, q,xy in degrees yy 

i~ pinlet void pos. 45.4 34.8 31.0 173.7 

1 44.7 32.6 26.4 172.9 

45.5 30.2 26.4 174.4 

2 45.2 24.8 26.5 172.8 
44.8 24.9 28.0 172.5 
44.0 26.4 28.6 172.8 

3 44.4 18.8 17.9 154.9 
43.9 19.7 22.1 155.1 
44.0 18.5 1!). 7 155.5 

4 44.6 7.7 15.0 138.2 
45.2 7.1 15.4 139.4 
44.6 8.0 15.4 137.8 

s 44.8 5.5 13.8 103.7 
43.0 6.3 13.9 105.1 
43.7 6.4 14.4 103.8 

6 44.7 6.0 1 s. 1 78.3 
44.7 5.7 14.6 78.3 

43.2 5.0 13.3 79.1 

7 44.1 10.2 13.0 54.2 
43.0 9.7 13.0 55.3 

44.2 11.2 13.1 54.5 

8 43.4 2.1 9.0 31.2 
43.4 2.4 9.0 29.9 

160 43.4 2.3 9.4 31.2 



Appendix B. Review of experimental conditions. 

steady state noise anaÓysis transfe0 functions 
öT b in °C t.Tsub in C öTsubin C ~~~el SU 

unifonn t. 6 1.6 1.6 100 kW 
heatflux 5.6 11.0 160 kW 
Tsat 200°C 

8.6 16.0 
11.0 30.0 

16.0 
21.0 
30.0 

Tsat 234°C 2.3 2.3 2.3 150 kW 

7.0 7.0 225 kW 

13.0 13.0 
30.0 30.0 

sine-shaped 2.0 2.0 2.0 200 kW 
heatflux 5.5 5.5 
Tsat 200°C 

11.0 11.0 11.0 220 kW 

16.0 16.0 
21.0 

Tsat 234°C 2.7 2.7 

11.0 
21.0 

30.0 
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Appendix C. Tenns incorporated in the model equations. 

A3 {pw(1-u) + p
5

a}g + R w2 

A4 cT(1-x) + cTsat x 

As c(Tsat-T) W 

A6 W(xc 
Pw 

A-, W(1-x) 

As (h<)<lm 

Ag h x 
SW 

A10 h tl sw 

A11 Pw 
) 

A12 K<lm 
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SAMENVATTING 

In deze studie wordt verslag gedaan van een experimenteel en theo
retisch onderzoek naar het hydraulisch gedrag van ~en kokend water 
kanaal, waarin het stoom-water mengsel circuleert onder invloed 
van natuurlijke convectie, onder invloed van een hoge warmtebe
lasting. Uitgaande van een stationaire toestand, die gekemnerkt 
wordt door een grote mate van stabiliteit van de gemeten fysische 
grootheden: inlaatsnelheid en lokale dampfracties, temperaturen en 
drukken, ontstaan bij voldoend hoog vermogen heftige oscillaties 
in het systeem. Deze instabiliteiten zijn zichtbaar aan alle geme
ten parameters en hebben een zeer regelmatig karakter. Alle meet
signalen vertonen een constante amplitude en een constante frequen
tie. De amplitude is een functie van het ingestelde vermogen, de 
frequentie niet of nauwelijks. Deze frequentie of resonantie-fre
quentie is wel afhankelijk van andere systeemgrootheden. Het type 
instabiliteiten wordt algemeen toegeschreven aan een wederkerige 
terugkoppeling tussen inlaatsnelheid en dampfractie. 

In hoofdstuk 1 wordt een visie gegeven op de problematiek van de 
dynamica van een kokend-water systeem en wordt de achtergrondge
dachte uiteengezet van waaruit de experimenten werden opgezet. 

Hoofdstuk 2 geeft een beschrijving van de meetopstelling en de 
instrumentatie. Extra aandacht is besteed aan de techniek van het 
meten van dampfractie, die door de aard van het meetobject de groot
ste moeilijkheden oplevert. 

De stationaire metingen worden vermeld in hoofdstuk 3. De invloed 
op de eigenschappen van het systeem is nagegaan voor de volgende 
onafhankelijk instelbare grootheden: kanaalvermogen, systeemdruk, 
onderkoeling aan de inlaat, de vorm in axiale richting van de ver-
deling van de warmtestroomdichtheid en een combinatie van deze 175 



parameters. De invloed van de drie eerstgenoemde grootheden is tri
viaal en ook die van de vierde vertoont weinig aspecten die niet 
van te voren te voorzien waren. 

Terwijl het stationaire gedrag ziy~ heel goed laat verklaren uit 

een fysische beschouwing, blijkt dit voor het dynamische gedrag, 
als uiteengezet in hoofdstuk 4, niet mogelijk. Dit is niet verwon
derlijk als men bedenkt dat de fundamentele kennis van de dynamica 
van een kokend water systeem tijdens 10 jaar ingespannen speurwerk 
slechts betrekkelijk weinig is gegroeid. De meest intrigerende 
parameter voor de onderzoeker is (was) de onderkoeling van het 
water aan de ingang van het kanaal. Bij betrekkelijk lage waarden 
blijkt onderkoeling een sterk instabiliserend effect te vertonen, 
dat bij hogere waarden weer afneemt. Dit is door verschillende on
derzoekers bevestigd. Wat men echter in de literatuur tevergeefs 
zoekt is een publicatie over de invloed van een ongelijkmatig ver
deelde warmtebelasting d.w .. z. een die aan de uiteinden van het 
kanaal lager en in het midden hoger is dan gemiddeld over de lengte 
van het kanaal. Dat hiervan geen metingen bekend zijn is des te 
verwonderlijker, omdat het effect buitengewoon groot is. De stabi
liteit van het systeem bleek aanzienlijk beter te zijn dan voor 
een gelijkmatige warmtebelasting en dit vooral wanneer het water 
aan de inlaat onderkoeld was, omdat het effect in plaats van in
stabiliserend nu juist stabiliserend was geworden. Van oscillaties 
was zelfs geen sprake meer en doorbranden van de staaf trad op 
voordat instabiliteiten konden optreden. 

In een poging om dieper in te gaan op het fenomeen van instabili
teiten werden uit de meetsignalen, verkregen tijdens stationaire 
zowel als instationaire toestanden, amplitudes en faseverschillen 
berekend van lokale dampfracties en de inlaatsnelheid. Opvallend 
was dat de onderlinge fasverschillen nauwelijks een fUnctie waren 
van de mate van stabiliteit d.w.z. er viel geen omslag te bespeu
ren bij de overgang van stationair naar instationair gedrag. Wel 
veranderde uiteraard de amplitude van de meetgrootheden. 

De metingen werden aangevuld met een aantal overdrachtsfunctie
metingen, waarbij het vermogen werd geslingerd. De eerder gevonden 

176 resultaten werden volledig bevestigd. Als de slingerfrequentie 



samenviel met de resonantiefrequentie werd wel een fase omslag 

geconstateerd tussen het vermogen en de interne responsie signalen, 

maar niet tussen deze signalen onderling. Zoals te verw~ghten was 

bleek ook bij de lage frequenties de resonantiefrequentie aanwezig 

te zijn. 

Ondanks het geringe succes van bestaande mathematische beschrij

vingen van het fysische gedrag van een twee-fase systeem werd een 

nieuw model ontwikkeld, beschreven in hoofdstuk 5, dat zich op 
twee punten van andere modellen onderscheidt: 
1) het is uitsluitend gebaseerd op de behoudswetten, welke zijn 

geformuleerd op een wijze die algemeen aanvaard is voor een 
twee-fase systeem. Wel zijn de vergelijkingen aangevuld met 

correlaties voor slipfactor, twee-fase weerstand en onderkoeld 

koken, maar geen aandacht werd besteed aan kookgrensvariaties, 

warmteoverdracht aan de wand van het verhittingselement en der

gelijke. 
2) de niet-lineaire vergelijkingen werden opgelost met behulp van 

het CSMP-programma van de IBM. Dit bevat een aantal integratie

subroutines, die het programmeren van de oplossingsprocedure 

voor een stelsel differentiaalvergelijkingen zeer sterk vereen
voudigen. 

De resultaten waren opvallend goed. In kwalitatief opzicht werd 

het gedrag van het systeem als functie van onderkoeling en onge
lijkmatige warmtebelasting, volkomen correct voorspeld. Ook kwan

titatief weken de resultaten slechts weinig af van de experimente
le. Zo werden niet alleen de drempel-vermogens, waarbij instabili

teiten gaan optreden, maar ook faseverschillen en frequenties heel 
behoorlijk berekend. Het is verheugend dat een dergelijk simpel 

model zulke uitstekende resultaten produceert. Een nadeel van het 

model is de grootte van de benodigde rekentijd. Deze kan echter 

aanzienlijk worden teruggebracht door toepassing van een hybride

computer. 

In hoofdstuk 6 wordt de betekenis uiteengezet die de resultaten 

van het onderzoek en van de theoretische studie hebben voor het 

ontwerp van kernreactoren en conventionele stoominstallaties. In 177 
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de praktijk is een gelijkmatige warmtestroomdichtheid onbestaan
baar. Zowel in een reactorkern als in een vuurhaard bestaat een 
asymmetrisch profiel van de warmtebelasting. Het is daarom zeer 
twijfelachtig of resultaten van experimenten uitgevoerd met een 
gelijkmatige warmtebelasting vertaald kunnen worden naar condities 
zoals deze in de praktijk aanwezig zijn. Het is zelfs de vraag of 
onder praktische omstandigheden wel instabiliteiten kunnen optre
den. Dit houdt in dat het twee-fase onderzoek nog sterker dan tot 
nu ·toe geconcentreerd moet worden op het optreden van doorbranden 
van splijtstofstaven en stoompijpen tijdens stationaire toestanden. 



STELLINGEN 

1. Het vertalen van resultaten, verkregen uit experimenten met 
een twee-fase, twee-componenten systeem, naar toepassing in 
een twee-fase, een-component systeem is slechts in kwalitatie
ve zin mogelijk. 

2. Onderzoek naar instabiliteiten, optredend onder invloed van een 
uniforme warmtestroomdichtheid, moet, gezien de grote invloed 
van een niet-uniforme warmtestroomdichtheid, welke laatste in 
praktische installaties altijd aanwezig is, met grote reserve 
beschouwd worden. 

3. De hypothese, dat de oorzaak van instabiliteiten, van de soort 
als beschreven in deze studie, gezocht moet worden in een fase
verschil van 180° tussen inlaatsnelheid en dampvolume wordt 
noch door het experiment noch door de theorie bevestigd. 

4. Aangezien de organisatie van ziekenhuizen meer gericht is op 
behandeling van de ziekte dan van de zieke, zijn weerstanden 
tegen technisch-medische integratie op grond van humanitaire 
overwegingen van hypocriet karakter. 

5. Invoering van dienstplicht voor meisjes is geen adequaat mid
del voor het opheffen van het tekort aan verpleegsters, omdat 
het zal leiden tot een verdere dehumanisering van de verple
ging. 

6. Begeleiding van onderwijs - en onderzoekgroepen door sociologen 
zou de persoonlijke voldoening in en het rendement van het 
werk binnen deze groepen ten goede komen. 

7. Met het oog op een betere communicatie tussen beoefenaren van 
de medische en technische wetenschap is het gewenst dat bij het 
medische onderwijs een aantal exacte vakken wordt gedoceerd. 

8. Voor een optimaal bestuur is het gewenst dat gestreefd wordt 
naar een ontkoppeling van vakspecialistische deskundigheid en 
bestuurlijke functies. 



9. Voor een betere waardering van individuele medewerkers is het 
wenselijk dat het salarisbeleid aan de THE gedecentraliseerd 
wordt. 

10. Het stromingskarakter van het verkeer wordt bevestigd door 
de analogie tussen de instabiliteit van verkeersstromen en die. 
welke beschreven is in deze studie. 

11. Dampfractiemetingen van anderen zijn altijd onbetrouwbaar. 

Eindhoven, 30 december 1969 F. J. M. Dijkman 


