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The Code for Analysis of Thermalhydraulics during an Accident of Reactor and safety Evaluation 

(CATHARE) is designed to perform Pressurized Water Reactor (PWR) safety analysis. This system-scale code 
includes a one-dimension, two-phase, six-equation model (mass, momentum and energy balance for each phase) 
used to represent pipe geometries. During a Loss Of Coolant Accident (LOCA), it is essential to accurately estimate 
the critical mass flow at the break, requiring to model the flashing process. The current CATHARE model used to 
predict the vaporization rate in case of flashing is based on a semi-empirical correlation. The present study main 
goal is to test a mechanistic model developed by Berne. In this model, the bubbles grow first at constant number, 
until a critical breakup diameter is reached. This critical diameter is controlled by turbulence, assuming that breakup 
is due to turbulent eddies having the same size as bubbles. Then Berne characterizes the interfacial heat exchange 
with both a convective and a conductive mode. According to Berne, the liquid-to inter-face heat transfer seems to 
be mostly convective. The present study revisits this previous works by taking into account both the convective and 
conductive contribution of liquid to interface heat transfer, also by assessing the flashing correlation on a larger 
experimental data base, including nozzles such as Super Moby Dick and Bethsy. And, finally, by carrying out a 
sensitivity study on the most influent parameters of the Berne’s model. As a conclusion of this study, the Berne 
convective models gives similar results for the critical mass flow in comparison with the current semi-empirical 
model. Moreover assumptions made to build the model are questionable at high void fraction. The sensitivity anal-
ysis showed the importance of the bubble diameter for the estimation of the critical mass flow. To go further, it may 
be interesting to have a better estimation of the interfacial area for improving the model. This could be done by 
comparing with other models of the literature, for both the initial bubble number density and the turbulent kinetic 
energy dissipation rate. Furthermore, a sensitivity study on the interfacial friction coefficient should be carried out 
for saturated inlet tests. 
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Introduction 

Safety analysis of Pressurized Water Reactor (PWR) is fundamental to achieve the design of these 
reactors. This analysis is carried out by studying accidents that may occur, as a Loss Of Coolant Acci-
dent (LOCA) which is initiated by a break in the primary circuit. As the flow through the break determines 
the depressurization rate and the coolant inventory evolution during the transient, it is a key aspect of 
the LOCA modeling to predict accurately the leak flowrate.  
 
If the pressure difference between primary circuit pressure and the external one is high enough, the leak 
flowrate can be limited by the sonic velocity at the break: the flow is then said to be critical, or choked. 
The calculation of critical flowrate through the break requires the modeling of the flashing, which is the 
most influential phenomena in case of subcooled conditions upstream the break. 
 
The Code for Analysis of Thermalhydraulics during an Accident of Reactor and safety Evaluation 
(CATHARE) is designed to perform PWR safety analysis. This system-scale code includes a one-di-
mension, two-phase, six-equation model (mass, momentum and energy balance for each phase) used 
to represent pipe geometries. The current CATHARE model used to predict the vaporization rate is 
based on a semi-empirical correlation, developed by A. Sekri [1], and gives satisfying results, except for 
some tests under low-subcooling inlet condition.  

P. Berne developed a mechanistic model in his Ph.D. thesis [2], considering a bubble flow and describ-
ing the bubble diameter growth, governed by turbulence, and proposing two heat transfer modes: a 
conductive and a convective one. Berne study concluded that the heat transfer seems to be mostly 
convective. Maciaszek et al. [3] tested the convective model in CATHARE on few nozzles, the aim of 
the present study is to continue this work by taking into account both the conductive and convective 
models established by Berne and test the ability to this flashing model implemented in CATHARE 3 to 
predict accurately the critical mass flow rate. 
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Current CATHARE model 

The current CATHARE model is mostly empirical, based on the Sekri analysis [1] in which the liquid to 
interface heat transfer is seek as a function of the local values describing the flow only, without taking 
any dependence on differential terms: 
 

𝑞𝑙𝑒 = 𝐴(𝑃, 𝐻𝐿 , 𝐻𝑉 , 𝛼, 𝑉𝐿 , 𝑉𝑉 , 𝐷𝐻)(𝑇𝐿 − 𝑇𝑠𝑎𝑡) (1)  
 

Using critical flow experiments in nozzle, the following correlation was established: 
 

𝑞𝑙𝑒 =  −𝑓(𝛼) ×
𝜌𝐿

2𝜆𝐿

𝜇𝐿
2𝐶𝑝𝐿

× 𝑉𝐿
2(𝑇𝐿 − 𝑇𝑠𝑎𝑡) (2)  

𝑓(𝛼) = 1.2 108𝑒4.5𝛼 (3)  

 
More precisely, the current version of CATHARE uses a modified expression of 𝑓, depending also on 
the pressure. Moreover, a nucleation threshold is added in the Sekri model. In order to take into ac-
count the liquid overheat needed to allow the vaporization onset, Sekri suggested, empirically and 
from a similar analysis as in Lackme work [4], that the vaporization really start at: 
 

𝑃𝑠𝑡𝑎𝑟𝑡 = 0.98 𝑃𝑠𝑎𝑡 (4)  

 
Berne models for liquid to interface heat exchange 
 
Bubbles diameter evolution. 
 
Berne [2] studied the vaporization rate in nozzles, by describing the liquid to interface heat transfer and 
considering a bubble flow. Berne described the bubbles growth, supposed to be spherical with the same 
diameter. The bubbles are supposed to grow up in two successive steps: first at constant bubble number 
density 𝑛𝑏0, until they reached a breakup diameter 𝛿max, controlled by turbulence. Once the break-up of 
bubbles occurs, their diameter is assumed to be equal to the maximum one.  
 
During the first phase, at constant bubble number density, the bubble diameter 𝛿 can be expressed as 
a function of the void fraction. Regarding the bubble number density, Shin and Jones [5] reviewed the 
literature of flashing flow using a bubble growth model, and found  that the usual bubble number density 

varies from 108 to 1013 m-3 and a range of 109-1011 m-3 is reported in Liao and Lucas [6]. Berne suggest 

to take 𝑛𝑏0 = 1010m-3. 
 

𝛿 = (
6 𝛼

𝑛𝑏0𝜋
)

1/3

 (5)  

 
As the Reynolds number is quite high for the flow studied, the breakup phenomenon is supposed to be 
governed by turbulence. With two slightly different approaches, Kolmogorov [7] and Hinze [8] assumed 
that a bubble breakup in a turbulent flow is due to the interaction between bubbles and eddies. Espe-
cially, supposing that only the eddies having the same size as the bubble are able to cause the breakup, 
the breakup diameter is obtained using a condition on the Weber number defined in equation (6).  
 

𝑊𝑒 =
𝜌𝐿𝑣2(𝛿)𝛿

2𝜎
  (6)  

 

Where 𝑣2(𝛿) is the average velocity difference between two points of the flow distant from 𝛿. In order to 

obtain as estimation of 𝑣2(𝛿), Berne [2] assumed: 
 

- That the turbulence is locally homogeneous and isotropic; 
- The eddies responsible of bubble breakup belongs to the inertia zone, which is equivalent 

to assume that the breakup diameter is limited by the size of the largest eddies and the 
Kolmogorov scale 𝜂; 

- And that the turbulence on the liquid phase is not affected by the vapor phase.  
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It has to be noticed that the more the void fraction is important the less the last assumption is relevant. 
Still, in order simply estimate the Weber number, these assumptions are supposed verified and the 
average velocity described hereunder can be expressed as in equation (7), according to Batchelor [9]. 
 

𝑣2(𝛿) = 2 × (𝛿𝜖)2/3 (7)  

 
Where 𝜖 is the turbulent kinetic energy dissipation rate. Then the maximum diameter 𝛿max is given by: 
 

𝛿𝑚𝑎𝑥 = 𝐶3/5 (
𝜎

𝜌𝐿

)
3/5

𝜖−2/5 (8)  

 
Where 𝐶 is the critical Weber number, taken equal to 1.216. This value obtained by Berne [2] comparing 
the natural frequency of a spherical globule, given by Lamb [10], with the frequency associated to a 𝛿 
large eddy.  
 
Finally 𝜖 needs to be evaluated, in order to do that Berne used an estimation given by Karabelas [11] or 
Taitel et al. [12] and established the expression given by equation (9) for 𝜖, valid for fully developed 
steady-state monophasic flows at high Reynolds numbers.  Aiming for a simple expression, to have 
access to an evaluation of 𝜖 the estimation is applied even for non-fully developed bubbly flows. 
 

𝜖 = | (
𝑑𝑝

𝑑𝑧
)

𝑓
|

𝑉𝐿

𝜌𝐿

=
2𝑉𝐿

3𝐶𝑓

𝐷𝐻

 (9)  

 
Finally the breakup diameter can be expressed as following: according to Sevik and Park [13], Berne 
suggests to approximate the bubble diameter after breakup to the actual breakup diameter. Indeed the 
divided bubbles takes diameter from 𝛿max to approximately 0.8 𝛿max;  so the breakup diameter is a good 
order of magnitude of the bubbles diameter after the breakup. 
 

𝛿𝑚𝑎𝑥 = 𝐶3/5 (
𝜎

𝜌𝐿

)
3/5

(
2𝑉𝐿

3𝐶𝑓

𝐷ℎ

)

−2/5

 (10)  

 
 

 
Figure 1. Schematic bubble diameter evolution according the Berne model, adapted from [2]. 

 
Fig. 1 shows the schematic bubble diameter evolution according to the Berne model: the first step at 
constant bubble number density, until the breakup occurs and then the diameter is assumed to be equal 
to the break up diameter. 
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Convective exchange law 
 
Berne uses an exchange law established by Ruckenstein [14], for an independent vapor bubble in mo-
tion in the boiling liquid from which the bubble is generated. According to Ruckenstein, the heat transfer 

mechanism mainly depends on the bubble Reynolds number 𝑅𝑒𝑏 ≔
𝜌𝐿𝛿|𝑉𝑉−𝑉𝐿|

𝜇
. Indeed for a bubble 

Reynolds number up to 1600-1800, the bubbles can be considered spherical and their motion in the 
liquid almost rectilinear, whereas for higher values of 𝑅𝑒𝑏 the bubbles start deforming themselves and 
their trajectory evolve to a spiral ascension. Ruckenstein gives a relation between the Nusselt number 
𝑁𝑢 and the Péclet number 𝑃𝑒, defined hereunder, with ℎ𝑙𝑖 heat transfer coefficient: 
 

𝑁𝑢 =
2

√𝜋
𝑃𝑒1/2 

(11)  

𝑁𝑢 ∶=
ℎ𝑙𝑖  𝛿

𝜆𝐿
 (12)  

𝑃𝑒 ∶=
𝛿|𝑉𝑉 − 𝑉𝐿|

𝑎𝐿
 (13)  

 

Finally, the liquid to interface heat transfer 𝑞𝑙𝑖 can be expressed as   
 

𝑞𝑙𝑖,𝐶𝑉 = 𝑎𝑖ℎ𝑙𝑖,𝐶𝑉(𝑇𝐿 − 𝑇𝑠𝑎𝑡) = 𝑎𝑖

2

√𝜋

𝜆𝐿

𝛿
 𝑃𝑒1/2 (𝑇𝐿 − 𝑇𝑠𝑎𝑡) (14)  

 
Knowing the bubble diameter and the void fraction, the interfacial area density 𝑎𝑖 can be estimated, then 
the liquid to interface heat transfer reads: 
 

𝑞𝑙𝑖,𝐶𝑉 =
12

√𝜋
 

𝛼

𝛿3/2
 √𝜌𝐿𝜆𝐿𝐶𝑝𝐿(𝑉𝑉 − 𝑉𝐿) (15)  

 
Conductive exchange law 
 
The conductive heat transfer is supposed to take place in the liquid phase, around the bubble. Berne 
used previous results established by Plesset and Zwick [15] on the growth of a vapor bubble in super-
heated liquid, in which the nucleation phase is not studied: the spherical bubble is assumed already 
existing, with an initial radius. The bubble diameter evolution takes place in two steps, first a brief growth 
is observed, controlled by the liquid inertia, and during which the diameter evolution is quite small. Then 
the evolution is mainly governed by the conduction, during which the growth is quite more important. In 
the second phase, the diameter evolution is given by the following equation. 
 

𝑑𝛿

𝑑𝑡
=

1

2
 √

3

𝜋
  𝜆𝐿

𝑇0 − 𝑇

ℒ 𝜌𝑉  𝑎𝐿
1/2

 √𝑡 (16)  

 
Where 𝑇0 is the liquid temperature at an infinite distance from the bubble and 𝑇 is the saturation tem-

perature for the pressure at an infinite distance. For the present study, 𝑇0 is assumed to be equal to 𝑇𝐿 

and 𝑇 to 𝑇𝑠𝑎𝑡 . After integration of expression mentioned above, the time derivative of 𝛿  can be ex-
pressed as following, in which the time dependence does not appear. 
 

𝑑𝛿

𝑑𝑡
=

6

𝜋
 
4

𝛿
 (

𝜌𝐿

𝜌𝑉

)
2

 𝑎𝐿  [
𝐶𝑝𝐿(𝑇𝐿 − 𝑇𝑠𝑎𝑡)

ℒ
]

2

 (17)  

 
Finally, Berne uses this expression in the vapor mass balance and find the following form for the con-
duction liquid to interface heat transfer. 
 

𝑞𝑙𝑖,𝐶𝐷 =
18

𝜋

4𝛼

𝛿2

𝜌𝐿
2𝑎𝐿

𝜌𝑉

(𝐶𝑝𝐿(𝑇𝐿 − 𝑇𝑠𝑎𝑡))
2 1

ℒ
 (18)  
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Where 𝐽𝑎 is the Jacob number, defined as:  
 

𝐽𝑎 ∶=
𝜌𝐿𝐶𝑝𝐿(𝑇𝐿 − 𝑇𝑠𝑎𝑡)

𝜌𝑉ℒ
 (19)  

 
The conductive heat transfer mode can be characterized by a specific Nusselt number 
 

𝑁𝑢𝐶𝐷 =
12

𝜋
 𝐽𝑎 (20)  

 
Interfacial friction model consistent with the bubble flow 
 
As the flow is supposed to be a bubbly one, the interfacial friction should be adapted to this configuration. 
Ishii and Mishima [16] established a correlation for the drag coefficient of a bubble in a viscous regime.  
 

𝐶𝐷 =
24 (1 + 0.1 𝑅𝑒𝑏

0.75)

𝑅𝑒𝑏

 (21)  

 
As the present study mostly aim at assessing the Berne models implemented in CATHARE, this model 
is not further detailed here as the liquid to interface heat transfer is preponderant for subcooled inlet 
flows, and the interfacial friction process is more important for saturated inlet flows.  
 

Critical flow experiments 
 
The Super Moby Dick (SMD) and Bethsy nozzles are critical flow experiments, carried out by CEA-
Grenoble [17-18], covering conditions occurring in SBLOCA and IBLOCA. These separate effect tests 
are used in the literature for flashing model assessment, as in the Berne Ph. D thesis for the SMD tests 
or in recent work on Delayed Equilibrium Model (DEM) for flashing flow [19]. 
 
Super Moby Dick: SMD nozzle consists of an inlet elliptic convergent section leading to a 372 mm long 
straight pipe with a 20.13 mm inner diameter, followed by a 7° divergent ending in a condenser. The 
tests analyzed by Berne were carried out at different inlet pressure, 20, 40, 80 and 120 bar, and several 
inlet subcooling, from about 20°C to 0°C.The experimental critical mass flow rate is measured to an 
accuracy of 2% to 4%, whereas the inlet pressure is known with ± 0.2 bar and the inlet temperature with 
±0.2°C.  
 
Bethsy 2 and 6 inch nozzles: These two nozzles were used in CEA-Grenoble [18-19] in order to carry 
out critical flow experiments, and were designed to simulate respectively a 2-inch and a 6-inch pipe 
break in a reactor. BETHSY experimental loop was designed at f=1/100 scale in volume with respect to 
a reference reactor and the break diameter at f1/2 = 1/10 scale with respect to a reference break comprise 
between 1-10 inches. Thus, the BETHSY 2-inch and the 6-inch nozzles inner diameter are respectively 
5.24 mm and 15.73 mm. The nozzles present a sharp convergent inlet followed by a 150 mm long, 
respectively 80 mm, constant section pipe. A quite large range of inlet pressure is covered by the ex-
periment: 100, 70 and 30 bar tests series are considered here, for several subcooled inlet conditions 
varying from 30°C to 0°C. The experimental critical mass flow rate is measured to an accuracy of 1%, 
whereas the inlet pressure is known with ± 0.2 bar and the inlet temperature with ±0.2°C.  
 

Results 
 
In Berne Ph.D. thesis, the two heat transfer models were assessed, separately, on the SMD test series. 
For these tests, the nozzle is instrumented in order to have access to the void fraction and the pressure 
evolution from about 300 mm before the 7° divergent to the end of the straight pipe. Using the meas-
urements, Berne estimated the relative velocity, Δ𝑉 ∶= 𝑉𝑉 − 𝑉𝐿, between the two phases, the super-heat 
temperature and then the bubble diameter. According to Berne analysis, the convective model seems 
to be preponderant in the SMD experiments. 
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Still, it has to be noticed that the convective model cannot be significant at low void fraction. Indeed at 
low void fraction the bubbles are carried by the liquid continuous phase, then the Péclet number is quite 
low. According to the 𝑁𝑢𝐶𝑉  and 𝑁𝑢𝐶𝐷  expressions, the conductive transfer mode is dominant at low 
Péclet number, see Figure 3. 
 

 
Figure 3. Nusselt numbers against the Péclet number value, for 𝑱𝒂 = 𝟏. 

 
 
So the two models are combined in our study by taking the most significant heat transfer mode 
 

𝑁𝑢 = max (𝑁𝑢𝐶𝐷 ; 𝑁𝑢𝐶𝑉 ) (22)  

 
which is equivalent to 
 

𝑞𝑙𝑖 = max (𝑞𝑙𝑖,𝐶𝐷 ; 𝑞𝑙𝑖,𝐶𝑉  ) (23)  

 
Moreover, as in the standard CATHARE model, the onset of flashing is set to 𝑃𝑓𝑙𝑎𝑠ℎ𝑖𝑛𝑔 = 0.98 𝑃𝑠𝑎𝑡. 

 
Fig. 4 and Fig. 6 show the critical mass flow rate calculated by CATHARE with both the CATHARE 
standard model and the new model based on Berne work, for the 2-inch Bethsy nozzle. From these 
figures, it can be seen that the two models seems to overestimate the critical flowrate for high-subcooled 
inlet conditions. The new model gives similar or slightly better results for this group of tests than the 
CATHARE standard model. Moreover, for the lowest subcooled inlet conditions, the two models present 
a quite significant discrepancy, indeed the standard CATHARE model systematically underestimate the 
critical mass flow rate whereas the combined Berne models predict the critical mass flow rate with a 
better accuracy. 
 
As it can be seen from figures 4 and 5, the experimental critical mass flow rate evolution against the 
inlet subcooling shows a significant change of slope around -10°C, whereas this tendency is not ob-
served for SMD test series presented in figure 6. Indeed this slope variation is due to two-dimensional 
effects introduced by the sharp convergent at the Bethsy nozzles inlet, which is smoother for the SMD 
nozzles, causing a flow separation. Previous work [20] has established that the value of the slope 
strongly depends on the reaching, or not, of the saturation pressure 𝑃𝑠𝑎𝑡 in the convergent. As high-
lighted by figures 4 and 5, the presented models (CATHARE standard model or new model) do not take 
into account these two-dimensional effects and thus cannot capture this behavior.  
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Figure 6. Super Moby Dick – 20 bar test series – 

Critical mass flow rate against the inlet subcooling 

 
Regarding the SMD test series, the two models gives quite similar results, as it is shown in figure 6, and 
seem to present closely the same trends: the critical mass flow rate is accurately or slightly overesti-
mated at high subcooled inlet conditions whereas at low subcooled inlet conditions both the models tend 
to underpredict the critical mass flow rate. 
 
Moreover, it must be noticed that the convective law suggested by Ruckenstein [14] supposes that the 
bubbles are independent and that the bubble Reynolds number 𝑅𝑒𝑏  is lower than 1600 – 1800, in order 
to assume the bubbles spherical and having a vertical ascension. This assumption is always verified for 
the SMD tests. For Bethsy nozzles tests, the present validation shows maximum 𝑅𝑒𝑏 between 3000 and 
4000, which is acceptable, except for the Bethsy 2-inch nozzle test series at 70 bar, for which the pre-

dicted 𝑅𝑒𝑏 reaches values around 105 for few tests with different inlet subcooling conditions. 
 
 
 

 
 

Figure 4. Bethsy 2-inch nozzle – 70 bar test series - 
Critical mass flow rate against the inlet subcooling 

Figure 5. Bethsy 2-inch nozzle – 30 bar test series - 
Critical mass flow rate against the inlet subcooling 
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Sensitivity to bubble diameter 
 
The proposed models, based on the work for flashing carried out by Berne, mainly relies on the bubble 
evolution prediction, especially on the initial bubble diameter and the breakup one, which is governed 
by turbulence. The initial bubble diameter is determined both by the initial void fraction and the bubbles 
number density, which usually, as exposed before, can take values from 108 to 1013 m−3. Regarding the 
initial void fraction, usually, as reported by Shin and Jones [4], this value is taken negligible compared 
to 1% in the literature of flashing flow using a bubble growth model. In CATHARE, the initial void fraction 
is taken equal to 10-5. 
 
For instance Rivard and Travis [21] established a model for non equilibrium vapor production for critical 
flow, describing the bubble evolution, where the initial bubble number density suggested is equal to 
109 m−3 and the initial void fraction to 2.10−4, for blowdown experiments in nozzles. Nozzles diameters 
vary from 1.8 to 51 cm and inlet sub-cooling from 30°C to 0°C. Figure 6 compares the results obtained 
with the combined Berne models with different parameters for the initial diameter evaluation: first 𝑛𝑏0 =
109 m−3 and the initial void fraction is the CATHARE value, 10−5, and then with the same bubble number 

density but the initial void fraction is set to 2.10−4, according to  Shin and Jones study. 

Finally another value for the initial bubble number density is tested, 1011 m−3, with  10−5 as the initial 

void fraction. 
 

 
Figure 7 shows  that the critical mass flow rate obtained with the Berne models strongly depends on the 
initial bubble diameter. Regarding the initial bubbles number density, the influence of this parameter on 
the choked flow prediction depends on the distance, from the nozzle throat, at which the breakup of 
bubbles occurs. Indeed, the more the first step of bubble growth ends close to the throat the more it is 
determining for flashing. This is highlighted by figure 6, for the highest sub-cooled test, which shows any 
particular sensitivity to 𝑛𝑏0: for this test the breakup diameter is quite small and the first growing phase 
is rapidly ended. 
 
Also, figure 7 highlights the influence of the initial value of void fraction for the critical mass flow rate 
calculation. This parameter has a more global effect on the results, indeed the interfacial area concen-
tration depends on the void fraction and the bubble diameter as following. 

𝑎𝑖 =
6𝛼

𝛿
 (24)  

 
 

Figure 7. Bethsy 2-inch nozzle – 70 bar test series - 
Critical mass flow rate against the inlet subcooling 
with different initial value for void fraction and bub-

bles number density 

Figure 8. Bethsy 2-inch nozzle – 70 bar test series - 
Critical mass flow rate against the inlet subcooling 

Sensitivity to breakup diameter 
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The bubble diameter only depends on the bubbles number density during the first step of growth, 
whereas the interfacial area is still influenced by the value of the initial void fraction even if the breakup 
happens really early in the nozzle.  
 
Figure 8 shows the significant dependence of the critical mass flow rate calculation on the bubble 
breakup diameter. As the Berne model only estimates an order of magnitude  of the breakup diameter, 
a sensitivity study on this parameter is carried out. Calculations are performed by taking arbitrary a 2 
times greater, and respectively a 2 times smaller, breakup diameter. For the Bethsy 2-inch, 70 bar test 
series, it can be seen from Fig. 8 that a higher breakup diameter systematically leads to an overestima-
tion of the critical mass flow rate, whereas a smaller one leads to an under prediction of the critical 
flowrate. 
 

Conclusion  

 
The main goal of the current study was to assess a flashing mechanistic model in CATHARE 3 to predict 
accurately the critical mass flow on choked flow experiments in nozzles. This model is derived from the 
Berne Ph.D. thesis, based on a bubble growth model.  
 
The analysis carried out has identified the importance of bubble diameter evaluation for the flashing 
estimation, in particular the parameters determining the initial bubble diameter and the breakup diame-
ter. Moreover the model suggested by Berne for bubble diameter estimation only gives an order of 
magnitude, especially for the breakup diameter. So improvements on the bubble diameter estimation 
are needed in order to improve the simulations. For instance the initial bubble number density should 
be better described, as it is a quite uncertain parameter of the model, indeed it should be a function at 
least of the nozzle diameter, the pressure and the liquid superheat in order to take into account the 
nucleation process. Furthermore the turbulent kinetic energy dissipation rate estimation model sug-
gested by Berne should be compared to other models from the literature. 
 
Finally a smoother way to combine the conductive and the convective heat transfer modes is required. 
A solution could be, as suggested by Wolfert et al. [22], to take the sum of the two contributions. Or, 
according to Saha et al. [23] study, to use the following expression for the global Nusselt number.  
 

𝑁𝑢 =  √𝑁𝑢𝐶𝐷
2 + 𝑁𝑢𝐶𝑉

2  (25)  

 
Regarding the Ruckenstein exchange law [14], it has been highlighted in the present study that some 
assumptions on which it relies are not verified for some validation tests, and could be not applied in our 
case of interest for a Nuclear Power Plant. Hence, further work must be carried to investigate the effects 
of bubble deformation on the heat transfer, by studying Clift et al. [24] work for instance, but also to take 
into account the influence of other bubbles, as detailed on the Ruckenstein study [14]. 
 
Moreover, because of the presented tests only cover a part of the conditions occurring in LOCA (mainly 
IBLOCA and SBLOCA), the assessment of these models will be extended to other experiments already 
included in the CATHARE test matrix [3,20], namely MARVIKEN tests, representative of a postulated 
full-scale reactor LOCA with larger break diameters (up to 500 mm), and to  MOBY DICK tests performed 
at low pressure (2 – 7 bar) [25]. In addition to this, a sensitivity study on the interfacial friction model 
should be carried out for saturated inlet tests. 
 

Nomenclature 

 
𝑎𝑖 Interfacial area concentration [m-3] 𝑞𝑙𝑖,𝐶𝐷 Liquid to interface heat transfer, con-

vective heat transfer mode [W.m-3] 
𝑎𝑙 Thermal diffusivity [m2.s-1] 𝑞𝑙𝑖,𝐶𝑉 Liquid to interface heat transfer, con-

vective heat transfer mode [W.m-3] 
𝐶 Critical value of Weber number [-] 𝑅𝑒𝑏 Reynolds number associated to the 

bubbles [-] 
𝐶𝐷 Drag coefficient for bubble flow [-] 𝑇𝐿 Liquid temperature [K] 
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𝐶𝑓 Wall friction coefficient [-] 𝑇𝑠𝑎𝑡 Saturation temperature [K] 

𝐶𝑝𝐿 Specific heat capacity [J.kg-1.K-1] 𝑉𝐿 Liquid velocity [m.s-1] 

𝐷𝐻 Hydraulic diameter [m] 𝑉𝑉 Vapor velocity [m.s-1] 

𝐻𝐿 Liquid enthalpy [J.kg-1] 𝑊𝑒 Weber number [-] 

𝐻𝑉 Vapor enthalpy [J.kg-1]   

𝐽𝑎 Jacob number [-]   

ℒ Latent heat [J.kg-1] 𝛼 Void fraction [-] 

𝑛𝑏0 Bubble number density [m-3] 𝛿 Bubble diameter [m] 

𝑁𝑢 Nusselt number [-] 𝛿𝑚𝑎𝑥 Breakup bubble diameter [m] 

𝑁𝑢𝐶𝐷 Nusselt number associated to the con-
vective heat transfer [-] 

𝜖 Turbulent kinetic energy dissipation rate 
[m2.s-1] 

𝑁𝑢𝐶𝑉 Nusselt number associated to the con-
ductive heat transfer [-] 

𝜆𝐿 Liquid conductivity [W.m-1.K-1] 

𝑃 Pressure [Pa] 𝜇𝐿 Liquid viscosity [Pa.s] 

𝑃𝑠𝑎𝑡 Saturation pressure [Pa] 𝜌𝐿 Liquid density [kg.m-3] 

𝑞𝑙𝑖 Liquid to interface heat transfer, con-
ductive heat transfer mode [W.m-3] 

𝜎 Surface tension [N.m-1] 

    

References  
 

1) A. Sekri, “Cinétique d’ébullition de l’eau en décompression rapide.”, Ph.D. thesis, Louis Pasteur University, 

Strasbourg France, 1982 

2) P. Berne, “Contribution à la modélisation du taux de production de vapeur par autovaporisation dans les écou-
lements diphasiques en conduite.”, Ph.D. thesis, Ecole Centrale des Arts et Manufactures, 1983 

3) T. Maciaszek and J.C. Micaelli and D. Bestion, “Modélisation de l’autovaporisation dans le cadre d’un modèle 
à deux fluides”, La Houille Blanche, 1988 

4) C. Lackme, “Autovaporisation dans une conduite d'un liquide saturé ou sous-refroidi à l'entrée.”, CEA, Report 

CEA-R-4957, 1979 
5) T.S. Shin and O.C. Jones, “Nucleation and Flashing in nozzles-1”, Int. J. Multiphase Flow, vol. 19, N. 6, pp. 

943-964, 1993 
6) Y. Liao and D. Lucas, “Computational modelling of flash boiling flows: A literature survey”, International Journal 

of Heat of Mass Transfer, 11, pp. 246-265, 2017. 
7) A.N. Kolmogorov, “The breakup of droplets in a turbulent stream”, Dokl. Akad. Nauk. SSSR, 66, 825-828, 1949 
8) J.O. Hinze, “Turbulence”, Mc Graw-Hill, New York, 1975 
9) G.K. Batchelor, “The theory of homogeneous turbulence”, Cambridge University Press, 1953 
10)  H. Lamb, “Hydrodynamics”, Cambridge University Press, 1932 
11) A.J. Karabelas, “Vertical distribution of dilute suspensions in turbulent pipe flow”, AIChE J., 23,4, 426-434, 1977. 
12) Y. Taitel and D. Bornea and A.E. Dukler, “Modelling flow pattern transitions for steady upward gas-liquid flow in 

vertical tubes”, AIChE J., 26, 3, 345-356, 1980 
13) M. Sevik and S.H. Park, “The splitting of drops and bubbles by turbulent fluid flow, Trans. ASME, 95, J. Fluids 

Engng, 53-60, 1973 
14) E. Ruckenstein, “On heat transfer between vapor bubbles in motion and the liquid from which they are gener-

ated”, Chem. Eng. Science, 10, 22-30, 1959 
15) M.S. Plesset and S.A. Swick, “The growth of vapor bubbles in super-heated liquids”, J. of Applied Physics, 25, 

493-500, 1954 
16) M. Ishii and K. Mishima, “Two-fluid model and hydrodynamic constitutive relations”, Nucl. Eng. And Des., 1984 
17) J. C. Rousseau, “Flashing flow, Experimental data sets for evaluation of modeling methods”, HEWITT G.F. 

Harwell Laboratory, Data set No 13, 1986 
18) J. C. Rousseau, “Flashing flow”, Multiphase Science and Technology, vol. 3, pp .378-389, 1987 
19) Y. Bartosiewicz and J.M. Seynhaeve and G. Serre, “Delayed equilibrium model and validation experiments for 

two-phase choked flows relevant to LOCA”, NURETH-14, paper 228, Toronto, Ontario, Canada, September 25-
30, 2011 

20) T. Chatain, “Caracterisation et calculs des tuyères Bethsy”, CEA, Internal Report CEA-SETh/LES/88-39, 1988 
21)  W.C. Rivard and J.R. Travis, “A non-equilibrium vapor production model for critical flow”, Nucl. Sci. Engng, 74, 

40-48, 1980 
22) K. Wolfert, M.J. Burwell, D. Enix, “Non-equilibrium mass transfer between liquid and vapor phases during de-

pressurization process”, Transient two-phase flow, Proc. Of the 2nd CSNI Specialists  
Meeting, Paris, 1978 

23) P. Saha and N. Abuaf  and B.J.C. Wu, “A Nonequilibrium Vapor Generation Model for Flashing Flows”; J. Heat 
Transf., 106, 198–203, 1984 

24) R. Clift, J.R. Grace, M.E. Weber, “Bubbles, drops, and particles”, New York ; London : Academic Press, 1978 
25) M. Réocreux, “Contribution à l’étude des debits critiques en écoulement diphasique eau-vapeur”, PhD thesis, 

Université Scientifique et Médicale de Grenoble, 1974 


