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Abstract

Two-phase critical flow in the nozzle tube is analyzed numerically by the best estimate
code TRACE and the CFD code FLUENT, and the performance of the mass flow rate
estimation by the numerical codes is discussed. For the best estimate analysis by the
TRACE code, the critical flow option is turned on. The mixture model is used with the
cavitation model and the evaporation-condensation model for the numerical simulation
by the FLUENT code. Two test cases of the two-phase critical flow are analyzed. One
case is the critical flashing flow in a convergent-divergent nozzle (Super Moby Dick
experiment), and the other case is the break nozzle flow for a steam generator tube
rupture experiment of pressurized water reactors at Large Scale Test Facility of Japan
Atomic Energy Agency. The calculation results of the mass flow rates by the numerical
simulations show good agreements with the experimental results.

Key words : Two Phase Flow, Critical Flow, Phase Change, Numerical Simulation,
Best Estimate Code TRACE, CFD Code FLUENT

1. Introduction

The two-phase flows are observed at a loss of coolant accident (LOCA) of light water
reactors, and it is important to estimate the mass flow rate of the two-phase flow accurately
for the safety analysis of LOCA. For example in the steam generator tube rupture (SGTR)
accident of pressurized water reactors (PWRs), the two-phase critical flows are observed and
the phase change of water occurs in the broken steam generator tube. The accurate assessment
of the two-phase critical flow in the broken tube is necessary for analyzing SGTR transients.
Some researches are reported about the numerical calculation of the two-phase critical flow
by the best estimate (BE) code RELAPS (e.g. Refs.(1)—(3)). Chung improved the critical
flow model for the two-phase flow and calculated the small break LOCA simulation. Stadtke
et al.Y developed the model of the two-phase flow simulation, and analyzed the two-phase
critical flow numerically. They obtained the qualitatively valid results. However, the analysis
of the critical flow by computational fluid dynamics (CFD) code is not reported so much.

In this research, the numerical analyses of the two-phase critical flow by the BE code
“TRACE” and the CFD code “FLUENT” are compared with the experimental results, and we
discuss the performance of the numerical codes. Two test cases of the two-phase critical flows
are simulated numerically. First, we test the critical flashing flow in the convergent-divergent
nozzle (Super Moby Dick experiment). This simulation is the benchmark test of the critical
flow with the phase change, and the experimental result and the numerical result of the flow
have been reported in the literature®®. Secondly, we calculate the flow in the break nozzle
for SGTR experiment at Large Scale Test Facility (LSTF) of Japan Atomic Energy Agency®.
The mass flow rates, pressures and void fractions by the numerical simulations are compared
with the experimental results.
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2. Critical Flashing Flow in a Convergent-divergent Nozzle (Super Moby Dick
Experiment)

2.1. Problem Description

The critical flashing flow is observed in a convergent-divergent nozzle (Super Moby Dick
experiment), when the pressure difference between the inlet and the outlet is more than the
critical value and the temperature of water is higher than the saturation temperature. The
steady choked flow occurs and water flashes at the divergent area of the nozzle.

We compare the mass flow rate, the pressure and the void fraction in the convergent-
divergent nozzle by our numerical simulations with the experimental results and the numerical
results by the WAHA code shown in the paper by Tiselj et al.®). Figure 1 shows the area of the
nozzle cross section used for the numerical simulation. The area at the inlet (the axial position
x=0.0 m) is 3.5x 1073 m?, that at the outlet (x=0.9 m) is 4.3 x 10~® m?, and that of the straight
part is 3.1 x 10~ m?. The pressures and temperatures at the boundaries are set as the constant
values shown in Table 1. The pressure and temperature are given at the inlet boundary, and the
pressure is given at the outlet boundary. The transient flow field is calculated until the steady
flow state is observed.
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Fig. 1 The area of the nozzle cross section

Table 1 The boundary conditions for the simulation of the Super Moby Dick experi-
ment

pressure  temperature
inlet 8.0 MPa 549.6 K
outlet 4.7 MPa -

2.2. Numerical Calculation by TRACE

The two-phase critical flow is analyzed by TRACE ver.5.0 patch 1, The nozzle is
divided to 30 nodes. The cell length is between 1.28 cm —2.52 cm in the convergent part, 7 cm
in the straight part. In the divergent part, the cell length is 1.176 cm (0.45 m< x <0.65 m) and
8.33 cm (0.65 m< x < 0.9 m). The flow in the nozzle divided to 20 nodes is also calculated,
and the difference of the results between the case with 20 nodes and 30 nodes is not observed.
In this analysis, the two-phase critical flow option is used. The two-phase critical flow option
included in the TRACE code is based on the Ransom and Trapp model®. In this model, the
acoustic signals cannot propagate upstream at the position where flow area expands under the
condition of the choking, and the critical flow is calculated by a characteristic analysis and
the evaluation of the eigenvalues of the quasi-linear basic equations (mass, momentum, and
energy conservation equations). The two-phase critical flow option is turned on at the position
where the flow area increases along the flow direction, namely the last node of the straight part
(the junction of the straight part and the divergent part, x=0.45 m). The calculation results in
the case that the critical flow option is turned on at the last node of the straight part are almost
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same as the results in the case that the critical flow option is turned on at all nodes of the
divergent part.

2.3. Numerical Calculation by FLUENT
It is assumed that the flow in the nozzle is axisymmetric, and the flow is simulated in the
2D space. For the CFD analysis, FLUENT ver.12.0.167 is used. The mixture model is used
to calculate the two-phase flow. The basic equations are the continuity equation, momentum
equation, energy equation, volume fraction equation for the secondary phase, and algebraic
expression for slip velocity. The density of water vapor is calculated as that of the ideal gas.
The density of liquid water is calculated by Tait’s equation® in Eq.(1):
p+B ( 0 )N
Pref +B B Pref

ey

where B = 3.3 x 10® Paand N = 7.15. In this research, we use two different values of the
reference pressure p,.r and density p,.r. One set of p,.r and p,.r is the pressure and density at
1.013 x 10° Pa and 273.15 K (case 1). In this case, the reference values are Drer = 1.013 % 10°
Pa and p,.; = 999.8 kg/m?, respectively. The other case (case 2) used the values at the
saturated state in the position. Namely, the density is calculated by Eq.(2)®:
p+B ( o )N
Psa(T) + B~ \psa(T)

where T is the local temperature, p,,, is the saturated pressure and p,,; is the saturated density

@

of liquid water.

The phase change of water is simulated by the cavitation model in the FLUENT code
(Schnerr and Sauer model) and the evaporation-condensation model implemented by the User
Defined Function®. In the cavitation model, the mass transfer rate from the liquid to the vapor
is evaluated by the bubble radius and the pressure. On the other hand, the mass transfer rate
is evaluated by the difference between the temperature and the saturation temperature in the
evaporation-condensation model. The Standard k-epsilon model and Standard Wall Functions
are used for the effect of the turbulent flow!?. We use these turbulent models because we
choose the two-equations model as the standard turbulent models. In addition, these models
are the simplest combination of the two-equations turbulent model so as to reduce the com-
plicacy about the setting of the model parameters, while there is still large uncertainty about
the choice of turbulent models for two-phase flow especially. The PISO scheme is used as
the flow solution method. The spatial gradient terms are discretized by the least squares cell
based method. The pressure interpolation scheme is the second order scheme. The convec-
tion terms of momentum and energy equations are discretized by the QUICK method for the
higher accuracy calculation, and the convection terms of the other equations are discretized
by the first order upwind scheme. All diffusion terms are discretized by the second order
central differencing. These schemes are applied as standard combinations of the numerical
calculation methods.

The computational mesh is generated by the mesh generator “GAMBIT” and the compu-
tational domain is divided into 8154 (453 x 18) rectangular elements. The size of the control
volume is between 1.0 X 107% m?>—4.1 x 10~ m?.

For the two-phase flow calculation, the following procedures are done. First, the single-
phase (liquid water) flow is calculated with turning off the mixture model. Second, the mixture
model, the cavitation model and the evaporation-condensation model are turned on and the
two-phase flow is simulated.

2.4. Numerical Results and Discussion

The mass flow rates by the experiment, the WAHA code®, the TRACE code and the
FLUENT code are shown in Table 2. The mass flow rate by the WAHA code and the FLUENT
code in the case 1 show good agreements with that by the experiment. On the other hand, the
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mass flow rate by the FLUENT code in the case 2 is about 21% smaller than the experimental
result. The density in the case 2 is averagely smaller than that in the case 1, because the
saturation density of liquid on the condition of this test (=the reference density in the case 2)
is smaller than the density of the liquid at 0.1 MPa and 273.15 K (=the reference density in the
case 1). Considering the liquid density has a axial distribution, the tendency that the volume
flow rate in the nozzle is under estimated by the FLUENT code is shown. The mass flow rate
by the TRACE code is about 13% smaller than that of experiment. This result is discussed
later.

Table 2 The mass flow rates by the experiment, WAHA code, TRACE code, and

FLUENT code
mass flow rate (kg/s)
Experiment 16.99
WAHA 17.38
TRACE 14.72
FLUENT (case 1) 16.40
FLUENT (case 2) 13.46

Figure 2 shows the pressure distributions along the nozzle axis. The results by the ex-
periment, the WAHA code, the TRACE code and the FLUENT code are plotted in Fig.2. The
calculation result by the TRACE code is also plotted when the critical flow option is turned
off. The numerical results except the result by the TRACE code without the critical flow op-
tion agree with the experimental result qualitatively. The result by the TRACE code shows the
pressure has the minimum value at the end of the straight pipe where the critical flow option
is active. In the simulations by the FLUENT code, the shock wave is observed at the middle
of the divergent part of the nozzle. According to comparison of the pressure distributions
by the FLUENT code in the both cases, the pressure have almost the same distributions and
the positions of the shock wave are slightly different. The pressure oscillations behind the
shock wave are observed in the pressure distributions by the FLUENT code. It is not clear
that this pressure oscillation is observed at the experiment because of the shortage of the data
point, and the pressure oscillation might be the numerical oscillation caused by the numerical
scheme.

The void fraction distributions are shown in Fig.3. The vapor is generated in the diver-
gent part of the nozzle. The void fractions in the divergent part by the FLUENT code and the
TRACE code are over estimated. However, the void fraction by the FLUENT code can sim-
ulate the reduction tendency near the outlet. Figure 4 shows the void fraction distribution in
the nozzle by the FLUENT code in the case 1. The vapor is generated almost homogeneously
across the cross section of the nozzle.
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Fig.2 The pressure distribution along the tube axis
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Fig. 3 The void fraction distribution along the tube axis
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Fig. 4 The void fraction distribution in the nozzle by the FLUENT code (case 1)

Here, we consider the calculated results by the TRACE code. Firstly, we consider the dif-
ference between “WAHA code” and “TRACE code”. The WAHA code is the computer code
for simulations of the two-phase flow water hammer phenomena developed by Workpackage
2 of the WAHALoads project. The pressure distribution by the WAHA code is very similar
to the pressure distribution by the FLUENT code with the shock wave. On the other hand,
the pressure distribution by the TRACE code differs from those by the WAHA code and the
FLUENT code, and the shock wave is not captured. In addition to that, the vapor generation
models for the WAHA code and the TRACE code are different. The vapor generation term in
the WAHA code is calculated by the homogeneous relaxation model. The generation term I’
is expressed by Eq. (3).

X - Xsat

I'=—pn 9 3

where X is the vapor quality, Xy, is the quality at saturation, and p,, is the mixture density. 6
is the relaxation time. The value of the generation term in the WAHA code is determined by
the pressure and the saturation enthalpies. On the other hand, the vapor generation term in the
TRACE code is evaluated from the heat conduction limited model by Eq. (4)©.
_ Gt qu

I'=
hy —hy
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E where ¢g;, and g;; are the interfacial heat transfers per unit volume on the vapor and liquid
sides, and h, and h; are the appropriate enthalpies of the vapor and liquid. The difference of
the void fraction distributions might be observed because of the different vapor generation
models between the WAHA code and the TRACE code. Since the numerical calculations by
the WAHA code and the TRACE code are different in the pressure distribution, capturing the
shock wave and the vapor generation, the difference of the mass flow rate could be observed
between the result by TRACE code and that by the WAHA code.

In addition, the two-phase flow is calculated using two-fluid model in the TRACE code,

‘ and the flows of the gas phase and liquid phase are calculated in the each phase. It could be

i considered that capturing the position of the shock wave is difficult under the condition that
the acoustic velocity is quite different between the gas phase and liquid phase. This may be
one of the reason why the TRACE code cannot capture the shock wave.

The numerical results by the FLUENT code (mass flow rate, pressure, and void fraction)
show relatively good agreements with those by the experiment and the WAHA code. On the
other hand, the numerical results by the TRACE code are slightly different from those by the
experiment. The TRACE code might not be able to calculate the shock wave in the divergent

Fl ' nozzle correctly.

:
¥
. 3. Break Nozzle Flow for a SGTR Experiment at LSTF
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3.1. Problem Description
In the previous section, we obtain the numerical results of the two-phase critical flashing

flow, and it is shown the mass flow rate of the two-phase critical flow can be almost properly
estimated by the FLUENT code. Then, we simulate the break flow experiment of PWR using
the numerical codes. Especially, we focus on the break nozzle flow for a SGTR experiment
at LSTF of Japan Atomic Energy Agency. This experiment (SB-SG-11) was done as one of
the experiment of the ROSA-V project and was the model experiment of SGTR®. In this
experiment, the pressure difference between the primary side of the steam generator (SG) and
the secondary side of SG is kept so high that the two-phase critical flow is observed for a long
time.

Figure 5 shows the schematic of the break nozzle for the SGTR experiment at LSTF. The
SGTR accident is simulated by connecting the primary side of the SG and the secondary side
with the break nozzle. The length of the break nozzle is 1800 mm and the inner diameter
is 6.2 mm. Both sides of the break nozzle are wider than the break nozzle. For numerical
simulation, the two-phase flows in this break nozzle are calculated. The measured values
at the inlet and the outlet of the break nozzle are used as the boundary conditions for the
numerical simulations. The measured pressures at the inlet and the outlet, and the temperature
at the inlet are applied to the boundary conditions.

3.2. Numerical Calculation by TRACE

For the numerical calculation by the TRACE code, the break nozzle is discretized to
12 equally-spaced nodes in Fig.6. In this analysis, the two-phase critical flow option of the
TRACE code is turned on at the last node of the break nozzle. In order to estimate the influence
of the critical flow option, the flow when the critical flow option is turned off is also calculated.

3.3. Numerical Calculation by FLUENT

The numerical procedure by FLUENT is the same way as the calculation of the Super
Moby Dick experiment. The 2D computational domain is divided into 9292 (2323 x 4) rect-
angular elements and all size of the control volume is 0.775 mm X 0.775 mm. The numerical
results hardly change when the mesh with different control volume size is used, and the de-
pendency of the flow models on the computational mesh is not observed in this case.

In this simulation, the steady state is simulated for the condition at 200 sec from the
beginning of the SB-SG-11 experiment without calculating the transient flow. Because it is
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A H Break nozzle

Unit: mm

Fig.5 Schematic of a break nozzle of the SGTR experiment

SG (secondary side)

Break nozzle
[12 nodes]

—U LTI

SG (primary side)

Fig. 6 The noding of the break nozzle

difficult to simulate the transient of the two-phase flow such as the break flow of LOCA by the
FLUENT code and it takes for a very long time to calculate the transient flow, and the flow
state can be assumed as the quasi-steady sate. The experimental values of the pressure and
temperature at 200 sec from the beginning of the SB-SG-11 experiment are shown in Table
3. These pressure and temperature are used as the boundary conditions for the numerical
simulation.

Table 3 The experimental values at 200 sec from the beginning of the SB-SG-11 ex-
periment

pressure  temperature
inlet 11.4 MPa 563 K
outlet 1.25 MPa -

3.4. Numerical Results and Discussion

Here, the numerical results by the TRACE code are compared with the experimental
results and the numerical results by the RELAPS code in the literature®. The time histories
of the mass flow rate in the break nozzle by the experiment and the TRACE code are shown
in Fig.7. The numerical results by the TRACE code are the values when the critical flow
option is turned on with the various numbers of the nodes (6 nodes, 12 nodes, 24 nodes) and

270
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when the critical flow option is turned off with 12 nodes. The calculation results when the
critical flow option is turned on with 12 nodes and 24 nodes have good agreements with the
experimental result. If the number of the nodes for the numerical simulation is insufficient, the
mass flow rate is probably over estimated. Since the pressure gradient might be over estimated
using the insufficient nodes. The mass flow rate when the critical flow option is turned off is
larger than those when the critical flow option is turned on. It is needed to turn on the critical
flow option for the accurate estimation of the mass flow rate of the critical flow. Comparing
with the calculation of Super Moby Dick experiment, the mass flow rates by the TRACE code
show the quite better agreement with the experiment result. In the SGTR experiment, the
shock wave is not observed in the nozzle, and the geometry of the nozzle is simple in contrast
to the Super Moby Dick experiment nozzle. Therefore, it can be thought that the numerical
results of the break nozzle flow for the SGTR experiment show the good agreement with the
experimental results.

2.5 T T
—+— Exp
--%-- 6 nodes
X ---%-- 12 nodes
2 @ 24 nodes 7
= X ~-#-- 12 nodes w/o choke
) N
S X,
5 KoxXoxag o
% il_. FH R n XXX
&= 1 e it T T2 5
@ LX) Sollaion & N W
é M&Mm
0.5
0
0 200 400 600 800 1000
time (sec)

Fig. 7 The time history of the mass flow rate in the break nozzle

In Fig.8, the time histories of the pressure are shown. The pressures at the last node (out-
let side) of the break nozzle by the TRACE code and the RELAPS code®® when the critical
flow option is turned on or off, and the experimental pressures at the primary side and the sec-
ondary side of the steam generator (the boundary conditions of the pressure) are shown. The
RELAPS code is widely used for the safety analysis of the thermal hydraulic phenomenon,
and the development and improvement of the code have been continued for a long time. For
the analysis by the RELAPS code, the RELAP5/MOD?2 code was used and the nozzle was
discretized to 12 equally-spaced nodes. The time histories of the pressure by the TRACE
code almost agree with those by the RALAPS code. Figure 9 shows the time histories of the
void fraction by the TRACE code and the RELAPS code. The void fractions at the 10th node,
11th node and 12th node (the last outlet side node) are shown. The void fractions by the
TRACE code are under estimated than those by the RELAPS code. The initiations of the
phase change by the TRACE code are faster than those by the RELAPS5 code at the 10th node
and the 11th node. These differences might be caused by the difference of the correlation
equations and/or flow models and so on, however, the detail of the cause is unclear. So, the
further analyses by the TRACE code and the RELAPS code are needed.

The mass flow rates by the FLUENT code and the experiment are shown in Table 4.
The result of the case 1 is about 20 % larger and that of the case 2 is about 2 % larger than
the experimental result. The improvement of the mass flow rate in the case 2 means that the
volume flow rate is relatively over estimated by the FLUENT code and the mass flow rate is
improved by the smaller liquid density in the case 2 in contrast to the simulation of the Super
Moby Dick experiment.

Although the calculated result of the mass flow rate is improved by the adjustment of
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Fig. 9 The time history of the void fraction in the break nozzle

the liquid water density, the mass flow rates of the SGTR experiment are over estimated. The
pressure difference between the inlet and the outlet of the nozzle in the simulation of the SGTR
experiment is about 10 MPa and it is larger than that in the simulation of the Super Moby Dick
experiment (about 3 MPa), so the influence of the compressibility for the analysis of the SGTR
experiment is more crucial than that of the Super Moby Dick experiment. In the numerical
calculation by the FLUENT code, the compressibility of vapor phase is simulated as that of
the ideal gas. However, the compressibility of liquid phase is simulated approximately in the
FLUENT code. Therefore, the mass flow rates by the FLUENT code might be over estimated
than that by the experiment.

Table 4 The mass flow rates by the experiment and the FLUENT code

mass flow rate (kg/s)

Experiment 0.965
FLUENT (case 1) 1.156
FLUENT (case 2) 0.981

In Fig.10, the pressure distribution along the nozzle axis by the FLUENT code in the
case 2 is shown. A large pressure gradient is observed near the outlet of the nozzle. It is
considered this large pressure gradient is caused by the effect of the critical flow at the outlet
and the vapor generation by the phase change model. The influence of the position of the
outlet boundary condition could be also considered as the cause. However, the information
of the outside the outlet does not propagate into the nozzle under the condition of choking,
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and the influence of the position of the outlet boundary could be considered small. It can
be also considered that the outlet of the nozzle in the break flow is the position where the
shock wave may occur if the outside tube of the outlet exists because the tube radius increases
at the downstream area from the outlet of the nozzle. So, this effect might be cause of the
large pressure gradient near the outlet. Figure 11 shows the void fraction distribution around
the outlet of the break nozzle by the FLUENT code in the case 2. The phase change is only
observed at the vicinity of the outlet, and it is caused by the cavitation of water. The vapor
is generated almost homogeneously across the cross section of the nozzle. The phase change
by the cavitation model occurs in the area where the pressure is lower than the saturation
pressure. The pressure near the outlet substantially decreases in Fig.10. So, the high void
fraction is observed near the outlet of the nozzle. The void generation has the interaction with
the pressure distribution.
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Fig. 10 The pressure distribution along the nozzle axis by the FLUENT code (case 2)
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Fig. 11 The void fraction distribution near the outlet of the break nozzle by the

FLUENT code (case 2)

4. Conclusions

The two-phase critical flows are analyzed by the TRACE code and the FLUENT code.
For the numerical simulation of the steady critical flow with the shock wave, the mass flow
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rate by the FLUENT code in the case using the constant density of liquid water as the refer-
ence density (case 1) shows good agreement with those by the experiment and the numerical
code for the shock wave calculation (the WAHA code). However, the mass flow rates by the
TRACE code and the FLUENT code in the case using the saturated density of liquid (case 2)
are smaller than that by the experiment. It could be caused by the problem of capturing the
shock wave and the vapor generation for the results by the TRACE code. On the other hand,
for the numerical simulation of the transient critical flow, the mass flow rate by the TRACE
code shows good agreement with those by the experiment and the RELAPS code. The mass
flow rate by the FLUENT code in the case 1 is larger than that by the experiment. However,
the mass flow rate by the FLUENT code in the case 2 shows agreement with the experimental
result.

The FLUENT code has the possibility that it is applicable to the detail simulation of the
two-phase critical flows, and it would be available for the safety analysis. In order to estimate
the physical properties of the two-phase critical flow more accurately, more detail analyses
and simulations are needed.
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