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ABSTRACT 

To improve two-phase flow modeling by taking into account thermal 
and mechanical non-equilibrium a joint effort on analytical experiment and 
physical modeling has been undertaken. A model describing thermal non-
equilibrium effects is first presented. A correlation of mass transfer 
has been developed using steam water critical flow tests. This model has 
been used to predict in a satisfactory manner blowdown tests. It has been 
incorporated in CLYSTERE system code. To take into account mechanical non-
equilibrium, a six equations model is written. To get information on the 
momentum transfers special nitrogen-water tests have been undertaken. 
The first results of these studies are presented. 
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HCMENCIATTOE 

à. Cross-section area 
jp Contour 
• Projection on s axis of the gravity acceleration 
h Specific enthalpy 
I Global aoaentua transfer (see paragraph 2.2) 
J Heat flux density 
n Unit vector on Qz 
n Unit vector perpendicular to the interface 
n. Unit vector perpendicular to the interface 
p Pressure 
Q Global energy transfer (see paragraph 2.2) 
t Time 
V Velocity 
v Projection on Oi of velocity 
x Quality 
s Abscissa 
OL Voluaetric fraction of phase k 
r Mass transfer tern (see paragraph 2.2) 
0 Relaxation tine 
• Contour heat transfer tern 
X Characteristic direction 
p Density 
Z Surface 
T Friction pressure drop 
T Deviatoric stress tensor 



Subscripts 

C Related to contour 

I Related to the interface 

k Related to phase k 

£ Related to the liquid phase 

• Related to the mixture 

sat On the saturation line 

v Related to the vapor 



o. raraonociit» 
Numerous studies have been undertaken in many laboratories to 

get a better description of what really could happen during a Loss of 
Coolant Accident. Codes of the first generation (RELAP ...) give a quite 
good prediction and can be used in any case in a conservative fora. 
However in order to obtain an evaluation of the safety margins, advanced 
codes are being developed. The objective of these codes is to get the 
•oat realistic description. In these tentatives soae encouraging results 
have been obtained but many problems are not yet completely solved as 
for example the downcomtr and pump modeling, the reflood prediction, 
stratification in case of ssnll break, steam water mixing prediction. 

In all these problems a common point is the two-phase flow 
modeling with the necessity of taking into account thermal and mechani
cal non-equilibrium. To improve this modeling, a joint effort on analy
tical experiment and on physical modeling has been undertaken. The phy
sical models are developed from the analysis of the experimental results 
and in a reverse approach, experiments are performed to obtain answers 
to questions raised by the physical aodeling. 

In the first purt,resulcs on thermal non-equilibrium modeling 
are presented. These results have led to the CLYSTERE code. As this ther
mal non-equilibrium modeling is not sufficient and as mechanical non-
equilibrium has to be taken into account, a model have been written and 
special modeling experiments have been undertaken. The first results of 
these studies are presented in the second part of this paper. 

1. THERMAL SON-EQUILIBRIUM 

1.1 Steam-water flows ; MOBY DICK experiment 

The experimental results which have been used first for the 
thermal non-equilibrium analysis are the first series of critical flow 
tests in steam-water mixtures performed on the MOBY DICK loop. As these 
tests have been already extensively described /~R£0CREUX, 1974 7, 
/"GUIZOUARN, PEIET and al, 1975_7, £~R£0CREUX,"l976_7 only the"main 
results will be recalled here. 

The test section is positionned vertically and consists of a 
lower part of constant 20 mm or 14 mm inner diameter, about 2.3 m long 
followed by a 327 ma long, 7 degrees straight d'ffuser ending in a cons
tant diameter part. The inlet flow is subcooled and steam-water flow 
develops in the test section by flashing. The investigated range of para
meters is 1.5 to 7.0 bars for the pressure at the throat, qualities less 
than 0.01 and flowrates from 4000 kg/m2.s to 15000 kg/m2.s. 

Examples of results are given in Figure 1 where axial pressure 
profiles along the whole test section are given and in Figure 2 where 
axial pressure profiles and void fractior profiles upstreaa and downstream 
of the throat are given in a larger size. 



In these tests the location of the onset of vaporisation 
(abscissa Z C D in Figures I and 2) can be determined by the pressure line 
and the void fraction profile. At this point the liquid appears to be 
superheated and the superheat can be evaluated from the difference between 
the pressure P eb and the local saturation pressure P. a t (Tjr) (Fig. 1,2). 
In the conditions of our tests the superheat varie* iron 2 to 3*C. The 
distance Z C 0 - Z s a C (Fig. 1) enables the calculation of the vaporization 
delay tine which varies here fron 0.1 to 0.2 second. 

Assuming a slip ratio and a vapor temperature, the liquid 
temperature can be calculated from the measured void and pressure profiles. 
In Figure 3 some profiles are given of the saturation temperature Ts*t *od 
of the liquid temperature TL compared to the inlet temperature Tg. One can 
see in the left column of Figure 3 that the superheat of the liquid 
increases from the onset of vaporization to the throat where liquid super
heat of 4*C to S*C can be reached. When the flow rate increases the varia
tion of the liquid temperature becomes smaller and reaches only a few 
tenths of degrees C at the highest flow rate. 

On the right column are given the results of tests performed 
with a grid placed upstream of the throat. A similar behaviour can be 
observed with lower non-equilibrium level due to the cavitation in the 
grid. 

The results presented in Figure 3 are computed with the vapor 
at saturation temperature. Deviations from saturation do not affect the 
results significantly. The slip ratio is taken equal to 1. Higher slip 
ratios give lower liquid temperatures. At low flow rates deviations of 1*C 
can be observed for a slip ratio of 3. At high flow rates the deviations 
of the liquid temperature due to slip variations do not affect significantly 
the large increase of the non-equilibrium. 

Among all the conclusions which can be drawn from these tests, 
it appears that thermal non-equilibrium is here one of the most important 
phenomena. Ve have here experimental information on how a two phase mix
ture which is initially superheated or not (tests without or with a grid) 
behaves when it is submitted to a steep variation of pressure. The way 
the thermal non-equilibrium increases and then reduces gives experimental 
information on the dynamics of vaporization and it is this information 
which is used in our attempt of thermal non-equilibrium modeling. 

1.2 Modeling 

As in the considered phenomena ihe mechanical non-equilibrium 
seems not to be the main effect, the slip ratio is in a first approach 
assumed equal to 1. The analysis of the results shows that the thermodyna
mic state of the fluid at a given point depends on the past behaviour of 
the fluid along the flow and not only on the local fluid parameters. The 
thermal non-equilibrium has then to be the solution of some differential 
equation describing the flow behaviour (instead of being given by a corre
lation) . 

v 4 
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The set of equations is derived from the conservation laws. 
It consists (see Table 1) of the mass, momentum and energy balance for 
the mixture and of the vapor mass balance. These four equations are 
included in the code SERINGUE /~BAUER, HOUDAYER, SUREAU, 1976_7. 

To solve this set of equations we need an expression for the 
mass transfer T. Assuming a friction law at the wall, values of the 
mass transfer can be deduced from the measured pressure lines in the 
MOBY DICK experiments. These values can be determined with a good appro
ximation because the acceleration pressure drops are preponderant and 
therefore the obtained values are not very sensitive to the friction 
laws. 

We have then at each point and in all the tests (without and 
with a grid) the values of the mass transfer T. The combination of the 
mixture mass balance and of the vapor mass balance can be written : 

Dt o 

Using the concept of first order relaxation processes, T is written in 
the following form : 

r x* - x ÏL T -
where x is the equilibrium quality and 0 a relaxation time. 

From the calculated values of T a correlation of 9 has been 
developed. The obtained expression is : 

ft. 660 . 1.5 ,,. 
6 pô.5i4 a 0.954 T3S \ — <'> 

r v m v m 

Comparisons of expérimentai and correlated values are given in Figure 4. 

1.3 Results 
1.3.1 Recalculation of MOBY DICK tests 

The expression (I) of T has been used in the code SERINGUE to 
recalculate the MOBY DICK tests. The correlation (1) is completed for 
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very low void fractions by the correlation : 

X 

which is used to describe the germination process» 

Results are given in Figure 5. The agreement between the cal
culated and the measured pressure lines is good especially upstream 
of the throat. . 

For given inlet conditions (pressure and temperature) the 
calculated flov rates are maximum. However the sound velocity of the 
model is not reached ac the throat. The calculated flov rates are given 
in table 2. Discrepancies with experimental values >f 10Z to 20Z can 
be observed. 

Although the T law is adjusted on the experiment itself, these 
relatively good recalculations show that no deviation due to eventual 
accumulated errors is obtained. 

1.3.2 Prediction of CANON tests 

CANON tests have been predicted by the code SERINGUE and by 
the code BERTHA /'ROUSSEAU, 1975_7 • 

The code BERTHA uses a non-equilibrium equation based on 
enthalpy variation instead of a vapor mass balance. But i t has been 
shown that the two set of equations are practically "equivalent". The 
code BERTHA uses the method of characteristics whereas the code SERINGUE 
uses an implicit method. 

CANON experiment (figure 6) consists of a U m long, 0.10 m 
inner diaaeter horizontal tube. I t is f i l l ed with water with a pressure 
of 32 bars and a temperature of 220*C. A bursting device allows the 
opening of a full sized break at one end of the tube in a very short 
time (I0~ 7 s ) . 

» In Figure 7 are given the results obtained with BERTHA at 
3.10 second with the same law for V as before (formula (1) and (2) ) . 
One can notice the steep gradient obtained near the ex i t . This implies 
the necessity for a model to take into account thermal non-equilibrium 
in this zone. On a numerical point of view, a very small mesh size 
(about 1 ma) has to be used near the break. 

In Figure 8 i s given the comparison of the calculated void 
fraction with the average void fraction in a cross-section measured by 
a neutron diffusion technique. In Figure 9 is given the comparison 
of the calculated and measured pressures in the same cross-section ** 
in Figure 8 . Good agreement is obtained. 



It has to be emphasised that no special adjustments have been 
made in SERINGUE and BERTHA code to predict CANON test. The T law is the 
one which has been adjusted on the MOBY DICK experiment and no contraction 
coefficient is used «t the break. This is justified l>y the fact that the 
range of parameters are similar in the two experiments. 

1.3.3 Prediction of SUPER CANON tests 

SUPER CANON is an experimental apparatus of similar geometry 
to CANON. The initial conditions are different : the pressure is ISO bars 
and the temperature of the water is 300*C. A diaphragm of SO mm inner 
diameter is positioned just upstream of the break. 

A comparison between measured and calculated pressures is given 
in Figure 10. The sans codes and the same mass transfer law as before 
have been used. The agreement between measured and calculated pressure 
is not good. This can be explained by the necessity of improvement of 
the correlation 9 at higher pressures than the pressures for which it 
has been adjusted (1 to 10 bars). 

A new experiment SUPER MOBY DICK is designed for that purpose. 
This loop will be similar to MOBY DICK, but the explored range of 
parameters will be : 

- inner diameter of the test section : 14 mm or 20 m (as in MOBY 
DICK) 

- pressure : 10 to 100 bars 
- flow rate up to 20 kg/s. 

Detailed pressure lines and void fraction profiles using the 
v-attenuation technique, will be measured as it is done in MOBY DICK. 

This experiment will give us experimental information to 
validate the mass transfer law at high pressures. However, the experiments 
which are used are small scale experiments (14 mm and 20 mm diameter in 
MOBY DICK, 100 mm diameter in CANON). Therefore this model has to be 
verified for larger scale experiments. This will be done with MARVIKEN-
CFT experiment. 

1.4 CLYSTERE Code 

This flow model is incorporated in the CLYSTERE system code 
which simulates the primary circuit of a PWR during a LOCA /"SUREAU, 
H0UDAYER, 1975_7, /"BAUER, H0UDAYER, SUREAU, 1976_/. 

An axial representation is used (Figure 11). The core is simu
lated by four parallel channels ; cross-flows between tvo of them are 
taken into account. Oxidation, swelling and rupture of t,he clad are simu
lated. The pump model is an axial model / GRISON, I977_/ based on f.he same 
flow modeling. 

i 
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At present we are testing CLTSTERE. Examples of results are 
given in Figures 12 and 13. In Figure 12 are given the pressure lines in 
all the reactor components at 0.01 second.In Figure 13 are given the same 
pressure lines at 0.04 second. 

These Figures show how the pressure waves propagate in the 
circuit and how flashing initiates in the different components. We can 
notice that inside the pump flashing occurs before the inlet and outlet 
pressures have reached the saturation pressure. 

The CLTSTERE code is difficult to use due to the large compu
ting time and the rigidity of its organization. Furthermore the validity 
of the flow model is limited as it does not take into account mechanical 
non-equilibrium. To improve these points new studies have been undertaken. 

2. MECHANICAL NON-EQUILIBRIUM 

2.1 Short comings of the SERIKGUE model 

During the first seconds of the blowdown and as the first 
calculations made with CLTSTERE show, the thermal non-equilibrium seems 
to be the key effect at the beginning of flashing. After these first 
seconds the mechanical non-equilibrium cannot be neglected and in the 
parts where thermal equilibrium is almost reached, it can be the predo
minant effect. 

Mechanical non-equilibrium has to be taken into account for 
example in reflood calculations where it controls the behaviour of the 
water entrainment. A second example is steam water mixing where the 
differences of velocities between the steam and the water injected can be 
very high. In the case of small b re aies it is certainly one of the predo
minant phenomena. 

Some experimental results cannot be predicted without intro
ducing uechanical non-equilibrium. In MOBY DICK test calculations (see 
Figure 5) the calculated pressure lines presents a too large protuberance 
after the throat. This cannot be avoided without slip. In the OMEGA expe
riment the adiabatic blowdown of a test section placed between two vessels 
does not give the sane depressurization rate if the break is placed in the 
upper or lower vessel. As this apparatus is strictly symetrical, this 
cannot be explained if slip effects leading to stratifications are not 
taken into account. 

2.2 Mechanical non-equilibrium modeling 

Different steps in the way of taking into account mechanical 
non-equilibrium can be distinguished. 

The first way which is widely used with some success consists 
of developing correlations for the difference between the averaged 



velocit ies of each phase or between the velocity of one phase and son» 
mixture velocity as in the drift flux model. These correlations are func
tions of the other parameters of the fluid and are adjusted by using 
steady-state experiments. One important question which arises from this 
type of modeling i s the validity for transient two-phase flow of such 
correlations which has been adjusted in steady state , specially when the 
transient i s "fast". 

The next step i s what i s called the two-fluid modeling. Instead 
of describing the mechanical non-equilibrium by some relation between 
the ve loc i t i e s , expressions of transfers between phases ire developed. 
Since the evolution of the mixture is a consequence of the transfers at 
the wall and at the interfaces, i t seems more rational to derive transfer 
laws than to derive evolution laws. The transfer laws must be adjusted 
on steady state experiments in the same way which i s used for the evo
lution laws. But as we try to describe directly the physical causes i . e . 
the transfers, we can hope that the model which i s adjusted in steady 
state works in transient conditions. 

However these transfer laws are generally correlated as func
tions of the flow parameters. It has been shown_that rapid transients 
like wave propagations are not well described /"REOCREUX, 197W 
/"BOURE, GIOT, FRITTE, RfcOCREUX, !976_7. The further step i s then to 
include derivative terms in the transfer laws so that the influence of 
the transient conditions on the transfers can be in some way taken into 
account. 

I t appears finally desirable to write two momentum equations 
in order to analyse the dynamics of mechanical non-equilibrium. It has 
to be emphasized that this is similar to the technique now very often 
used for describing thermal non-equilibrium : two continuity equations 
are written which allows the correlation of mass transfer laws instead 
of some non-equilibrium evolution. 

The complete model of two-phase flow wil l then include two 
continuity and two momentum equations. In order to avoid some assumptions 
on the thermodynamical state of one phase and as this seems not to 
change drastically the dynamic behaviour of the system of equations 
^"FRITTE, 975_7, two energy equations wil l be used leading to a s ix 
equations jode1. 

These s ix equations have been already derived /"VERNIER̂  
DfLHAYE, 1963_2, /~BOURE, REOCREUX, 1972J\ /~B0URE and â l , 1976_/, 
/ 1SHII, 1975_/. They are given in table~3. They are obtained by'avera-
ging s ta t i s t i ca l ly and in a cross-section the local and instantaneous 
conservation equations derived from the conservation laws. Assumptions 
and conventions are made to obtain a useable set of equations (see 
/"BOURE, REOCREUX, I972_7, /"REOCREUX, 1974_7 ) . 

In the right-hand side members of table 3 appear the transfer 
terms : 
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which i s the mass transfer term between the phases. 

*"i ^[««.-vs^sJ^^Ni 
which is the global momentum transfer term. The first term is the momentum 
transferred to the vapour resulting from the mass transfer. The second 
term are the viscous stresses acting on the vapour. 

«-i£*«SHh> <V*:> 5rS»i£W*.S44V>S 
which i s the global energy transfer term. The f i r s t term is the enthalpy 
and kinetic energy transferred to the vapour resulting from the mass trans
fer. The second term is the energetic contribution of the friction at the 
interfaces. The third term i s the energy transferred as heat. 

2.3 Modeling experiment 

To use the six equations model we need experimental information 
on the mass, momentum and energy transfers. It is then necessary to 
separate the thermal non-equilibrium effects and the mechanical non-equi
librium effects . This can be achieved by considering two-component flows 
whithout mass transfer. 

For these reasons, series of tests with nitrogen-water mixtures 
hove been undertaken on the MOBY DICK loop. The same test-section as 
during the steam-water tests is used (14 an inner diameter). This e l i 
minates geometry effects in the comparison of thermal and mechanical non-
equilibrium. The nitrogen i s injected 98 cm upstream of the throat 
(Figure 14). Qualities cannot exceed 0.22. The range of temperature can 
vary from 20 to 70*C. 

In nitrogen-water flow the mass transfer i s practically zero 
and the remaining transfers are the momentum and heat transfer. It i s 
probable that the heat transfer is sufficient tc obtain equal temperature 
of the phases. Nevertheless a device has been realised so that different 
nitrogen and water températures can be obtained at the injection 
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point. A comparison with isothermal injection wi l l give an idea of the 
heat transfer tern. Furthermore, as water tenperature variations induce 
in the considered range large viscosity variations, i t wil l give infor
mation on the influence of viscosity on momentum transfers. It wi l l 
also allow better extrapolation to higher temperatures. 

Examples of results are given in Figure 15. A steep pressure 
decrease can be observed near the throat when the cri t ical conditions 
are obtained. Therefore the analysis of the results wil l give infor
mation on the dynamics of momentum transfer and thus on the mechanical 
non-equilibrium. 

A f i r s t qualitative comparison with the steam-water tests in 
the same geometry shows that the gradients at the throat are steeper 
in the nitrogen-water tests and that the pressure recovery in the 
diffuser presents significant differences of behaviour. 

2.4 Preliminary results 

2.4.1 Transfer laws 

Tentative forms of these laws are written by using the concept 
of reducing the non-equilibrium by f i r s t order relaxation processes. 

The mass transfer law i s taken in a similar form than in the 
4 equations model : 

r - P . 
x * - x 
T, 

The momentum transferred to the vapour resulting from the mass 
transfer is written TV., where Vj is an.average velocity.on the interface. 
A first evaluation of the velocity V. is given by : 

V, « (1-x) w„ • x w. 

The global momentum transfer is then written 

r Vl " P. x (1-x) 
w v " w * 

• ^ 

^r-"!*r 
J 



The enthalpy and kinetic energy transferred to the vapour resul
ting froa the aass transfer is written rkp, where Bj is an average total 
enthalpy on the interface. This average total enthalpy is evaluated by : 

• . • i • r w v w i * i 

The energetic contribution of the friction is evaluated by : 

(i - rv,) v^ 
«here V2 *» *° «verage velocity on the interface evaluated by 

V- • (l-x)C w — * - x - C — w — 
The total energy transfer is then written ': 

Q - ITU • (I-rv.) V, - p . EL_Et_i-JLJJ 
V Pi 3 

2.4.2 Maçhanical^non^eguilibrium analysismusing M0BY_pICK 
tests with nitrogen-water mixture 

MOBY DICK tests are analysed with the six equations model. For 
these tests : 
- F is taken equal to zero 
- the relaxation tine 0. is taken sufficiently small so that the two 

phases are at the sane temperature 
- for each phase the friction at the wall is written : 

A Tic " f °k V k wk KJ 
Froa the measured pressure lines it is possible with the model 

to calculate at each point of the flow, the flow parameters and the momen
tum tranafer I. From these calculated values of I, correlations of 0 2 are developed. 

An example of prediction of the test 2069 using a preliminary 
correlation of 8, *• given in Figure 16. The maximum flow rate is pre
dicted with a 8 % error. 

-.» 
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This study is now under progress. The first tentative of analysis 
has shown experimental needs : 

- To start the calculation of the momentum transfer I from the pressure 
lines, accurate inlet conditions are needed. 
The quality is known by the separate nitrogen and water flow rates 
measurements. To obtain the average void fraction in a cross section, 
measurements by X-ray attenuation of the void profiles in a cross-section 
have been developed. In the new serirs of tests the knowledge of the qua
lity and of the void fraction allows the calculation of the inlet veloci
ties of each phase. 

» To develop correlations a large range of parameters specially for void 
and pressure is needed. A corresponding, experimental program is under 
taken. 

2.4.3 Çharacteric directions. Application,to flow rate 
reversal and counter-current flow 

It is known that the six equations model with algebraic transfer 
laws has, in_the pratical range of parameters, two complex characteristic 
directions /~BOURE, 1973.7. Difficulties in the definition of the boundary 
conditions specially in flow rate reversal and counter-current flow can be 
expected. To clarify these problems the conditions on the transfer laws so 
that an hyperbolic set of equations is obtained are being studied. 

To change the nature of the characteristic directions we have to 
change the left hand side members, that is the transfer terms have to 
include derivative terms. By these derivative terms we change the dynamic 
coupling between the phases /~BOURE, REOCREUX, 1972.7, /~REOCREUX, 1974.7. 
As rhe complex characteristics appear in models with unequal velocities and 
specially when two phasic momentum equations are used, it seems that the 
coupling between the phases by momentum transfer has to be incriminated. 

For these reasons a derivative term is introduced in the momentum 
transfer. This term has the following form : 

- Ap p 3 o v a t |f (wv-w4) • W 3 |j ( w ^ ) 

6, p. and W- are adjustable parameters. 

This form comes from physical considerations on induced mass 
effects /"MECREDY, HAMILTON, 1972.7 f?.S. ANDERSEN, 1977.7. Till now few 
parametric studies have been done'on this derivative term? 

In Figure 17 are given, as example in the case of counter-current 
flow, the areas for W_, where the six characteristic directions are real. 
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In Figure 18 is given the effect on the sound velocity : B » 0 
corresponds to the six equations model ; 0 « • give a sound velocity close 
to the one of the frozen model. Infinite values of p* seems then to give a 
coupling between phases similar to the one assumed by the equal velocity 
assumption. The differences can be explained by the fact that no coupling 
by the energy transfer is taken into account in the present model contrarily 
as it is in the frozen model. 

Taking W- at the boundary of the real and complex regions and with 
a value for (5 of 0.75, the evolution of the characteristics A. along the 
flow for a nitrogen-water test have been calculated and are given in Figure 
19. It can be seen that -the characteristic X, cancels at rhe throat. 

3. CONCLUSION 

Based on steam-water experiments performed on the MOBY DICK loop 
a model describing thermal non-equilibrium effects have been developed. 
This model has been used to recalculate the experiment and to predict CANON 
test. A good agreement has been obtained. This model has been incorporated 
in the reactor code CLYSTERE. 

This modeling is not sufficient and mechanical non-equilibrium 
has to be considered. To improve this modeling, a six equations model have 
been written. In order to develop the transfer laws, nitrogen-water tests 
are being performed. It allows the separation of mechanical non-equilibrium 
effects from mixed thermal and mechanical ones. 

Other studies are under progress on possible forms cf trie transfer 
laws. One study refers to the use of the second principle of thermodynamics. 
Within the limits of the linear thermodynamics, the total entropy variation 
of the mixture can be written proportionally to the differences of temperatures, 
gibbs potentials and velocities of each phase. The mass, momentum and energy 
transfers can then be divided into reversible and irreversible transfers. The 
irreversible part can be expressed in function of the previous differences. 

From the first results, new series of tests have been undertaken 
to .answer to some needs of the modeling. These first results have to be 
improved and then extended in all range of parameter. Experiments (SUPER 
MOBY DICK, SUPER CANON) have already been planned for this purpose. The 
modeling studies are connected to numerical studies with the problem of the 
complex characteristic directions. Description of flow reversal and counter-
current flow for example may need precisions on this problem. 

At the same time flexible system computer code is being developed (P0SEID0: 
to incorporate this modeling and others (eventual different flow models, 
conduction model, fuel model...). 

w-
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TABLE 1 

Mixture Mass balance 

It *>.•!? A p « v . - ° 
Mixture Monentua balance 

3_ 
3t Ap V * !-Ap V

 2 • A|E. m 3s a 3s - A T c • A p a g, 

Mixture Energy balance 
V * V 

Vapor Mass balance 

3 3 •cr-Aa p • T- A a p V 3t v v 3s v K v • - A T 

p • a p • a< p« 

V i 

( V p v h v + a l P t h l > 

I 



- 17 -

TABLE 2 

Test n' 
Measured 
flow rate 
kg/s 

Calculated 
maximum 

flow rate 
kg/s 

Error Average 
error 

403 1.318 1.152 12,6 Z 

13 Z 426 1.37 1.115 18,6 Z 13 Z 

448 1.323 1.217 8 Z 

13 Z 

400 2.05 1.283 37,4 Z 
24,8 Z 

442 2.01 1.763 12,3 Z 
24,8 Z 

406 2.739 2.465 10 Z 

7,3 Z 429 2.66 2.42 9 Z 7,3 Z 

451 2.677 2.597 2,9 Z 

7,3 Z 

409 3.239 3.267 - 0,8 Z 

- 1,1 Z 434 3.177 3.243 - 2,1 Z - 1,1 Z 

456 3.214 3.200 - 0,4 Z 

- 1,1 Z 
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TABLE 3 

Hess balance 

S - i a p • 5 -Aa p v - A T 

! t A o t p i * h r A a ! p t w i " ~ A r 

Moaentun balance 

lr- A a p v + |— A a p v • A a 1^ • AI - AT •*• A a p s 9t v M v • dz v K v v T Î X vc w v K ? ' i 

I t A Q t p l W £ * h A a i P £ W l + A B i $ - A I " A T * C * A al H h 

Energy balance 
2 2 

ft A *v pv < hv + TT> + fi" A av pv wv ( bv + T"> " A «vff " 

• *Q • A 0 y c + A a y p v w y g 2 

f t A ^ p i ( ^ * ! T ' ) + i A a l p l w i C h J l + : T - ) " A a t H -

-AQ + A 0 l c + A a J l P ] l w l g x 

notation 

-*£•* T v c ' - ï J h z T v n v 3 l 

vc "i^Nfi 
r, I and Q are defined in the text. 
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AND THE SATURATION TEMPERATURE 



-SO. 

-&£*-

ffrWl * 

O 

4 5 l i 2 i U 

&St» 6 tor. 

aOK« < 0.56 

*m* 

« AW*»1*' 

Î ^ 

. CLYSTEREj. 
t » # . s&rrt« 

* * e i 
1 

I 
M08Y-DICK Ham» 

CCM« . *TT I 

A 

/i 1 1 1 1 l f 1 r t > > 1 

••••* 

e.«ar l x s V , , .«-" R 

> ? r t » r r * I > r r M M 
•••« 0»ft l ( f « « * u ) 

FIG. 4 - COMPARISONS OF THE MEASURED AND CORRELATED 
VALUES OF e 



•mpp^aon 

r -?> 

.p. tf.- ;-» I « '*'-**(£$*««> 

WU*) 

a.1 

FIG. S - MOBY DICK STFAM-WATER TESTS : COMPARISON OF MEASURED AND CALCULATED 
PRESSURE LINES 



-IX* 

0 
ix*-

Pressure between 
rupture disks 

Diophroa» 

.Rupture disks 

0 
Pressure in the CANON 

T 3 | T 2 

l I • 
1 

FIG/ 6 - CANON APPARATUS , 



r 

to-

-io -
CMtON; Full 

—— calculation «"^ 

I 3 
zN 

0 1 

FIG. 7 - CANON TEST : PRESSURE UNE AT 3.10 " 3 SECOND 



1.0. 

0.0 

0.8 

0.1 

0.6 

0.5 

0.U 

0.3 

0.2 

0.1 

0.0 

^ O C »»»»>«»'—l^fl'fr 

> . ' 

Cantn Ft32 her» 

• / 
/ • 

/ • 
/ . * A • — / • g • 

. » / * .' 
Jus * * 

• r - v 

7v V 
« • * * 

• v» • • * . 

• * • « 

* 

i 

• / 
/ • 

/ • 
/ . * A • — / • g • 

. » / * .' 
Jus * * 

• r - v 

7v V 
« • * * 

• v» • • * . 

• * • « 

* 

i . . « M M , 
0.0 0.2 .6.4 0.6 0.8 1.0 1.2 

PIG. 8 - CANON TESTS : COMPARBON OF CALCULATED AND MEASURED VOID FRACTION UNES 



r 

r « l i f e 

*»/ Clyster*. 

FIG. 9 - CANON TESTS : COMPARISON OF CALCULATED AND MEASURED 
PRESSURE LINES 



S*f*r Canên f % ISO i«r* 

frets 0ft H + mf*»r*m**> 

lcfy*rira. 

710. 10 - SUPER CANON TESTS : COMPARISON OF CALCULATED 
AND MEASURED PRESSURE LINES. 

w- j 



o 
O 

Jt e 

* 
5 

i 

! 
9 

H 
§ 
O 
H 
g 
I 
O 
85 
2 
O 

s 
H 

U 
« 

I 

g 

J 



P O i * 
aitwc icMtc an mmtm* 

So ç$ 

FIG. 12 : PRESSURE MAP AT 0.01 SECOND 



P(*1«V> 
>€ 

•»• 

i l 

to 

uwvc tc*aic KS «i«$s;wai 
M ^ l e j V alpof&t 

Cell 
pretectal* pump loi a U* Dvw* *••* i t r 

'< 

' ^^ 
^^*» *̂̂ »^> . - ' 

^ ^ * ^ * ^ ™ ^ f c % 

**v,— 

\ , <£ - ^ 

^ ' , X ^ ' , X 

/ 

r̂  7 I i 

• 
•« 

o 3 » ^ > -\ > l o * & 3 0 Î S ^ » OS s o 5TS j * |z(^; 

FIG. 13 - PRESSURE MAP AT 0.04 SECOND 



in 
A 

I 
0 

CD-

ntkmtttt* 

1 
Heat êjrc/t«nj«r 

92sai 

o fHHIf 

<E> 
"V«l*« 

'Vitrftn têvrtt 

FIG. 14 - NITROGEN-WATER MOBY DICX LOOP 



P bar 

ifi 

ifi 

Ofi-

Qw,r w » « * ^ 

• essai 66 11,0 kQ/h d'azote 
• essai 68 
•f. essai 69 ? 1 fl,7kg/h <Tozi 

" J titre 0,13 % 

I 

44mm I-
2 3 4 567&U15'.617 18 19 20 21 Z 

45 mm 

FIG. 15 - NITROGEN-WATER CRITICAL FLOW TESTS 
PRESSURE LINES 



p 

• » 

C«ltwt«fc4 

N«rr0^tn.m«r«f> Vt%X 2.0&9 
X « It !•'* 
G a ! • ! • • k|f«i>|4 ^«11 !•'« 
Pi « I.SÎ W 

«••• 

* S ». «i I lr,U 
1. M k,l» 

c«i 

ai o.x JtH 
FIG. 16 NITROGEN-WATER TESTS : COMPARBON OF CALCULATED AND MEASURED PRESSURE LINES 



W%lJO ft» 4. 

Vr, 4 «* 

M 
PIG. 17 - VALUES OF W 3 GIVING COMPLEX CHARACTERISTICS 



* < • * * 

V*r»*»-^f f c 

y 

Ito^jjtMo»» C^tiUbftm»,. rf^f 

FIG. 18 - EFFECT OF INDUCED MASS TERM ON SOUND VELOCITY 



* mA 

» 

«• 

I t 

iv»«r 

* • 

le 

10 

1 9 

>t* 

.»• 

• I t 

Nl*>03»n - Wat»/.. Tt*ï n » ÎOO? 

• (m) 
».•» A I * ait 

FIG. 19 - EVOLUTION OF THE CHARACTERISTIC DIRECTIONS 
ALONG THE FLOW 

v> 


