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a b s t r a c t

The MARS code has been assessed for the prediction of onset of flow instability (OFI) in a vertical channel.
For assessment, we built an experiment database that consists of experiments under various geometry
and thermal-hydraulic condition. It covers pressure from 0.12 to 1.73 MPa; heat flux from 0.67 to
3.48 MW/m2; inlet sub-cooling from 39 to 166 �C; hydraulic diameters between 2.37 and 6.45 mm of
rectangular channels and pipes. It was shown that the MARS code can predict the OFI mass flux for pipes
reasonably well. However, it could not predict the OFI in a rectangular channel well with a mean absolute
percentage error of 8.77%. In the cases of rectangular channels, the error tends to depend on the hy-
draulic diameter. Because the OFI is directly related to the subcooled boiling in a flow channel, we
suggest a modified subcooled boiling model for better prediction of OFI in a rectangular channel; the net
vapor generation (NVG) model and the modified wall evaporation model were modified so that the effect
of hydraulic diameter and heat flux can be accurately considered. The assessment of the modified model
shows the prediction of OFI mass flux for rectangular channels is greatly improved.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The occurrence of two-phase flow instabilities is not desirable in
boiling, condensing, and other two-phase flow systems. The flow
instabilities are divided into static instabilities and dynamic in-
stabilities depending on the geometry of the flow, operating con-
ditions, and boundary conditions. The Ledinegg instability or onset
of flow instability (OFI) is an example of static instabilities in which
flow undergoes a sudden, large-amplitude excursion to a new,
stable operating condition. Such phenomena may cause mechani-
cal vibration and generate premature boiling crisis or critical heat
flux of the system, therefore, limiting the reliability and safety of
the system's operation [1e5]. Considering the effect of the OFI, it is
very important to predict the OFI point accurately.

The mechanism of OFI can be explained using Fig. 1. The dashed
black line represents the supply curve determined from a certain
pump characteristic and the black line represents the typical de-
mand curve, which is also called the N-curve for a channel with
given power input [6]. The OFI occurs when the slope of the
external supply curve is greater than the demand curve. In the
by Elsevier Korea LLC. This is an
single-phase liquid region, the slope of the demand curve is greater
than the slope of the supply curve, therefore, it is stable. When the
mass flux decreases, the channel will reach the onset of nucleate
boiling (ONB) point in which the first bubble is generated on the
surface of the heating wall. Further decreasing in the mass flux, the
channel will reach the net vapor generation (NVG) point. At this
point, the bubbles represented by the red line start growing rapidly
[7]. After the NVG point, if the mass flux decreases further, the
channel reaches the OFI which is defined as the minimum pressure
drop value in a decreasing mass flux system. The OFI is also used as
the beginning of the unstable region [8].

In a research reactor that uses plate-type fuel, the fuel assem-
blies resemble a rectangular channel. Reactors that use this fuel
type are Kijang Research Reactor (KJRR) [9] and many other ex-
amples [10e13]. It is noted that the OFI is not limited only to a pipe
but covers all types of channel geometry [8]. Therefore, it is
important to accurately predict the OFI in a rectangular channel. A
study to assess the criteria to identify the OFI in an upward rect-
angular channel has already been done. Criteria based on the NVG,
a part of the subcooled boiling model in thermal-hydraulic system
code, is found to predict the OFI conservatively [14,15]. A study to
assess the capability of RELAP5/3.2 [16] in parallel channels shows
the influence of uncertainty related to the inlet sub-cooling, heat
flux, and hydraulic diameter of the channel [17]. Another study
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Nomenclature

Aheat Heat transfer surface area (m2)
cpf Specific heat capacity (J/kg K)
Dh Hydraulic diameter (m)
G Mass flux (kg/m2∙s)
h Enthalpy (J/kg)
hfg Latent heat of vaporization (J/kg)
k Thermal conductivity (W/m K)
Nu Nusselt number
P Pressure (Pa, bar)
Pe Peclet number
q} Heat flux (W/m2)
T Temperature (�C)
St Stanton number

V Volume (m3)

Greek letters
a Void fraction
ε Error
G Wall vapor generation rate per unit volume (kg/

m3∙s)
r Density (kg/m3)

Subscripts
cr Critical
f Liquid phase
g Gas phase
sat Saturated
sub Subcooled
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aimed at simulating flow excursion by using the MARS code found
that the MARS code provides reliable predictions and a rather
conservative result [18].

This paper aims to improve the OFI prediction of the MARS code
to extend its applicability for a reactor that uses plate-type nuclear
fuel. The MARS code is assessed against several experiments at
different thermal-hydraulic conditions and geometries. The result
of the assessment is then used to propose a modified subcooled
boiling model to improve the OFI prediction in an upward rectan-
gular channel.
2. Assessment of the onset of flow instability prediction using
the MARS code

The MARS-KS code is a best-estimate thermal-hydraulic system
code developed by KAERI from the consolidated version of the
RELAP5/MOD3.2 and COBRA-TF [19]. Since the backbone of the
MARS-KS code is RELAP5 and COBRA-TF, the theoretical basis of the
MARS code is very similar to those two codes except for the newly
developed features, such as the multidimensional flow field
Fig. 1. Pressure-drop vs flow rate cha
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formulation, the improved numerics for performance enhance-
ment, and the coupled calculation features with 3D reactor kinetics
and containment thermal-hydraulics [20].
2.1. Description of the subcooled boiling model in the MARS code

The subcooled boiling model in both RELAP5 and MARS is
similar. It consists of the net vapor generation (NVG) model, wall
evaporation model, interfacial condensation heat transfer et al. The
NVGmodel determines the subcooled water temperature of NVG e

later referred to as the point of net vapor generation (PNVG). The
wall evaporation model determines the bubble generation rate on
the surface of the heating wall. The interfacial condensation heat
transfer determines the bubble condensation rate surrounded by
subcooled liquid.

The original NVG model was developed by Saha-Zuber [21].
However, the Savannah River Laboratory (SRL) model [16] devel-
oped from the Saha-Zuber correlation has been used in most
thermal-hydraulic codes including the RELAP5 code and the MARS
code. The SRL model consists of the NVG model and the wall
racteristic for a heated channel.



Table 1
OFI experiment database.

Experiment Geometry Diameter (mm) Heat flux (MW/m2) Inlet sub-cooling (oC) Pressure (bar) Data points

Gap (mm) Width (mm)

Whittle-Forgan 1 [8,22] Rectangular 3.23 25.4 0.82e2.50 44e69 1.17 24
Whittle-Forgan 2 [8,22] 2.44 25.4 1.23e2.50 39e71 1.17e1.72 16
Whittle-Forgan 3 [8,22] 2.03 25.4 0.66e2.89 39e69 1.17 12
Whittle-Forgan 4 [8,22] 1.4 25.4 0.67e2.26 39e69 1.17 12
Vernier [24] 2 53.0 0.68e3.15 54e105 2.35 4
THTL 1 [23] 1.27 12.7 0.7e6.4 75e166 1.75e17 6
THTL 2 [23] 1.27 25.7 2.3e6.5 160e164 16.8e17.3 4
Whittle-Forgan 5 [8,22] Pipe 6.45 0.86e3.48 39e59 1.17 9
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evaporation model. The NVG model is represented as:

Nu¼ q}Dh
kf ðTsat � TNVGÞ

¼455 for Pe � 70;000; (1a)

St¼ q}
Gcpf ðTsat � TNVGÞ

¼0:0055� 0:0009FPress for Pe > 70;000:

(1b)

Equations (1a) and (1b) can be rewritten as:

hcr ¼

8>>><
>>>:

hf ;sat �
1

455
q}cpf Dh

kf
for Pe � 70;000;

hf ;sat �
1

0:0055� 0:0009FPress

q}
G

for Pe>70;000:

(2)

The wall evaporation model is given as follows:

Gw¼ q}Aheat

Vhfg

�
1

1þ εSRL

�
ðMþ FSRLÞ; (3)

where

M¼
min

�
hf ; hf ;sat

�
� hcr

hf ;sat � hcr
; (4)
Fig. 2. Nodalization for OFI exp
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εSRL ¼
rf
rg

hf ;sat �min
�
hf ; hf ;sat

�
hfg

Feps; (5)

FSRL ¼ FPressðFGam�MÞ; (6)

FEps ¼min

2
6641:0; 1:0

0:97þ 38:0� exp
�
�
�

P
6:894�103 þ 60

��
42

�
3
775;

(7)

FPress ¼
1:0782

1:015þ exp
��

P
6:894�103 � 140:75

��
28

�; (8)

FGam ¼min
�
1:0;0:0022þ0:11M�0:59M2 þ8:68M3

�11:29M4 þ4:25M5
�
: (9)

The term M in the wall evaporation model is a function of hcr ,
which is obtained from the NVG model. Therefore, the wall evap-
oration model is dependent on the NVG model.
eriment in the MARS code.



Fig. 3. Pressure drop vs mass flux curve from the MARS code.

Fig. 4. Comparison of the MARS results with the experiments.
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2.2. The OFI predictions of the MARS code

The MARS code is assessed against collected data of OFI exper-
iments to improve its applicability on a narrow rectangular chan-
nel. The collected data mainly consists of upward flow experiments
in a rectangular channel and a pipe. This includes the Whittle-
Forgan [8,22], THTL [23], and Vernier [24] experiments. The de-
tails of the experiment are listed in Table 1.

The collected OFI experiments were simulated using the MARS
code. The input model for the calculations is shown in Fig. 2. The
component 100 is used to provide the boundary conditions of the
inlet flow temperature. The component 101 is used to set the inlet
flow rate. The component 120 represents the test section, where
the heat structure components are attached to model the heat
conduction and convective heat transfer to the liquid. The
component 140 specifies the exit pressure. The component 110 and
130 represent the location of the pressure measurement taps. The
channel pressure drop is calculated by using the pressure difference
at the component 110 and 130.

For all the calculations, the heat flux provided is constant with
the specified axial distribution. The mass flow rate is decreased in a
stepwise function of time to produce a quasi-steady-state pressure
1129
drop vs. mass flux curve. Themass flow is kept constant for 20 s and
then decreased for another 20 s until the next fixed flow rate. The



Table 2
The MAPE of the OFI mass flux for the experiments.

Experiment Geometry Diameter (mm) Hydraulic Diameter (mm) Data Points MAPE

Gap (mm) Width (mm)

Whittle-Forgan 1 [8,22] Rectangular 3.23 25.4 5.72 24 7.76%
Whittle-Forgan 2 [8,22] 2.44 25.4 4.45 16 10.34%
Whittle-Forgan 3 [8,22] 2.03 25.4 3.76 12 5.83%
Whittle-Forgan 4 [8,22] 1.4 25.4 2.65 12 6.95%
Vernier [24] 2 53.0 3.85 4 6.98%
THTL 1 [23] 1.27 12.7 2.37 6 18.14%
THTL 2 [23] 1.27 25.7 2.45 4 10.62%
Whittle-Forgan 5 [8,22] Pipe 6.45 6.45 9 3.43%
Total Include Pipe 2.37e6.45 87 8.22%

Exclude Pipe 2.37e5.72 78 8.77%
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calculation is kept running until it stopped either by the end of the
time step or a code failure.

Fig. 3 shows examples of the pressure drop vs mass flux curve
Fig. 5. The effects of hydraulic diameter and heat flux on the OFI prediction.
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for OFI prediction in the MARS code. It can be seen that the PNVG
always precedes the minimum pressure drop or the OFI point. It
confirms that the NVG model is much more dominant for the OFI
compared to the wall evaporation model. Fig. 4 shows some com-
parisons of the OFI in the experiment and the MARS calculation in
different hydraulic diameters. The symbol indicates the experiment
data and the line indicates the result from MARS calculation. The
OFI point is taken as the point inwhich it has the minimumvalue of
pressure drop. It can be seen that the OFI point is always over-
predicted for Whittle-Forgan 1, generally acceptable for Whittle-
Forgan 3, and acceptable for Vernier except for the high mass flux.

Quantitative evaluation is provided by the means of GRatio and
mean absolute percentage error (MAPE). GRatio is defined as the
ratio between OFI mass flux obtained from MARS calculation
(GMARS) to OFI mass flux from the experiment (GExperiment):

GRatio ¼
GMARS

GExperiment
; (10)

If GRatio is greater than one, the OFI is over-predicted while less
than one means under-prediction. The MAPE is defined as:

MAPE¼ 1
N

XN
i¼1

					
GMARS;i � GExperiment;i

GExperiment;i

					: (11)

Table 2 shows that the code can predict the OFI in a pipe
reasonably well. However, the code failed to predict the OFI in a
rectangular channel as it has average MAPE of 8.22%. The THTL 1
has the highest MAPE of 18.14%. It should be noted that this
experiment has the smallest hydraulic diameter. In a study con-
ducted by Hamidouche et al. [17], the hydraulic diameter has a
significant influence in predicting the OFI point. Fig. 5(a) confirms it
as the tendency of under-prediction at small hydraulic diameter,
and over-prediction occurs at large hydraulic diameter up until it
reached Dh ¼ 4.5 mm in which the over-prediction is constant.
Fig. 5(b) shows the effect of the heat flux on the OFI prediction. It
could be seen that the code tends to under-predict the OFI mass
flux at higher heat flux.

The NVG model in Eq. (1) is then plotted in Fig. 6(a), with the
Peclet and Stanton number as the x-axis and y-axis, respectively.
The Stanton number is evaluated at the channel exit. It shows the
inability of the current model to predict the Stanton number for
each experiment in a rectangular channel. The predicted Stanton
number for the pipe is acceptable compared to the rectangular
channel. Fig. 6(b) and Table 3 also show the effect of hydraulic
diameter on the St-Pe relation. The average Stanton number tends
to decrease as the hydraulic diameter gets smaller. The limiting
criteria at Pe ¼ 70,000 are also not suitable as the Stanton number
for rectangular channel seems to be constant until a much lower
Peclet number.



Fig. 6. Assessment of St-Pe relation.

A. Wisudhaputra, M.K. Seo, B.J. Yun et al. Nuclear Engineering and Technology 54 (2022) 1126e1135
In summary, the currentmodel is only suitable for a pipe and not
suitable for a rectangular channel. The current NVG model is not
able to predict the Stanton number in a rectangular channel well as
it does not take the effect of hydraulic diameter, and the limiting
criteria at Pe¼ 70,000 also need to be changed. The code also tends
to under-predict the OFI in high heat flux. Therefore, modification
to the NVG model and the wall evaporation model is needed for
better OFI prediction.
Table 3
Average Stanton number for each experiment.

Experiment Geometry

Whittle-Forgan 1 [8,22] Rectangular
Whittle-Forgan 2 [8,22]
Whittle-Forgan 3 [8,22]
Whittle-Forgan 4 [8,22]
THTL 1 [23]
THTL 2 [23]
Whittle-Forgan 5 [8,22] Pipe
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3. Improvement of the subcooled boiling model

Many studies aiming to improve the subcooled boiling model
have been done [23,25e30]. The goal is to improve either the void
fraction prediction or the OFI prediction. Some of these studies have
opted to keep the Peclet number as the limiting criteria between
the thermally controlled region and the hydrodynamically
controlled region. However, the newer studies opted to develop a
new correlation based on the equilibrium quality to obtain the
PNVG. The limiting criteria are also changed based on the dimen-
sionless inlet liquid velocity to divide between the low-velocity and
high-velocity regions.

In this section, we proposed a modified NVG model and a
modified wall evaporation model. The modified NVG model keeps
the Peclet number as the limiting criteria between the thermally
controlled region and the hydrodynamically controlled region.
3.1. Improvement of the NVG model

The original NVG model did not predict the Stanton number for
the rectangular channel well while the Stanton number for the pipe
is predicted reasonably well. It indicates that the original NVG
model is suitable for the pipe while improvement needs to be done
for the rectangular channel.

It is noted that, in the same flow area, the hydraulic diameter in
a pipe will be larger compared to the hydraulic diameter in a
rectangular channel. This in turnwill cause the Stanton number in a
rectangular channel to be bigger than the Stanton number in a pipe
with the same flow area. Therefore, causing the PNVG in a rect-
angular channel to be generated in a lower sub-cooling tempera-
ture compared to the PNVG in a pipe. Ghione et al. [31] also
mentioned that an enhancement of the heat transfer occurs with
the decrease of the gap size which will cause the PNVG to be
generated in much higher sub-cooling in a small hydraulic diam-
eter. They also stated that the predictions of the Nusselt number are
only accurate up to Re ¼ 25,000 which in our experiment database
corresponds to Pe ¼ 40,000. Moreover, Fig. 6(b) shows that the
Stanton number seems to be constant until around Pe ¼ 36,000. It
also shows that the Stanton number is decreasing as hydraulic
diameter getting smaller. However, the original correlation used
Pe¼ 70,000 as the limiting criteria to divide between the thermally
controlled region (Peclet less than 70,000) and the hydrodynami-
cally controlled region (Peclet greater than 70,000).

Therefore, we proposed amodification to the original model. We
changed the limiting criteria to Pe ¼ 36,000 and introduced the
term DRat , which is a ratio between the test section's hydraulic
diameter and a reference hydraulic diameter of 4.5 mm DRat will be
used to decrease the Stanton number at a smaller hydraulic
diameter which in turn will cause the PNVG to be generated in a
higher sub-cooling. Then, the original model in Eq. (2) is modified
as follows:
Hydraulic Diameter (mm) Average Stanton Number

5.72 0.01128
4.45 0.01108
3.76 0.00957
2.65 0.00803
2.37 0.00629
2.45 0.00732
6.45 0.00748
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hcr ¼

8>>>><
>>>>:

hf ;sat �
1

399$D1:4
Rat

q}cpf Dh

kf
for Pe � 36;000

hf ;sat �
1

0:00834� 0:00133FPress

q}

G$D1:4
Rat

for Pe>36;000

;

(12)

where DRat ¼ min
�
1:0; Dh

0:0045

�
.

The comparison between the original and the modified NVG
model is shown in Fig. 7. It can be seen that the over-predicted cases
are greatly improved. The under-predicted case highlighted as (I)
are not so improved. The result of Whittle-Forgan 5 with pipe
highlighted as (II) deteriorates as the original NVGmodel is suitable
for OFI prediction in a pipe. The under-predicted case generally has
hydraulic diameters of less than 3.5 mm and heat flux greater than
3.0 MW/m2.
Fig. 7. Comparison of the OFI prediction.
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3.2. Improvement of wall evaporation model

The modified NVG model did not improve the under-predicted
case. These consist of experiments with hydraulic diameters less
than 3.5 mm and heat fluxes greater than 3.0 MW/m2. The NVG
point is now generated at a higher sub-cooling temperature in
small hydraulic diameters. This will cause the bubble to be
condensed again due to the high sub-cooling of the bulk temper-
ature. As already mentioned, an enhancement of wall heat transfer
occurs at a smaller gap size. We also assume that the superheated
layer inwhich the bubble nucleation occurred has a higher effect in
a channel with a small hydraulic diameter. The height of the su-
perheated layer is difficult to obtain [32], however, Wiebe et al. [33]
suggest that the region of high liquid superheat extends up to
0.254 mm. Liao et al. [34] pointed out that the thicker the height of
the superheated layer, the faster the bubble grows. They also stated
while higher heat flux decreases the superheated layer thickness
due to enhanced turbulent convection, it also results in increased
bubble generation, and the bulk liquid is stirred more rapidly by
growing and departing vapor bubbles. Therefore, the wall evapo-
ration model needs to be modified to consider the effect of the
hydraulic diameter and heat flux.

In thewall evaporationmodel, FGam defined as Eq. (9) plays a key
role in predicting the axial void fraction in low-pressure conditions
[29]. The general form of FGam is shown in Fig. 8, and it did not
consider the effect of hydraulic diameter and heat flux. Therefore,
we proposed to modify the wall evaporation model which con-
siders the effect of hydraulic diameter and heat flux. The modified
wall evaporation model is written as:

FGam ¼min
h
1:0;0:0022þ0:11M� 0:59M2 þ8:68M3 �11:29M4

þ4:25M5 þ0:8121
�
df 0:513qf 0:34

�
sinðpMÞ

i
; (13)

where df ¼ max
�
1:0; 0:0035Dh

�
� 1 and qf ¼ max

�
1:0; q}

3�106

�
.

The term df is used to increase the bubble generation rate in a
small hydraulic diameter (less than 3.5 mm) while the term qf is
used to increase the bubble generation rate in large heat flux (more
than 3.0 MW/m2). The modification will change the form of FGam at
different hydraulic diameters and heat fluxes as shown in Fig. 9.
Fig. 8. The general form of FGam.



Fig. 9. The form of the modified FGam.
Fig. 10. Comparison between the original model and the modified model.

Table 4
Quantitative evaluation between the original and modified model.

Model MAPE

All Experiment Rectangular Channel

The original 8.22% 8.77%
The modified 4.37% 4.11%
Reduction of the MAPE 46.84% 53.14%
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4. Assessment of the modified model

The modified subcooled boiling model is implemented to the
MARS code and it is assessed with the same experimental database
as those used to assess the original model. Also, we assessed the
modified model with experiments that measured void fraction in a
rectangular channel to ensure that the modified model doesn't
deteriorate the original void fraction prediction.

4.1. Assessment of the OFI prediction

The comparison between the original and the modified model is
shown in Fig.10. The over-predicted case, such as theWhittle-Forgan
1, Whittle Forgan 2, Whittle Forgan 3, and Vernier, have been
improved through the modification of the NVG model. The under-
predicted case such as the Whittle-Forgan 4 is improved through
the modification of the wall evaporation model. However, the OFI
prediction for THTL 1 and THTL 2 is slightly improved. It shows the
limitation of the modified model as it is unable to significantly
improve the OFI prediction in a channel that has hydraulic diameter
less than 2.5 mm. We assume that the friction factor has a more
1133
significant role in a channel with a very small hydraulic diameter.
The OFI prediction for Whittle-Forgan 5 experiment is also deterio-
rated. This means that the modified model is not suitable for a pipe
as explained in Section 3.1. Nevertheless, the OFI prediction is greatly
improved as shown in Table 4, which provides the quantitative
evaluation between the original and the modified model. It shows
that the modified model greatly reduces the MAPE of the OFI pre-
diction in a rectangular channel by 53.14%.
4.2. Assessment of void fraction prediction

To ensure that the modified model does not deteriorate the void



Table 5
Experiment database for the void fraction prediction.

Experiment Gap (mm) Width (mm) Heat Flux (MW/m2) Inlet Sub-cooling (oC) Pressure (bar) Test No. Data Points

Christensen [35] 11.1 44.4 0.21e0.50 1.2e14.4 27.6e68.9 7 112
Cook [36] 11.1 93.7 0.06e0.22 0.2e16.3 42.3e42.4 61 1066
Marchattere [37] 11.1 46.85e93.7 0.06e0.18 0.4e0.73 7.9e35.5 24 430
Marchattere [38] 6.35e12.7 50.8 0.01e0.27 1.7e19.4 11.2e42.4 141 1337

Fig. 11. Comparison between the original and modified model.

Table 6
Quantitative evaluation for the void fraction prediction.

Experiment Test No. Data Points Average void fraction error

The original The modified

Christensen [35] 7 112 0.0330 0.0322
Cook [36] 61 1066 0.0382 0.0380
Marchattere [37] 24 430 0.0210 0.0212
Marchattere [38] 141 1337 0.0490 0.0428
Total 233 2945 0.0404 0.0375
Reduction of the εAverage 7.18%
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fraction prediction, we have assessed the model against a void
fraction experiment database. The experiment is designed to
generate the NVG point near the channel inlet so that the void
fraction distribution could be observed along the channel. The heat
flux and mass flux in the experiment are kept constant. The
experiment used to assess the void fraction prediction is listed in
Table 5.

Fig. 11 shows the comparison between the original model and
the modified model. The two results look similar each other. A
1134
quantitative comparison is provided in Table 6. The void fraction
error (ε) is defined as

ε¼ 1
N

XN
i¼1

		aExperiment;i �aMARS;i
		; (14)

where aExperiment;i is the experiment void fraction at location i and
aMARS;i is the MARS void fraction at location i. The average error is
reduced by 7%. Table 6 shows that the modified model has better
prediction compared to the original model. Thus it can be said that
the modified model managed to improve the void fraction
prediction.
5. Conclusions

We have assessed the MARS code for the prediction of OFI using
a total of 87 OFI experiments. It was shown that the MARS code did
not predict the OFI point in a rectangular channel well. However,
the OFI prediction for pipe is predicted reasonably well. It is
because the MARS code did not consider the effect of hydraulic
diameter and heat flux in a rectangular channel.

In this paper, we propose a modification to the subcooled
boiling model since it is directly related to the OFI phenomena. We
introduced correction factors that can consider the effects of hy-
draulic diameter and heat flux. The modified model is assessed
again using the same experiment database. The modified model
reduced the MAPE of OFI prediction from 8.77% to 4.11%. In addi-
tion, we also collected a total of 233 experiments to assess the effect
of the modification to the void fraction prediction in a rectangular
channel. The result showed that the modified model managed to
improve the void fraction prediction in a rectangular channel.
Therefore, the modified model can be used for the OFI prediction in
a rectangular channel. The implementation of the modified model
into MARS can extend the code applicability to the nuclear reactors
that use a plate-type fuel.
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