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Abstract: Critical flow is one of the essential parameters in LOCA accident analysis in
which pressure different is very high. Void fraction (a), in another term, slip ratio, s, is
the key parameter that could effect to critical flow prediction. Henry-Fauske (HF) model
is the model for critical flow calculation existing in current computer codes such as
MARS, RELAP, TRACE. However, the limitation of this model is slip ratio s=1. By
modified the slip ratio correlation, the paper focuses on evaluating the HF model. Among
the chosen correlations for slip ratio, Smith correlation is the best option for this purpose.
The results in our paper showed that while original Smith correlation with k=0.4 is
suggested for horizontal tests, the modified one with k=0.2 could be applied for vertical
tests.
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Tém tat: Vin toc cuwc t6i han la mot trong nhitng thong sé quan trong trong phan tich an
toan cho cdc sw ¢é6 mat chat tdi nhiét cia cdc 1o phan trng hat nhan ma trong do co do
chénh dp cao. PJ rong (a) hay theo mt cach dién dat khdc, ti s6 van toc,s, chinh la thong
SO chinh cé thé tac dong dén dw dodn vin toc téi han. Mé hinh Hery-Fausle (HF) 1a md
hinh tinh todn vin toc téi han hién tai trong cdc phan mém tinh toan nhur MARS, RELAP
hay TRACE. Tuy nhién nhugc diém ciia mé hinh nay la s=1. Thong qua viéc thay doi hé
50 s, bai bdo nay tdp trung vao viéc danh gia mé hinh HF. Trong tong $6 cdc ham fuong
quan cho ti s6 vén toc s, ham tiwong quan Smith la lya chon tot nhat dé danh gia van toc
101 han. Cac két qua trong bdo cdo ndy chi ra rang, trong khi ham tuwong quan ciia Smith
véi hé s6 k=0.4 la lwa chon cho cac hé thi nghiém nam ngang, ham tuong quan thay doi
ctia Smith voi hé s6 k=0.2 cé thé ap dung tot doi véi cac hé thuc nghiém thang ding.

Tur khoa: Void fraction, slip ratio, critical flow.

1. INTRODUCTION

Critical flow phenomenon takes place when liquid, gas or mixture leaks from a system at
high pressure to the ambient at lower pressure through a break such as in a break of safety
valves or safety injection lines during a loss of coolant accident (LOCA). Understanding of
break flow and its modeling are important things in a LOCA scenario. When the system
approaches the critical flow condition, the discharge flow through the broken exit could reach
a maximum value, and the flow rate becomes independent from the downstream pressure.
Henry-Fauske (HF) and Trapp-Ransom (TR) are two leading applicable models for critical
flow calculation in the current safety analysis codes among many models. However, as the
application of these models is different, they should be used carefully while doing the
calculation. HF model is only applicable for one component steam-water system.
Furthermore, based on the assumption of the HF model, it could be applied to a well-mixed
condition, thermal equilibrium. TR model, however, is applied to the two-component system,
air-water. Together with this, to predict the critical mass flow, the HF model uses the
upstream conditions, while the TR model bases on the throat conditions. These models used a
void fraction to predict the critical flow. Void fraction, defining as the fractional occupied
area of the gas phase, is one important parameter for two-phase flow, based on which the
component pressures, flow rate, and heat transfer are determined. Because the gas phase
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normally moves faster than that of the liquid phase, the void fraction could not be directly
calculated from the mass flow rates of each phase separately. Therefore, void fraction depends
on the phase velocity ratio, so-called slip ratio. Slip ratio can be influenced by many variables,
such as mixture quality, temperature and pressure, the direction of flow, circulation mode,
wall friction Fauske [3], and the system geometry Kim [17]. Among those affected
parameters, Kim [17] has suggested that the effect of diameter was the most important one
influencing to the critical flow. His explanation for this effect was related to slip ratio.

This paper first reproduced the HF numerically. Our reproduced model for HF showed a
good agreement in comparing with the selected database. Furthermore, based on Kim’
suggestion, various slip ratio correlations were taken into account for evaluating the critical
flow rate. However, the model of HF has only considered the slip ratio is unity. Therefore, our
focus is evaluated HF model with different slip ratio correlation. Our result showed that Smith
[14] correlation was the best candidate for predicting the critical flow. Based on his original k
=0.4 value, the author modified this value. It could conclude that among chosen slip
correlations, Smith correlation gave a good agreement while varying the k parameter for both
horizontal and vertical tests. While Original Smith correlation could be used for the
horizontal test, the modified k=0.2 for this correlation could be applied for a vertical one.

2. HENRY-FAUSKE CORRELATION

2. 1. Henry-Fauske correlation

Henry-Fauske [1] suggested the model for a non-equilibrium model, using two continuity
and one momentum equations of the single component flow (water—vapor system) without
considering the wall shear stress and heat exchange. This model also developed using the
following approximations:

- Same phase velocity (k=1)

- No mass transfer in the expansion

- Being in thermal equilibrium

- Isentropic expansion (Sg=si)

- The same liquid temperature.

- Polytropic expansion of vapor at the exit (as the ideal gas).

- Critical mass flow rate reaches a maximum value concerning the throat pressure, dG/dp;
=0.

Based on these approximations, the flow rate can be determined as follows:
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Integrating the momentum equation from the stagnant to the throat locations:
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Substitution eq. (2.1.1) into the eq. (2.1.2) and rearrange Eqg. (2.1.2) the compact form can be
obtained:
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For given stagnant conditions of Py and X, by iteration until the n values in two Eqg. (2.1.3)
and Eq. (2.1.4) are converged, the critical pressure, P, can be obtained. The critical mass flow
rate finally can be calculated.

2.2 Reproducing and comparison of HF model

One of the author’s difficulty is that MARS code is not commercial software. It is only
allowable for Korean students to use its source code. Therefore, to modify the correlations in

the HF model, the author has numerically reproduced this model based on the main equations
given in the original papers [1].

Comparisons have been made for one component steam-water. The critical mass flux data
versus stagnation quality are taken from Henry and Fauske [1] at different pressures. Figs 1,
2 and 3 show the comparisons between reproducing HF model and the experimental data [1].
It could be concluded that the HF reproducing model give similar results to the original one.
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Fig. 1. Comparison of reproducing HF model with experimental data at 0.12MPa (17.6 psi) [1].
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Fig. 2. Comparison of reproducing HF model with experimental data at 1.38MPa (200 psi) [1].
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Fig. 3. Comparison of reproducing HF model with experimental data at 2.76 MPa (400 psi) [1].

From Figs. 1, 2 and 3, we can see that the HF model tends to be better at high pressure, and its
result is under-predicted the data at low pressure. It means that this model in the current
MARS code could be used for high-pressure systems.

3. SLIP RATIO CORRELATIONS

The estimation of hydrostatic, acceleration, and friction pressure drops, and critical mass
flow rate in the two-phase mixture is based on the knowledge of the void fraction, the relative
volumes of gas and liquid phases at a given location. A huge number of empirical correlations
and theoretical models for void fraction have been proposed in the past [9, 10]. The
theoretical ones are mainly based on simplifying assumptions [1,2,4], respect to the flow
regime, and therefore the results cannot be of general applicability to two-phase phenomena
such as boiling process including several different flow regimes, from bubbly to separate
flow. Other models are developed based on a limited range of experimental conditions such as
pressure, temperature or quality [14,15,16]. The void fraction depends on the phase velocity
ratio, slip ratio in the general form [9,10] as a function of quality (x), density (p) and viscosity
(H):
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In reality, only several types of reactors for gas/liquid exist. Moreover, one could be noted

e
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that the contribution of the viscosity component as shown in Table 1, ( ) , Is dominant.
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Therefore, this parameter could be negligible. Void fraction correlations then could be

reduced as follows:
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Where the slip ratio, s, is determined as follows:
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Select the void fraction correlations having the form in Eq. (3.2), the author has compared
them with the available experimental data (Table 2).



Void fraction correlations related to slip ratio are listed in Table 1:

Table 1. Some void fraction correlations

Correlation b C d
HEM 1 1 0
Fauske (1961) 1 0.5 0
Zivi (1964) 1 0.67 0
Smith (1969) 1 1 0
Chisholm (1973) 1 1 0
Spendding & Chen (1984) 2.22 0.65 0.65 0
Hamersma & Hart (1987) 0.26 0.67 0.33 0
Tuner & Wallis (1965) 1 0.72 04 0.08
Lockhart & Martinelli
(1949) 0.28 0.64 0.36 0.07
Thom (1964) 1 1 0.89 0.18
Baroczy (1966) 1 0.74 0.65 0.13
Premoli et al. (1970) Aprum 1 1 0
Madsen (1975) 1 M -0.5 0
Chen (1986) 0.18 0.6 0.33 0.07
Petalaz and Aziz (1997) Apa -02 -0126 O

where: Re and We are Reynolds and Weber numbers, D is the equivalent diameter

—-0.22
Appm=1+F; {1 +ny _ sz}»Fl — 1.578(Re); " (%) JF, = 0.0273We; (Re); %51,
2

1-x\7" g\~ GD G3D
y= ( ) <_) , (Re)f = —, Wef = —, G is the mass flux
X Pt Kt opPf

M= 1+|Og(g—;) /Iog(lx;x) , Apsy = 0.735(up)?(Ugg)?/ 02, o is surface tension

Table 2. References related void fraction data measurement

References Diameter Worl:ung Geometry Presspre
[mm] fluid [psi]
Marchettere[1956], Cook [1956] 127 Steam-Water Rectangular, vertical 114 to 600
Haywood [1961] 12.7-38.1 Steam-Water Pipe, horizontal 250 to 2100

Kim [17] has currently suggested that the slip ratio is the main parameter that could affect
the diameter effect. In the past, some experimental work showed that critical mass flow rate
increased while reducing the diameter of the throat (Fauske [3], Sozzi and Sutherland [19],
Chun and Park [20]). This could be explained mainly based on diameter effect. The increase
of vaporization may be higher at the choking place with the decrease in sub-cooling upstream
condition at very low sub-cooling temperature nozzle. This means that the slip ratio may
increase for low sub-cooling upstream conditions. Several slip ratio correlations were
reviewed before taking them into account their critical flow predictions.

By comparing with the experimental data, void fraction correlations listed in Table 1 are
evaluated. The 6 secleted correlations then rewiten in the slip ratio form as shown in Table 3.
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Those slip ratio correlations will be evaluated more detail using different pressures for both
horizontal [13] and vertical [11,12] tests.

Table 3. Slip ratio correlations

Correlation Slip ratio, s
HEM 1
Pg -1/2
Fauske (1961) (_)
Pr

Zivi (1964)

Smith (1969)

. _\—035 5 \—0.35
Spedding & Chen (1984) 222(%) (%)
_\=1/3 7o \~2/3
Hamersma & Hart (1987) 0.26(%) (%)

3.1 Evaluations using horizontal experimental data

Based on the comparison of chosen correlations with Haywood data for a horizontal test at
high pressures from 1.72 to 14.5 MPa as shown in Figs. 4, 5, 6 and 7, we can conclude that
Smith [14] correlation with his recommended k = 0.4 gives the best predictions.

Void fraction vs. quality at 1.72 MPa

1l
— -+ HEM (s = 1, Smith [k=1)) - i

0.9 Fauske [1961], Smith [k=0]

0.8 Zivi [1964]

0.7 - == Smith [1969] (k=0.2)
506 Smith [1969] (k=0.4)
g 05 Spedding & Chen [1984]
"g 04— — Hamersma & Hart [1987]
- o Exp. 250 psi (Haywood)

0.3

0.2 5

[=]
—_

0.0001 0.001 0.01 0.1 1
Quality

Fig. 4 Void fraction vs. quality in comparing with the Haywood data at 1.72 MPa (250 psi) [13].



Void fraction vs. quality at 4.14 MPa
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Fig. 5 Void fraction vs. quality in comparing with the Haywood data at 4.14 MPa (600 psi) [13].

Void fraction vs. quality at 8.62 MPa
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Fig. 6 Void fraction vs. quality in comparing with the Haywood data at 8.62 MPa (1250 psi) [13].

Void fraction vs. quality at 14.48 MPa
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Fig. 7 Void fraction vs. quality in comparing with the Haywood data at 14.48 MPa (2100 psi) [13].

3.2 Evaluations using vertical experimental data

Marchettere [11] and Cook [12] performed experiments using the same vertical test facility
but different pressures from 0.69 to 4.14 MPa (100 to 600 psi). The predictions of chosen
correlations are compered with their data as follows:
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Fig. 8 VVoid fraction vs. quality in comparing with the experimental data at 0.79 MPa (114.5 psi) [11].
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Fig. 9 Void fraction vs. quality in comparing with the Experimental data at 1.89 MPa (274.3 psi) [11].

Comparison with Cook data at 4.24 MPa
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Fig. 10 Void fraction vs. quality in comparing with the experimental data at 4.24 MPa (614.4 psi) [12].

The comparison between the chosen correlations results and the experimental data from
Marchettere [11] and Cook [12 shows that, the modified Smith [14] correlation with k = 0.2, as
well as Speeding and Chen [16] one, gives the best predictions as shown in Figs. 8, 9 and 10.



From these above comparisons, it could be concluded that while the original Smith
correlation with k=0.4 seems to be the best one for the horizontal test, its modification with
k=0.2 could be the best correlation for the vertical test.

3.3 Evaluation of choosing Smith correlation for critical mass flux prediction

Modifying the original slip ratio, s =1, in HF model by using these chosen slip correlations
to predict the critical mass flux, the result can be seen in Figs 11, 12 and 13. This process is
evaluated using 0.12, 1.38 and 2.76 MPa data. The critical mass flux results of original HF is
plotted in black continuous line, and its modified one using Smith correlation with k = 0.4 is
in red long dash line. The compared resutls showed that while the predictions of mass flux at
high quality are quite the same, they become different at low quality. The results at low
pressure (Fig. 11) showed a similar result for all correlations at a quality higher than 0.1. In
comparing with the original HF model (s=1), modified HF model using Smith correlation
gives a better prediction in case of high pressures (Figs. 12 and 13). The modified results
using Spedding & Chen and Hamersma & Hart show bad prediction at very low quality (less
than 10°°). We could see clearly that among these slip correlations, Smith correlation with
k=0.4 is the best option for critical mass flux prediction.
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Fig. 11 Evaluation of critical mass flux for the HF model using the experimental data at 0.12 MPa [1]
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Fig. 12 Evaluation of critical mass flux for the HF model using the experimental data at 1.38 MPa [1]



Mass flux vs. quality comparison at 2.76 MPa
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Fig. 13 Evaluation critical mass flux for the HF model using the experimental data at 2.76 MPa [1]

4. CONCLUSION AND FUTURE WORK

Due to the limitation in software handling, the reproducing model of HF has been
successfully evaluated. The reproducing model showed similar results with that calculated by
using the original HF model. Slip ratio correlations, which correlate with critical mass flux
predictions, were chosen and evaluated using both horizontal and vertical tests. From this
work, we could conclude that the original Smith correlation with k=0.4 is the best choice for
horizontal tests, while the modified one with k=0.2 is applicable for the vertical test. Further
data evaluation is needed for a wider range of pressure for both horizontal and vertical tests to
get a clear picture of the best option for critical flow rate prediction.

NOTATION

c Sound velocity ( m/s)
C Vitural mass (kg)

D Diameter (m)

G Mass flux (kg/m?/s)
h Enthalpy (J/kg)

k

L Length (m)

N

S Slip ratio, (ug/us)

S Entropy (J/K)

X Quiality

P Presssure (MPa)

Ut Liquid velocity (m/s)
Ug Gas velocity (m/s)

Vi Specific volume of liquid (m*/kg)
Vg Specific volume of gas (m*/kg)
We  Weber number

Re Reynolds number

Superscripts
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Stagnant location
Throat location
Gas component
Fluid component

Greeks

a Void fraction

Y Isentropic exponent

A The root of characteristic equation
n Critical pressure ratio

Pt Liquid density (kg/m°)

py  Gas density (kg/m°)

M Liquid viscosity (Ns/m?)

U,  Gas viscosity (Ns/m?)
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