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ABSTRACT 

Experimental results of choked flow in steam*water mixtures at low 
pressures (1.5 to 2.0 bar) and at low qualities (less than 0.01) are 
presented. The loop and the different test sections are described. The 
procedures for the measurement of temperatures, flow rates, and pressures 
are given. Emphasis is put on the void fraction measurements by X-ray 
attenuation. With the glass test section, visualizations and measure' 
ment of radial void fraction profiles by X-ray attenuation have led to 
the determination of flow patterns. Axial void fraction and pressure 
profiles measured on the stainless steel test section are presented. 
Non-equilibrium temperatures have been measured and varied by putting 
grids into the flow. The importance of non-equilibrium effects like 
the delay on onset of vaporization, cavitation and the limitations of 
vaporization have been shown. 



NOMENCLATURE 

o Intensity of the X-ray beam before attenuation» 

Intensity of the X-ray beam after attenuation, with the 
test section empty and at ambient temperature (20°C). 

I p 2 0 Intensity "of the X-ray beam after attenuation, with the 
test section filled with water and at ambient temperature 
(20 C). 

I—, Intensity of the X-ray beam after attenuation, with the 
test section filled with water and at temperature T'. 

Ipp Intensity of the X-ray beam after attenuation during the 
tests with two-phase mixture. 

P Pressure. 
P . Pressure at the onset of vaporization. 
P g a t Saturation pressure. 
T Temperature during the tests. 
T' Temperature of water during X-ray calibration (close to T). 
T- Temperature at the inlet of the test section. 
2 f i t ) Axial position at the onset of vaporization. 
2 $ a t Axial position at which the pressure reaches the saturation 

pressure corresponding to the inlet temperature. 
a Dilatation factor of the wall. 
x __ Quality. 
x_. Thermodynamic quality. 
a Void fraction. 
Y Slip ratio. 

A* T - T a m b i e n t ^ambient " 2 0 ° C > 
A T ' T ' - v 
° 'ambient 
P.*. Liquid density at the ambient temperature (20°C). 
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P Liouid density at the temperature T. 

P , Liquid density at the temperature T'. LT 
p „ Steam density at the temperature T. GT 

I 



1. INTRODUCTION 

Choked gas flow is a quite well known phenomenon. Among the proper

ties of these flows, two can be retained for the investigation of two* 

phase flows: 

For given upstream fluid state, a decrease of the downstream pressure: 

a) keeps the flow rate unchanged. This flow rate is then the 

maximum. 

b) keeps all the flow parameters unchanged upstream of a fixed 

cross-section, called the critical section. 

Experiments show that two-phase flows exhibit these two properties. If ' 

two-phase flows have these properties, then they will be called choked or 

critical. 

In single-phase flow, another definition is often used (coinciding 

with above conditions): the flow is said to be choked when the velocity 

in the critical section is equal to the sound velocity. In two-phase 

flows, theoretical studies show that a relation between choked flow and 

sound velocity exists too. But, from an experimental point of view, it is 

difficult to verify this last property. The two properties a) and b) will 

then be considered as the basic and characteristic properties of two-phase 

critical flow. 

Ve can notice that property a) is subset of property b). Nevertheless, 

we distinguish two properties as property a) is an overall property which, 

in opposition of property b), involves only the boundary conditions of the 

flow and which is therefore very Important in a practical point of view. 

One important practical feature of two-phase critical flow Is that the 



phase ve loc i t i e s at c r i t i ca l flow can be very much lower than the c r i t i 

cal ve loc i t i e s of each phase considered separately. Thus, choked flow 

can occur in many two-phase systems under normal operating conditions as 

ve i l as under accidental conditions: for example, in droplet flow in i 

turbines or in the decompression of cryogenic f luids . In nuclear engin

eering, i t occurs in some boiling flows in fast reators. In water cooled 

reactors, i t governs the loss of coolant during a long period of the blow-

down process. Therefore, a knowledge of these c r i t i c a l flows i s of great 

importance. 

The experimental study which is presented here i s part of a theoretical ; 

and experimental study (Reocreux - 1974), the purpose of which was to ob- | 

tain fundamental understanding of these physical phenomena. I t was decid

ed to investigate one-component, low-pressure, low-quality, choked flow, 

since, in this range the up-to-date experimental data and theoretical pre-

— dictions show large discrepancies. As many measurements as possible were 

made even Chough the investigated range of c r i t i c a l flow parameters had 

to remain limited in this f i r s t attack of the problem. Particular atten

tion has been paid to the accuracy of these measurements. 

The experimental apparatus, including the loop and the te s t sect ions , 

wi l l be described f i r s t . The principal features of the measurement system 

and the measurement procedure wi l l be given next. Finally, examples of 

results obtained wi l l be discussed. i 

Much more detailed descriptions and discussions of a l l experimental 

data can be found in Reocreux, e t a l . (1972), (1973) and in Reocreux, 

(1974). 

' 1 



2. EXPERIMENTAL AFPARATUS 

2-1 LOOP 

A representation of the MOBY DICK Loop is given in Figure 1. Follow

ing the direction of the flow, the different components are: the nain 
3 3 

pump (2.3 MPa for 10m /h, 0.85 MPa for 20m /h)i a flow meter, two regula

ting valves VRl and VR2, two main electrical preheaters (350 kw), a small 

preheater fcr fine adjustments (lOkw), the test section, a separator-con

denser, and two heat exchangers which assure subcooling at the inlet of the 

main pump. The by-pass of the pump is adjusted by two regulating valves 

VR3 and VR4. A pressuriser vessel can be connected at the inlet of the pre

heaters downstream of the valves VRl and VR2. The fluid used is deionized 

and degassed water. 

In the test section, steam-water flow develops as the incoming subcooled 

.-water begins to flash. Kydraulically the loop can be used in two modes: 

1) the classical mode where the pressuriser vessel is not 

connected. The conditions imposed on the flow in the 

test section are: 

a. the flow rate (adjusted by the valves VRl to VR4) 

b. the inlet température (adjusted by the preheaters) 

c. the outlet pressure (adjusted by a regulating system 

controlling the secondary circuit of the condenser). 

2) In the second mode wheie the pressure vessel is connected, 

the conditions Imposed on the flow are the inlet pressure, 

the inlet temperature and the outlet pressure. Then, as 

one controls the pressure at two points of a loop, ê régula-
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ting system is needed. Here, in this system, the 

water level in the pressuriser vessel is used to 

adjust the valves VR1 and VR2 so that the flow rate 

given by the pump is equal to the flow rate in the 

test section. 

The advantages of the second mode are a better stability of the flow 

and an easier way to verify that the flow is critical (upstream and down

stream conditions are fixed independently). On the other hand, the clas

sical mode is less sophisticated to use. In this mode, the flow can be 

called critical if for the same flow rate, for the same inlet temperature 

and for two downstream pressures, the inlet pressures remain the same (no 

limitations of the flow rate can generally be observed in a loop). 

A closed loop has been chosen to avoid some inherent inconveniences of 

other configurations expecially those associated with blcwdown experiments 

-for which the limited duration of the tests restricts the allowable time 

for measurements and in which it is difficult to adjust some parameters 

(critical and outlet pressures). The method of obtaining two-phase flow by 

flashing has been chosen instead of, for example, mixing steam and warer, 

because of the confidence with which inlet conditions can be established, 

and because of the realistic representation of some depressurization effects 

2.2 Test Sections 

The test sections consist of two parts: 

1. a lower part which is a cylindrical stainless steel tube, 

about 2m long, with a 20mm inner diameter. 

2. an upper part where the critical phenomenon really takes 

place. The inner geometry of the upper part consists of 
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a cylindrical part of 20tm diameter, followed by a 327mm 

long, 7 degrees straight diffuser, ending in a 60asn con

stant diameter part. 

The reasons for the choice of this geometry are: 

1. In regard to the capabilities of the loop, the size of 

20mm diameter affords critical flow at low pressure and 

low qualities. 

2. between the inlet and outlet of the diffuser, the 

ratio of the cross section areas is 9; therefore, 

we can expect that the critical section may be lo

cated at the beginning of the diffuser and not at 

the outlet in the condenser. 

3. the diverging shape allows measurements upstream and 

downstream of the critical section and yields a bet' 

ter knowledge of the critical parameters than a sud* 

den expansion. 

Two types of upper test sections have been used: 

1. a glass test section with or without some pressure 

taps. 

2. a stainless steel test section (?igure 2). 

For the glass te^t section» particular attention has been paid to the 

inner geometry. The main difficulty is the connection of the glass part 

with the lower steel tube. Centering devices and adjustable pieces have 

improved the continuity of the Internal wall surface. However, we have 

not succeeded to avoid such discontinuities completely, due to dilatation 

during repeated thermal cycles. 



-6-

The stainless steel test section has been machined in one piece (Fig. 

2). This procedure of machining has been chosen to obtain at the same 

time thin walls for X-ray attenuation measurements and a very precise 

geometry, especially for the location of the beginning of the diffuser 

and for the location of the pressure taps. This precision is needed for 

an accurate knowledge of the flow through the critical section. 

The axial locations of the pressure taps are given in Figure 3. They 

have been drilled along a helix (Fig. 4). Their diameter is 0.4mm. This 

diameter has been found to represent the best compromise between the need 

for a small diameter tap in large pressure gradients and for the accuracy 

of the measuresent. To get sharp edges at the outlet of the taps inside 

the test section, pressure taps were machined as separate sleeves to be 

inserted into the test section. We have to emphasize the importance of 

the precision with which the pressure taps must be machined for high vel

ocity flows where the errors increase with the velocity squared. 

figures 2 and 4 are representations of the window through which X-ray 

attenuation measurements are made. The thickness of the remaining wall is 

0.5rsn in the lower part and 1.0mm in the upper part. In order to minimize 

the errors related to beam positioning, this thickness is axially as con

stant as possible. As this thickness varies transversely, the X-ray beam 

has to be positioned always in the center of the window. Two reference sur 

faces (Fig* 4) have been machined for the purpose of automatic centering. 

3. MEASUREMENTS 
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The measured temperatures are the temperature at the flowmeter, the 

temperature at the Inlet and the outlet of the test section, the tempera

tures inside the condenser and at the outlet of the condenser. These tem

peratures are measured* with chrome 1-alumel thermocouples. The flowrate is 

measured by a turbine flowmeter located upstream of the regulating valves 

VR1 and VR2. Corrections are made with the measured temperatures at that 

point. The numbers of the measured pressures are 8 for the glass test 

section and 40 for the stainless steel test section. In this latter case, 

each group of 20 pressure lines are connected t" a commutator which can 

connect in succession each line with a pressure transducer. The pressure 

transducers are "of the strain gauge type" and the measurement is relative 

to the atmospheric pressure which is measured with a FORTIN barometer. A 

U-tube manometer can be connected in parallel so that we can check the pres

sure transducers by static pressurisation of the loop (see Paragraph 3.3). 

To minimize errors, all the calibrations, except for the flowmeter, have 

been made in situ with the same apparatus used for the measurements. 

3.2 X-ray Attenuation Measurements 

3.2.1. Description of the Apparatus 

Tht 'apparatus includes an X-ray tungsten-anode tube. The thermal fo

cus is 1 x 10mm and the optical focus 1 x 1mm. Two collimators, one in 

front of the tube, the other in front of the scintillator-photomultiplier 

give a square beam of 1 x 1mm. This apparatus is fixed on a frame which 

can be moved in a vertical and horizontal direction. The vertical posi

tion can be fixed at intervals of one millimeter obtained by a photoelec

tric cell device. The precision of this positioning is + 60 ̂ m. The pre

cision rf horizontal position can be better than 10 urn. With the stainless 
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steel test section, the reproducibility of the automatic horizontal cen

tering is 30 cm. 

For the stainless' steel test section, the beam was always centered and 

vas moved to different' vertical positions. The measurements give, there

fore, axial profiles of average void fractions across the diameter. 

For the glass test section, the measurements have been made in differ

ent transverse positions at fixed vertical levels. The measurements give, 

therefore, transverse profiles» of average void fractions along chords. 

3.2.2. Measurement: of X-rav Intensity 

Some spectra obtained from the photomultiplier pulses are given in 

Figure 5. The pulses are selected in a window centered on the peak of the 

spectrum (Fig. 5) and then counted. Two counting systems are possible: 

the first called "pretime" consists of counting the pulses within a predeter

mined time period and the second called "precount" defines the time of meas

urement from a number of pulses counted on a reference line (count for a 

given energy). Although the second method permits correcting some drifts 

due to the X-ray production, we have used the first method which is easier 

to apply and which gives less statistical error because of the use of one 

measuring line only. Another reason is that long test runs have shown 

that with the precount method, long term drifts are sometimes encountered. 

These drifts are probably due to the fact that the emission changes are not 

completely identical in the measuring and reference line. However, drift 

corrections have to be made with the pretlme method. This has been achieved 

in a very satisfactory manner by performing attenuation measurements on stan" 

dard bodies and by normalizing the measurements on the basis of these stan

dard counts. We have, of course, to check that the measurements do not 
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exceed the length of time during which the emission can be considered as 
very constant (in our case more than thirty minutes). This method gave 
a very good reproducibility (no difference in nine months). 

3.2.3. Calculation of Void Fraction 
Three measurements are generally considered: two calibration measure

ments, L. (test section empty), I_ (test section full of water) and the 
measurement itself I__ (two-phase flow). Generally, two assumptions are 
made: 

1) the attenuation is computed as if the X-ray beam went 
through the two phases, one after the other (attenua
tion in series). 

2) the attenuation formula for monochromatic beams are 
still valid. 

With the observed flow patterns, r v3 first assumption can be considered 
ts valid as any other. The second assumption is justified by the absence 
of distortion of the spectrum in the considered window, for different con
ditions of attenuation (see Fig. 5). 

This leads to the well-known formula (Galaup, 1975) for the average void 

fraction" a: ** <VV 
a « 1 ( 1 ) 

Log c y y 
In fact, this formula does not take into account the variations of the 
water temperatures and the steam densities, of the wall densities and the 
wall thickness. If the calibrations are made at the ambient temperature of 
20 C and the measurement at the temperature T, the complete formula is: 
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LT 

a « 

P PL20 ** <VW + 2 a 4 T L ° 8 ( IV20 / Io ) 

\ T " PGT ( ( 5LT " PGT> ( 1 + **> ^ < W W 

Then we have to evaluate three additional factors: 

» 2aAT Log (Ty20/lo) 

P P 
KLT L20 

P, - P__ (P T f p - P„_) (1 + aAT) LT GT x LT GT v 

To compute the first two factors, the temperature T is needed. In the 

case of the stainless steel test section, a sufficiently good evaluation has 

been made at each location by using the saturation temperature corresponding 

to the measured pressure. With the glass test section, as no pressure meas

urements were made at the same time, an average value has been used. For the 

glass test section, the third factor has been neglected because of the low 

value of the glass dilatation factor a and because of the weakness of the 

glass X-ray attenuation. Thus, for the glass test section, the formula 

(2) has been written: - ,_ ,_ » 
8 DP V20 

a a 1 - 1.054 

Log (Ip 2 0
/ Iv20 ) 

We can note here that the reduction to 1 of the second factor would in

troduce a systematic relative error of 57,. 

For the stainless steel test section however, the third factor cannot 

be neglected. As I cannot be measured directly, it is difficult to obtain 

a good accuracy for I Q. Therefore, we have made an additional calibration 

with the test section full of hoe watir at a temperature T* close to the 

usual temperatures T. If Ip_, is the new calibration value, a is given by: 
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p p 
LT L20 

x A 

P LT " PGT ( P L I " PGT> » + a i I ) 

with: 

* 8 ^DP^PT^ " 2 a ( T ' * T ) L ° 8 ( I V 2 0 / I o ) + < P L r ' / P t 2 0 ) ( 1 + a A T * ) * * ( IP20/ IV2C/ 

Log ( I P 2 0 / I V 2 0 ) 

We recognize the sane f i r s t two factors. The third factor 2a AT Log ( L ^ / I ) 

has been replaced by 2a (T* - T) Log (1^ Q/l ) . As T' i s c lose to T, the 

error in the evaluation of I has a negl ig ible e f fect on a . A fourth factor 
o 

(p L T,/p L 2 0) (1 + a£T') has appeared but ic can easily be evaluated in the 

same way as the first two factors. 

3.2.A. Selection of Radiation - Positioning Problems 

The wavelength of the X-ray radiation can be varied by the supply volt

age to the tube. This wavelength has to be a compromise between the con

trast and the statistical error. For the glass test section, the salected 

voltage was 35kV with an Intensity of 20mA. For the stainless steel test 

section, it was increased to AOkV with the same Intensity. This increase 

In voltage will attenuate the effects of the wall thickness variations on 

the positioning errors. Due to this increase, saturation of the photomultl-

plier can occur and the definition of three zones on the test section Is 

required where different attenuating sheets of metal are to be put into the 

beam path. This procedure affords a maximum count number without satura

tion of the photomultiplier and, therefore, a minimuj statistical error 

(counts of 17000 c/s can be reached in some points). 
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To be valid, the values of 1^, I p 2 Q , 1^,, I D p which are used in the 

calculation of G have to be taken at the same material point of the test 

section. The horizontal and vertical positioning devices give fixed and 

very reproductive positior.<î. We have to determine first what the corres

ponding positions of the beam are on the test section. We have then to 

take into account the variations of the position of the test section 

caused mainly by dilatation effects: change in position of the axis and 

increase of length. This can be achieved by measuring the position of the 

frame for particular positions of the beam on the test section (positions 

at extinction are generally very reliable). For the increase of length, 

ve have to take into account that a step of 1 mm at ambient temperature 

has become 1 + a£T at the temperature T. Wè have then to make correc

tions on the position of the beam which has been determined by the pre

ceding measurements so that we obtain the position the beam would have 

at the ambient temperature. A corrected position then corresponds to 

each X-ray measurement (calibration or test), and the value of Iy, Ip2o» 

I „. which are used in the calculation of a can be taken at the same ma-DP 
terial point by simple interpolations. 

We have to emphasize the importance that the positioning problem m&y 

have. This is rarely mentioned as a possible source of error, and it 

seems that it often can explain some dispersions of the results. In Fig

ure 6, an example is given for a positioning error of about 0.5mm in the 

position of the beam during the tests. 

3.2.5. Calibrations 

Particular attention has been paid to the calibration measurements, a» 

there are no time limitations in taking this data, while during actual 
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tests, Che loop scability imposes Cime limita and as the overall accuracy 

depends strongly on careful calibrations. At each point, ten measurements 

of 10 seconds have been made. For Che average value, this procedure is 

equivalenC Co a measurement of 100 seconds buC it enables us to obtain the 

check of Che ten measurements by calculating Che lease square deviation. 

the ten measurements for different locations are grouped. Before and 

after each group, ten measurements are made on the standard body to nor

malize the other measurements and to check Che stability of the X-ray emis

sion. The calibration measurements have been made for the glass test sec

tion on thirteen levels (total number of measurements: 6000) and for each 

millimeter of Che lower 320 millimeters cf Che window in Che stainless steel 

test section (11000 measurements). An example of the calibration results 

in Chis latter case is given in Figure 7. We can note the influence of Che 

correccions made on Che beam posicions by comparing the curves obtained at 

20°C and at T' « 115°C 

3.3 Measurement Procedures 

We will describe here the procedure used wiCh Che stainless steel test 

section which is Che most complete one. For Che glass test section, fewer 

measurements have been made in a similar manner. 

Due to the great number of measurements, an automatic device has been 

developed. This device ensured also the monitoring of some apparatus 

(pressure commutations, displacement of Che X-ray beam). 

The basic measurement sequence Includes two times: a settling Cime 

and a measurement cime. The settling time is adjusted for each type of 

measure so that, at its end, the electrical signal is established. This 

tine is a function of Che following factors: 
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1. commutation time of the relays, 

2. response time of the electronic apparatus, 

3. commutation time from one pressure line to the other, 

4. time for the establishment of the pressure in the trans

ducer volume, 

5. time for the automatic positioning of the X-ray beam. 

These factors have led to settling times of 2 seconds for temperatures 

and flow rate measurement, of 4 seconds for pressure measurements and of 

3 seconds to 9 seconds for X-ray measurements. 

During the measurement time, the analog electric signals are converted 

to digital signals and integrated. The measurement time then has to be 

adjusted so that: 

1. it allows sufficient counting to yield a sufficient 

accuracy, 

2. it gives a representative averaging, taking into 

account the fluctuations of the signal. 

ïhe first consideration has led to measurement times of 5 seconds for 

flow rate and temperature measurements. Taking into account the second 

consideration, this time has been increased to 8 seconds for the pressure 

measurement.?. For X-ray measurements, the statistical error measurements 

ha/e led to a time of 10 seconds. 

We have to note that these settling and measurement times have to 

give an overall time compatible with the stability of the flow regime and 

the reproductibility of the flow parameters which can be obtained with the 

loop. In our case, the loop allows for an overall measurement time of 20 

minutes which can be divided in two periods of 10 minutes (drift and repro-
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. o 

ductibility of the inlet temperature, for example, better than 0.1 C 

during these periods). 

The first period covers the measurements of the temperatures, the 

flow rate, a standard voltage, a zero voltage and the 40 pressures. The 

second period covers the X-rays measurements. 

As one of the objectives of the tests was to measure non-equi!ibrium 

and then to compare the saturation temperatures and the actual tempera

tures, special attention has been paid to obtain a good accuracy of the 

absolute values of pressures. It has appeared that one problem was the 

long term drift of the zeros of the transducers. To get a good evaluation 

of these zeros and to take into account eventual drifts, the following 

procedures are used: 

1. Each week, we measure, at the same time, with the pressure 

transducers and a U-tube manometer connected in parallel, 

different static pressures produced with air pressurization 

of the loop. It gives values of the zeros and a check of 

the calibration curve of the pressure transducers. This 

check is completed by the measurement of the well known 

pressure profile in liquid flow. 

2. Each day, the preceding static measurement is repeated 

for the pressure given by the vapor volume In the con

denser. The zeros can then be checked at another time. 

3. For the pressure measurements, two pressure lines are con

nected in parallel to each commutator. The pressure In 

the first line is measured by the first and the second 

transducer, respectively, at the beginning and at the 
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end of the whole pressure measurements. Then, it gives an 
evaluation of the stability of the flow parameters. The F 

pressure in the second line is measured successively by 
the two transducers. As these successive measurements are 
carried out in a short time, the pressure is practically 
constant and the zeros of the transducers can, therefore, 
be checked at each test. 

This procedure gives an overall accuracy which can be evaluated by the 
agreement between the measured temperatures in the condenser and at the 
outlet of the test section with the saturation temperature corresponding to 
the pressure measured in the condenser. The range of most of the deviations ? 

o ' 
is 0.1 C. 

All the raw data is recorded on tape and evaluated by computer progrems 
which directly give the tables and curves presented in Reocreux, et al. 
(1973) and Reocreux, (1974). 

4, RESULTS 

4.1 . Glass Test Section Results 
4.1.1 Visualization 
Visualization was performed by a usual camera and a high speed movie 

camera allowing shutter times of 1.5 |is. Regarding the flow patterns, 
three zones can be distinguished; 

1. The first zone extends from the beginning of the test sec
tion up to 1 to 10cm upstream of the throat (the beginning 
of the diffuser), depending on the flow rate. In this zone, 
single phase flow has been observed with a newly assembled 
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test section. In this particular test, the first bubbles 

appeared by cavitation at the pressure taps. Generally, 

this "single phase flow" zone vas hidden by cavitation 

caused by the discontinuities of the wall at the junction 

of the glass test section and the lower stainless steel 

tube. 

2. The second zone extends to the throat and slightly down

stream. In this zone, bubble flow was observed. 

3. In the third zone, which includes the diffuser, differ

ent flow patterns have been observed: 

a) a uniform flow pattern which is difficult 

to detail. 

b) a flow pattern with a jet in the center of 

the diffuser. This jet ended at an abrupt . 

front, with a transition to a flow with 

large bubbles. 

4.1.2. Axial Pressure Profiles 

As there were only few pressure taps and as it is very difficult to 

obtain good pressure taps in glass, the axial pressure profiles measured 

with this test section can be considered only as qualitative results. 

We must point out that the results could be reproduced only on the 

same day and not on two different days. At the moment of the tests, two 

explanations were advauced: 

1. changes in the rate of the dissolved air; 

2. changes in the cavitation conditions due to the 

different dilatation displacements of the parts 

joining glass and steel. 



18-

Later tests and the measurement of the dissolved air have shown that the 

second explanation is most probable. 

A. 1.3. Transverge Void Fraction Profiles 

Transverse profiles of average void fraction along chords have been 

measured at different levels. In Figures 8 and 9, some of these profiles 

are shown, in Figure 8 with a uniform flow pattern and in Figure 9 with a 

jet flow pattern. 

In the lower levels (level 1 ... 5 . . . ) , the vapor is always located 

near the wall (cavitation at the wall). In the upper levels (level 10 ... 

13), the profiles are flat in the case of the uniform flow pattern (Fig. 8), 

and present peaks near the wall in the case of the jet flow pattern. This 

means that the observed jet consists mainly of liquid. An explanation of 

this result may be found in the different behavior, during the pressure 

drop, of the. large sized bubbles near the walls which are due to cavitation, 

and of the small bubbles growing from nucleation centers in the bulk of the 

liquid. 

4«2 Stainless Steel Test Section Results 

A.2.1. Classification of the Tests 

Two series of tests have been performed: 

1) In the first series, the pressure at the throat 

has been adjusted to the three values: 1.5, 

1.75 and 2.0 bar. For each value of the pres

sure, the tests have been made at four flow 

r»tes: 4,000, 6,500, 8,500 ancï 10,000 kg /(m 2.s). 

2) In the second series, the same values of pressure 

and flow rate have been investigated but a grid 

has been put into the flow 285mm upstream of the 



throat. A fine mesh and a coarse mesh grid 

have been used. The grids were used in order 

to vary the thermal non-equilibrium by induc

ing cavitation. 

4.2.2. Axial Profiles of Pressure and Void Fraction 

An example of axial pressure profiles along the whole test section 

Is given in Figure 10. Other examples of axial pressure profiles up

stream and downstream of the throat are given in a larger size in Fig

ures 11 to 13. The axial profiles of the average void fraction along 

diameters are also given. The tests of each figure have been made with 

the same inlet conditions (temperature and pressure of the single phase 

water) and with different outlet pressures. For these conditions, the 

flow rate does not vary, which means, by definition, that the flow is 

critical. The analysis of these axial profiles leads to the following 

remarks : 

1) As it ecuId be expected for a flow which is critical, 

the pressure and void fraction profiles are identical 

upstream of the throat regardless of the outlet pres

sure. 

2) These profiles remain identical in the diffuser along 

a certain length which increases as the corresponding 

exit pressure decreases. This is in direct correspon-

ence with critical single phase flow. 

3) But unlike single phase flow, the deviation between 

pressure profiles at different exit pressures, occurs 

without discontinuities of the flow parameters but only 

with "discontinuities" of their axial gradients. 
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4) Ve can notice that In the critical section ; 

(throat), the gradients are not Infinite. ; 
. • i 

5) If we anal/ze the pressure profiles In the i 
i Hrffuser, It appears that In the acceleration 
I 

pressure drop, the contribution of the void j 
f 

fraction variation is predominant over the 

compressibility term. It seems that unlike ! 

critical single phase flow where the critl-
i 

cality is an effect of the compressibility, j 
i the vaporization is the governing phenomenon j 

in the range of low pressures and of low | 
( 

qualities. The delays of the vapor genera- [ 

tion process can possibly explain the absence 

of discontinuities at the deviation between pres

sure profiles (contrary to the shocks in single 

phase flow which are connected to compressi

bility effects). 

4,2,3, Non-equilibrium at the Appearance of the Vapor Phase fTests i 
\ * 

- without Grid) 

. In the tests made without grid, the location of the appearance of the 

vapor can be determined by the point where the pressure line deviates from 

the single phase line (straight line) or by the point of appearance of 

void fraction determined from the X-ray measurements. Except for very low 

void fraction at the throat (i.e. for high flow rates), these two determina

tions of the appearance of the vapor phase are in very good agreement. In 

the corresponding cross section (abscissa Z . In Figures 10 and 11), the 
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pressure P . is lower than the local saturation pressure P (?„)• The 
CD Sab J& 

superheat of the liquid can be evaluated from the above data and varies 

here from 2 C to 3^C. The distance Z . - 2 ^ (ste Figure 10) enables the 
eo bat 

calculation of the vaporization delay time wtich varies in the pressure 

tests from 0.1 second to 0.2 second. A detailed analysis of these results 

leads to the following remarks: 

1. We can note first that we have no cavitation at the junction 

of the stainless steel test section and the lower tube. This 

junction is located at the level of the pressure tap E (see 

Figures 10 and 11) and has been the subject of great attention 

regarding the continuity of the wall (less than 1/100mm). 

2. As the flow rate increases, the superheat at the beginning of 

vaporization decreases; the location Z . moves upstream as it 

has been seen in visualization tests; due to the decrease of 
Z . - Z _ and to the increase of the velocity, the delay time eo sat 
decreases. 

3. This dynamic effect on the onset of vaporization may be caused 

by a different behaviour of nuclei which are subjected to a 

faster pressure drop in a shorter tiue as the flow rate in

creases. It nay be caused also by some cavitation in the 

pressure taps which increases as the flow rate Increases. This 

reason can explain the differences, at high flow rate, between 

the determination of the beginning of the vaporization by the 

pressure lines or by the void fraction profiles. Indeed, the 

X-ray measurements, which are made along a diameter, cannot 

reveal the vapor created at the wall on the pressure taps, if 

any. 
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4. We have to emphasize that these results correspond to particular 

experimental conditions: the water Is cleaned and degassed (in

fluence on the number of nuclei) and thé pipe Is smooth (no cavi

tation except perhaps on some pressure taps and at high flow rate 

only). 

A. 2.4. Effects of the Grids on Non-equilibrium 

The grids have been put into the flow.to modify the non-equilibrium by 

inducing cavitation. The analysis of the void fraction profiles measured 

between the grid and the throat gives the following trends-

1. As it can be seen in Figures 11, 12 and 13, the slope of these 

profiles, at a given flow rate, decreases as one passes from no 

grid to the coarse mesh grid and to the fine mesh grid. This 

means, as it can be expected, that for this progression the 

cavitation increases and induces a decrease of the superheat of 

the liquid. 

2. The same phenomenon is observed when, with a given grid, the 

void fraction profiles at increasing flow rates are compared. 

3. In some tests, at the highest flow rate, a decrease of the void 

fraction has been measured. This means that the cavitation is 

so important that the liquid is subcooled and that we have recon

densation. 

4.2.5. Evolution of the Thermal Non-equilibrium of the Liquid Phase 

Assuming a slip ratio and a vapor temperature, one can compute the liquid 

température from the measured void and pressure profiles. The vapor tempera

ture has bee.i assumed to be equal to the saturation temperature. Due to the 

low values of the quality and of the specific heat of the vapor, deviations 

from this saturation temperature do not affect the results significantly. 
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Hovever, if the assumed slip is increased, the calculated temperatures of 

the liquid decrease. In some cases, deviations of 1 C can be observed 

when the slip ratio varies from 1 to 3. Nevertheless other experiments 

(Klingebiel, 1964) have shown that the slip ratio is more probably close 

to 1. In Figure 14, some profiles are given of the saturation temperature 

T and of the liquid temperature T T compared to the inlet temperature TL. sat A. £ 
These profiles are plotted for a slip ratio of 1, between the onset of vap

orization and the throat for the non grid tests (left column), between the 

point 1 (the farther upstream point of the pressure profiles in Figures 12 

and 13) and the throat for the grid tests (right column). Opposite to each 

other, results with or without grids are given for comparable flow rates. 

In the tests made without a grid, the superheat of the liquid increases 

from the onset of vaporization to the throat where liquid superheat of 4 C 

to 5 C can be reached. When the flow rate increases, the variation of the 

liquid temperature becomes smaller anc reaches only a few tenths of degrees 

C at the highest flow rates. As was expected, the liquid superheats are 

smaller in the tests made with a grid than without a grid, but the evolution 

of thi liquid temperature is comparable for equivalent flow rates. 

As part of analyzing some experimental results of Henry (1968), we have 

made the same calculations for the tests made by Henry with his test sec

tion R7. A comparison with our results made with a grid is given in Fig

ure 15. We can notice the great differences between Henry's results and 

our results in the relative position of the temperature profiles, especially 

In the existence of significant voids as the local saturation temperature is 

higher than the inlet temperature. This effect, which seems to Increase with 

the flow rate, has received some explanation in Reocreux (1974). The most 
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important fact Is that at comparable flow rates, the evolutions of the 

liquid temperature are similar in the two series of tests leading to an 

increase of the superheat. These evolutions, with small decreases of 

the liquid temperature and, consequently, increases of the superheat, in* 

dicate that the vaporization is not sufficient so that the liquid tempera

ture follows the decrease of the saturation temperature caused by the pres

sure drop. This phenomenon seems to be independent of the initial level of 

non-equilibrium but depends strongly on the flow rate and then on the resi

dence time of the fluid particles. Therefore, it is the speed of the vapor

ization process itself which appears to be limited. 

4.2.6. Limitations of the Acceleration Pressure Droo 

When the single phase straight pressure line is extended to the two-. 

phase zone for the no-grid tests, an Increase of the pressure drop can be 

displayed (Figure 16). If it is assumed that the fractions of the pressure 

drop due to gravity and due to the friction remain globally the same as in 

the single phase zone, the increase of the pressure drop represents mainly 

the acceleration term. If the void fraction is not too high, the above assump

tion can be considered as verified with quite good agreement (see Costa (1966). 

In Figure 16, examples are given of the graphical evaluations of the integrated 

acceleration pressure drop from the onset of vaporization to the throat, for 

different flow rates and for the same pressure in the critical section. It 

appears (Figure 16) that these evaluated acceleration pressure drops between 

the onset of vaporization and the critical section are, for a given critical 

pressure, independent of the flow rate (4,000 to 10,000 kg / (m .s)). They 

increase when the critical pressure is increased. The analysis of the pres

sure profiles has shown that, for our tests, the contribution of the void vari

ation is predominant in the acceleration pressure drop. The acceleration près-
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sure.drop and the vaporization process are then connected very closely,, 

the first being a consequence of the second and the second being driven by 

the first (increase of non-equilibrium). The limitation of the acceleration 

pressure drop for a given critical pressure seems to show a limitation in 

the vaporization process. This has to be related to the limitation in the 

evolution of the liquid temperature between the onset of vaporization and 

the critical section. 

In order to compute the acceleration pressure drop, based on measured 

axial void fraction profiles, further assumption regarding the flow model 

must be made. If one assumes a homogeneous model or a slip model, the cal

culated acceleration pressure drops do not agree with the experimental re

sults. The introduction of non-equilibrium has no effect. Therefore, this 

means that the measured void fraction which is an average along a diameter 

is not representative of the average void fraction in the cross section 

used in the calculation. Bi-dimensional effects bave to be introduced. 

Therefore, we have adjusted some radial profiles of void fraction and of 

velocity (mcdei of Bankoff, 1960) so that we obtain the measured accelera

tion pressure drop. These adjustments lead to sharp radial void fraction 

profiles and flat velocity profiles. As expected, the average slip ratio 

still remains close to 1. The calculated average void fractions in a cross 

section are * >wer than the measured void fractions. This implies that actu

al variation of the liquid temperature may be even less than shown. Although 

the considered phenomena took place in a vertical, cons tant-diameter pipe, 

It appears that bi-dimensional effects due to non homogeneous vaporization 

can be very Important. This has also been seen in the visualization tests. 
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4.2.7. Representations of the Critical Flow Rate 

Theoretical studies of the critical flow conditions (Reocreux, 1974) 

have shown that there is a relation between the flow rate and the criti

cal parameters of the flow. The critical flow rate is very often repre

sented versus the state of the fluid in the critical section. In usual 

representations, only two state parameters of the fluid are used. These 

two parameters are generally the pressure and either the void fraction or 

the quality. As the real quality is generally not known, the equilibrium 

quality is used instead. Using these two representations, the results of 

the tests, with or without a grid and (for comparisons) some results of 

Henry (1968) are plotted in Figures 17 and 18. The trends which can be 

pointed out from these curves are very much as expected, including the 

variation of the critical flow rate at given pressures, at given void 

fractions or at given equilibrium qualities. However, the same flow rate 

at a given critical pressure can be reached for very different critical 

void fractions or critical equilibrium qualities depending on whether the 

tests are made with or without a grid. As it can be expected, the tests 

show that the two parameters, pressure and void fraction or pressure and 

equilibrium quality, are not sufficient. The thermal non-equilibrium of 

the phases has to be taken into account. 

As we have seen, the evolutions of the liquid temperature seem to be 

independent of the non-equilibrium level. Then, the non-equilibrium in 

the critical section depends mainly on the way the vaporization is initi

ated. We have shown that the sources of vaporization can be very differ' 

ent (air content in the water, impurities, cavitation on the wall discon

tinuities, on bodies etc. . . . ) . So, the sources can vary strongly from 

one experiment to another and this can explain the scatter observed in 
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the published experimental data. 

It has to be noted that the respective positions of the no grid and 

the with grid curves are inverted in Figures 17 and 18. For the same 

critical pressure and the same flow rate, the tests with grid show higher 

void fraction and so higher real quality (as expected with the cavitation 

effect) but lower equilibrium quality. This corroborates the artificial 

meaning of the equilibrium quality which shows here inverted variations, 

compared to the real quality. These variations are due to the lower in

let temperature in the tests with a grid. It seems that, as some vapor 

is generated by cavitation on the grid, the vapor generated by flashing 

due to the inlet temperature has to be less so that critical flow at a 

given critical pressure is reached. Thus, at the same critical pressure 

the inlet temperature with grid has to be lower thau without grid. 

5. CONCLUSIONS 

The loop and the test sections used in this experimental study have 

been described. The particular procedures used for X-ray measurements and 

pressure measurements have been given. The X-ray drift corrections, the 

dilatation effects on the X-ray attenuation, the positioning problems of the 

X-ray beam, the pressure transducers checking have been the most important 

problems which had to be solved. 

The discussion of the results has pointed out the importance of the 

vaporization process. The analysis of the pressure profiles shows that, 

at low pressure and at low quality, the term due to void fraction variation 

in the acceleration pressure drop is preponderant over the compressibility 

term, contrarily Co what happens in critical single phase flow. This fact 
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can be the explanation of the absence of discontinuities of the flow para

meters at the deviation between the pressure profiles in the diffuser. Non-

equilibrium from 2 C to 3 C has been evaluated at the onset of vaporization. 

Non-equilibrium has been varied by changing the conditions of the onset of 

vaporization by inducing cavitation with grids put into the flow. The 

same critical flow rate at the same critical pressure has been obtained for 

different inlet temperatures, different critical void fractions, different 

critical equilibrium qualities. However, the calculation of the variation 

of the temperature of the liquid from the measured void fraction profiles 

gives analogous trends for the same flow rate, in the tests made with grid 

or without grid and even in some tests of Henry (1968). 

These variations appear to be less than the drop of the local satura

tion temperature, decreasing strongly at high flow rates, ultimately being 

of the order of a few tenths of 1 C. In the no grid tests, the non-equilib

rium in the critical section amounted to 4 C to 5 C. From these variations, 

it appears that the speed of the vaporization is limited. This limitation 

does not depend on the level of the non-equilibrium and seems to be a char

acteristic phenomenon. This limitation seems to have a relation with the 

acceleration pressure drop limitation which has been observed in the no 

grid tests between the onset of vaporization and the critical section (the 

acceleration pressure drop being mainly due to the void fraction variation). 

This similarity of the variation of the temperature of the liquid, and the 

strong effect of non-equilibrium on the critical flow parameters, emphasize 

the importance of the onset of vaporization. The tests have shown that all 

such sources as dissolved air, Impurities of the water, small discontinui

ties on the wall surface or bodies in flow will affect the results and can 

explain the scatter of the experimental data in the literature. 



-29-

The above experimental evidence demonstrates the capital importance of 

the mass, momentum, and energy transfer between the phases in critical two-

phase flows. The sensitivity to these transfers has been checked in some 

calculations, using this experimental data, by the codes CLYSTERS (Sureau, et 

al., 1976) and TRAC (Lathrop, 1975). This is also in agreement with the lat

est theoretical studies of Fritte, (1974), Reocreux, (1974), Boure, et al., 

(1975). The transfer laws are strongly involved in the description of the 

evolution of the flow to the critical section as it can be seen, for exam

ple, from the influence of the critical conditions on the onset of vaporiza

tion. The importance of the description of this evolution shows that, prob

ably, no general relation can be developed between stagnation conditions 

and critical flow parameters. The transfer laws also have to be involved in 

the conditions which have to be satisfied for the flow to be choked. This 

appears in the limitation of the speed of vaporization and this is related 

to the theoretical result of existence of uerivative terms in the expressions 

of the transfer terms. 
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