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a b s t r a c t

The critical flow phenomenon has been studied because of its significant effect for design basis accidents
in nuclear power plants. Transition points from thermal non-equilibrium to equilibrium are different
according to the geometric effect on the critical flow. This study evaluates the uncertainty parameters of
the critical flowmodel for analysis of DBA (Design Basis Accident) with the MARS-KS (Multi-dimensional
Analysis for Reactor Safety-KINS Standard) code used as an independent regulatory assessment. The
uncertainty of the critical flow model is represented by three parameters including the thermal non-
equilibrium factor, discharge coefficient, and length to diameter (L/D) ratio, and their ranges are deter-
mined using large-scale Marviken test data. The uncertainty range of the thermal non-equilibrium factor
is updated by the MCDA (Model Calibration through Data Assimilation) method. The updated uncertainty
range is confirmed using an LBLOCA (Large Break Loss of Coolant Accident) experiment in the LOFT (Loss
of Fluid Test) facility. The uncertainty ranges are also used to calculate an LBLOCA of the APR (Advanced
Power Reactor) 1400 NPP (Nuclear Power Plants), focusing on the effect of the PCT (Peak Cladding
Temperature). The results reveal that break flow is strongly dependent on the degree of the thermal non-
equilibrium state in a ruptured pipe with a small L/D ratio. Moreover, this study provides the method to
handle the thermal non-equilibrium factor, discharge coefficient, and length to diameter (L/D) ratio in
the system code.
© 2019 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

It is crucial to evaluate the critical flow phenomena in safety
assessments for a LOCA (Loss of Coolant Accident) and an MSLB
(Main Steam Line Break), which are serious accidents that occur
with very high energy pipe breaks. There are several models to
simulate the critical flow in system codes to analyze the safety of
nuclear power plants.

Henry and Fauske [1,2] established a fundamental theory of the
critical flow phenomena both in subcooled and saturated water
conditions. They explained the reason for the main difference be-
tween theory and experiment; they concluded that the main dif-
ference was thermal non-equilibrium between the liquid and
vapor. Henry and Fauske [2] explained the importance of thermal
non-equilibrium in the critical flow. They collected information
lear Safety, 62 Gwahak-ro,

by Elsevier Korea LLC. This is an
from experiments with a length-to-diameter ratio (L/D) greater
than 12 because they assumed that a nozzle with an L/D ratio
smaller than 12 had a negligible effect on generating the vapor.
They developed an empirical correlation for the relationship be-
tween steam qualities, which is the mass ratio of vapor to liquid,
and a nozzle with the L/D ratio greater than 12.

Moody [3] theoretically presented the maximum critical flow
rate for an ideal nozzle shape. In contrast to the Henry-Fauske
model, which needs the properties at the nozzle throat where the
critical flow occurs, the Moody model was able to calculate the
critical flow rate using only the properties in the upstream region.
Sozzi and Sutherland [4] investigated the various effects of fluid
enthalpy and nozzle shape on the critical flow rate. They explained
that a nozzle with a length of less than 127 mm was affected by
thermal non-equilibrium.

Zaloudek [5] categorized critical flow phenomena into two
modes based on a degree of subcooling. For low temperature, e.g.,
20 �C, they reported that there was only first-step critical mode,
and the pressure at the entrance of a test section remained at the
saturation pressure. In the second-step critical mode, the pressure
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near the entrance decreased from the saturation value and the
location of choking moved to the end of the test section. Kim and
Park [6,7] performed various tests on critical flow phenomena in
wide pressure ranges. They concluded that the transition point was
observed at an L/D of 25 where thermal non-equilibrium was
important in nozzles and pipes.

The previous studies described thermal non-equilibrium to
predict the critical flow rate correctly in code analysis of nuclear
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accidents. However, the previous studies lacked enough analysis
of the effect of the nozzle or pipe geometry according to the length
to diameter ratio on the transition. Additionally, previous tests
mostly investigated separate effects on a small scale. However, the
previous studies did not determine whether there would be an
unexpected effect when it was applied to an actual nuclear power
plant.

This study focused on quantification of uncertainty for a critical
flow model based on the MARS-KS code assessments using two
Marviken CFTs (Critical Flow Tests) and the investigation of the
three parameters including the discharge coefficient (CD), thermal
non-equilibrium constants (CN), and L/D where the critical flow
occurred. The uncertainty ranges were adjusted by a MCDA
(Model Calibration through Data Assimilation), which uses the
experimental data to estimate the scope of uncertainty precisely
as Bayesian statistic methods [8], to improve the envelope with
the information. The adjusted uncertainty ranges were confirmed
through the application to the LBLOCA integral effect test, L2-5,
conducted in the LOFT (Loss of Fluid Test) facility. Finally, based
on the updated uncertainty ranges for the important parameters,
an LBLOCA of an APR (Advanced Power Reactor) 1400 NPP (Nu-
clear Power Plant) was calculated. The effect of the uncertainty of
the critical flow model on the PCT (Peak Cladding Temperature)
was determined using 124 code runs based on the statistical
method.
2. Determination of the range on the parameters using
Marviken test

System thermal-hydraulic codes have been used widely in in-
dependent regulatory assessments as well as nuclear industry de-
signs. Therefore, it is essential to evaluate the suitability of the
system codes. SET (Separate Effect Tests) and IET (Integral Effect
Tests) have been assessed to evaluate the system codes for a long
time. KINS (Korea Institute of Nuclear Safety) promoted our
methodology as a realistic evaluation method for design basis ac-
cidents with KINS-REM [9]. The assessments of SET and IET are one
of the most important activities for determining the uncertainty of
a model according to KINS-REM. As such SET, large-scale experi-
ment Marviken CFT-15 and -24 data were used to determine un-
certainty parameters. Different L/Dswere incorporated into the two
tests.

The default critical flow model in the MARS-KS code was the
Henry-Fauskemodel. It is essential to consider that the actual vapor
quality is below the equilibrium quality owing to thermal non-
equilibrium. The use of the Henry-Fauske critical flow model in
the MARS-KS code specifying two adjustable coefficients, the
traditional discharge coefficient (CD) and a thermal non-
equilibrium constant (CN), is necessary to provide the analyst
with the means for better simulation of critical flow phenomena.

2.1. Henry-Fauske critical flow model

The expression for the critical mass flux in MARS-KS [10] is
If the thermal non-equilibrium factor N is taken to be unity, the
prediction of the equation is close to that of the HEM (Homoge-
neous Equilibrium Model) [10]. However, if N equals zero, the so-
lution is approximately same as that of the HFM (Homogeneous
Frozen Model) [10]. Therefore, the N value plays an important role
in tuning the partial phase change occurring in the nozzle.

The critical mass flow rate is also dependent on the L/D of the
nozzle because thermal equilibrium between the liquid and vapor
needs enough time to transfer heat at the interface. For example, a
short nozzle does not provide enough time with equal thermody-
namic equilibrium between the liquid and vapor. Therefore, the L/D
has a strong relationship with the degree of the thermal non-
equilibrium.

2.2. Marviken critical flow test

Marviken [11] critical flow test aimed to determine the critical
mass flow rate of a two-phase mixture of steam and water. The
Marviken test equipment consisted of four major components: a
pressure vessel, a discharge pipe, a test nozzle, and a rupture disc
assembly, as shown in Fig. 1. The vessel had an inside diameter of
5.22 m and the height was 24.55 m from the vessel bottom to the
top of the top-cupola. The net available internal volume was
420 m3.

Marviken test �15 and �24 were selected to assess the MARS-
KS critical flow model. Because CFT-24 has the short nozzle
design (L/D¼ 0.3) compared to CFT-15 and the long duration (about
20 s) of subcooling, the test is particularly relevant for validating
theMARS-KS subcooled chokingmodel. The MARS-KS nodalization
is also shown in Fig. 1. The vessel was represented by 39 volumes.
The discharge pipe was modeled by six single volumes. Table 1
shows initial conditions of the Marviken tests.

2.3. Discharge coefficient (CD)

The CD in the critical flow model is a compensative parameter
regarding the nozzle shape. The default value of MARS-KS is 1.0,
which can be adjusted by users. CDwas changed to envelop the CFT-
15, -24 data because it was necessary to know the upper and lower
limit of CD.

Figs. 2 and 3 show the critical mass flow rates calculated by
MARS-KS according to CD. The critical mass flow rate is represented
in terms of the pressure, which is closer to the original Henry-
Fauske model. Overall trend of the critical mass flow rate was
proportional to the pressure. Especially, a steep slope in the critical
mass flow rate was observed in the transition region from liquid to



Fig. 1. Marviken facility and nodalization.

Table 1
Initial conditions for Marviken tests.

Item/Test CFT 15 CFT 24
Steam dome pressure, MPa 5.04 4.96
Saturation temperature, �C 264 263
Normal subcooling at vessel bottom, �C 31 33
Nozzle inlet initial temperature, �C 177 27
Steam water inventory, Mg 327 330
Initial water level, m 19.93 19.88
Nozzle length, mm 1809 169
Nozzle diameter, mm 500 500
Length to diameter ratio 3.6 0.3

Fig. 2. Critical mass flow rate according to the CD (CFT-15).

Fig. 3. Critical mass flow rate according to the CD (CFT-24).
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two-phase flow due to the increased void fraction with small de-
viation in the pressure.

As shown in Fig. 2, there was a small difference in the CD
variation in the liquid region, and therewas a difference in the two-
phase region on CFT-15. In contrast to CFT-15, CFT-24 was some-
what different in the liquid region. The mass flow rate of CFT-24
with a small L/D ratio was relatively sensitive to CD in the liquid
region. In contrast, the mass flow rate of CFT-15 with a big L/D ratio
was not sensitive to CD. Both CFT-15 and -24 exhibited a larger
critical mass flow over the entire time (60 s) as the CD increased.

2.4. Thermal non-equilibrium (CN)

The thermal non-equilibrium constant (CN) is related to a partial
phase change within the nozzles or pipes. As CN increased, the
discharge flow rate increased because larger CN made fluid not to
change from liquid to vapor. So, a type of superheated liquid with
much larger density than vapor released. This is the reason why
liquid with larger CN results in a high discharging break flow per



Fig. 4. Critical mass flow rate according to the CN (CFT-15).

Table 2
Calculation matrix.

Uncertainty parameters Range

Thermal non-equilibrium 0.01, 0.14, 1, 10, 100
L/D ratio 0.3, 1, 2, 3.6, 5
Discharge coefficient 1 (Default value)
Initial condition Same as Table 1 except L/D ratio

Fig. 6. Effect of the L/D ratio on the critical mass flow rate (CFT-15).
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unit time. The default value of MARS-KS is 0.14, which also can be
adjusted by users.

Figs. 4 and 5 show the critical mass flow rate with the variation
in CN from 0.01 to 100, which is the whole range of the MARS-KS.
When CN was 0.01, the critical mass flow should be HEM, while
when CN was 100, the critical mass flow should be HFM. As shown
in Fig. 4, CN did not affect the critical mass flow rate in the liquid
region but somewhat affected only the two-phase region. As shown
in Fig. 5, the effect of CN on the critical flow in the liquid region
became strong as CN increased. The results confirmed that the
critical mass flow rates were strongly dependent on the L/D ratio,
and a long nozzle had enough time to reach the thermal equilib-
rium between the liquid and vapor.
2.5. Length to diameter ratio (L/D)

The L/D effect on the critical flowwas investigated to determine
the boundary point of the L/D ratio. A correlation for the relation-
ship between the L/Ds and qualities was developed in this study.
Table 2 shows the calculation matrix with the variation in the L/D
ratio and CN in fixed CD. Among the calculation results, Figs. 6 and 7
show the critical mass flow rates of CFT-15 and -24, respectively, at
a CN of 0.14 according to the L/D ratio. CD and CN for various L/D
ratios in CFT-15 and -24 were sensitive in the liquid region. It was
also clear that the L/D ratios larger than 2 were not sensitive as the
Fig. 5. Critical mass flow rate according to the CN (CFT-24).

Fig. 7. Effect of the L/D ratio on the critical mass flow rate (CFT-24).
L/D ratio increased. Therefore, based on the analysis results (Figs. 6
and 7), it can be concluded that there is a boundary point at an L/D
ratio of 2.

The quality in the nozzle increased as the L/D increased until the
value was two, and then the quality was almost unchanged after-
wards. This was consistent with the finding of the boundary L/D
ratio. When the L/D ratio was two, the quality in the nozzle reached
higher than 95% of almost constant value in the pressure range of
3e4 MPa. Typically, a pressure drop at the narrow entrance of the
nozzle, called the entrance effect, caused the change in the quality.
The quality with thermal non-equilibriumwas lower than that with
thermal equilibrium. The critical mass flow rate was dependent on
the quality with thermal non-equilibrium in a real system; the
critical mass flow rate increased with the decrease in the quality.

As given in Eq. (2), we developed a correlation for the quality
with thermal non-equilibrium in the contraction region where the
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critical flow occurred. This correlation will provide an insight into
how to set up the nodalization scheme for the system codes using
the Henry-Fauske model.
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Fig. 8 shows the effect of the L/D ratio in the choking region
based on the developed correlation in this study. The present cor-
relation illustrated that a short L/D ratio strongly affected the
thermal non-equilibrium quality. This means that the regions ex-
pected to have critical flow should be subdivided appropriately to
prevent errors of predicting small discharge flow. However, the
present correlation had a limitation for generalization because it
was developed based on Marviken experimental data only.

3. Adjusting uncertainty parameter range

Marviken critical flow tests, which provided the experimental
data for uncertainty quantification, were used in the MCDA
method [8]. The quantified uncertainties need to be confirmed by
the envelope calculation for Marviken data. In addition, the
extrapolation of the quantified uncertainty and the effect of CN
during an LBLOCA were checked for the IET in the uncertainty
evaluation by randomly sampled runs. Before uncertainty quan-
tification is performed using the MCDA method, it is recom-
mended to conduct a linearity test.

3.1. Chi-squared linearity test

A linearity test is essential in evaluating the degree of linearity of
the target scenario. A mathematical approach for data assimilation
and uncertainty quantification depends on whether the system
response is linear to CN. If the system behaves linearly, the results
can be linearized by the first-order Taylor series expansion.
Thereby, if the parameter distributions are Gaussian and the system
responds linearly over the range of the parameter values, the
calculated distributions are Gaussian as well. In order to determine
the linearity of the system response, random sampling was
employed to develop distributions of the simulation results
assuming Gaussian distributions for the parameters. The Chi-
squared test statistics are defined as:
Fig. 8. Effect of the L/D ratio in the choking region.
x2 ¼
Xk

i¼1
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where Oi and Ei are the observed and the expected frequencies for
sample number i, respectively.

As shown in Fig. 9, the Chi-squared linearity test was performed
for Marviken 15 and 24 tests by MARS-KS code with 100 randomly
sampled CN at each 0.05 s. For the Marviken 15 test, large values of
Chi-square for break flow indicate nonlinearity in the early 10 s and
last 10 s. This was consistent with the result that the mass flow rate
in the liquid region was not varied as CN increased as shown in
Fig. 4. For the Marviken 24 test, most of the data for break flow had
Chi-squared values below 20 (determined by expert judgment)
until 42 s. The quality and void fraction were over 0.1 and 0.9,
respectively, at 42 s. Since CN was the parameter representing the
degree of phase change, when the void fraction reached 0.9, the
values of Chi-square increased rapidly because CN no longer
affected the mass flow rate. This result was similar to the fact that
the mass transfer was not effective at higher qualities above 0.20,
reported by Henry and Fauske [12]. The system response is
assumed to be linear until 42 s. Thus, for uncertainty quantification
in a critical flow model, MCDA as a deterministic approach for 42 s
was used in this study.
3.2. Envelope calculation of CN using the MCDA method

Inaccuracy in the prediction of physical phenomena can arise
from multiple sources of uncertainties, including physical models,
initial and boundary conditions, numeric, etc. For uncertainty
quantification, the MCDA method was developed by KAERI (Korea
Atomic Energy Research Institute) [8]. There are two MCDA
methods: one for a linear system and the other for a non-linear
system. MCDA integrates experimental data and computational
results for the purpose of updating the parameters of the compu-
tational models based on Bayesian statistics. The prior probability
distribution of the parameters is updated with the information
from the experimental data to calculate the posterior distribution.
A detailed description of the MCDA was presented in Refs. [8,13].

Based on the result of the Chi-squared linearity test for CFT-24, a
deterministic approach for a linearity system based on a first-order
truncated Taylor series for the responses was used. Firstly, to
calculate the calibrated distribution of the thermal non-equilibrium
Fig. 9. Linearity using Chi-squared value for break flow.



Fig. 10. Envelope calculation for break flow.
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constant, users need to enter the parameter information, including
their prior distribution, the initial mean value, and the standard
deviation, etc. Therefore, a sensitivity analysis was performed on
the tests, the number of data, prior distribution, perturbation, etc.

For uncertainty quantification, all the cases used CFT-24 during
60 s with 300 data points. The prior distributions were assumed to
be normal distributions with amean deviation of 1.0 and a standard
deviation of 0.235e0.750 for thermal non-equilibrium constant.
The estimated mean values of the thermal non-equilibrium con-
stant were almost the same as the one for most of the cases, while
the standard deviations were a little different. The main difference
was caused by the prior distribution determined by expert judg-
ment. As the final values of the uncertainty, a mean value of 0.521
and a standard deviation of 0.252 were identified by the envelope
calculation.

Even though the statistical methods actually help to determine
the uncertainty for individual parameters, it is necessary to include
the user effect in selecting the data set in bothmethods because the
final uncertainties strongly depend on the calculated results cor-
responding to the experimental data, prior probability, etc. Thus,
the quantified uncertainties should be confirmed by the Marviken
envelope calculation for the experimental data to evaluate the
quality of the uncertainty information. Envelope calculations were
used by one-sided 3rd orderWilk's formula [14] to obtain the 95/95
upper bound because it was the most important to obtain only
upper PCT (peak cladding temperature) in an assessment of
LBLOCA. The uncertainty range for CN determined in deterministic
MCDAmethodwas used for the envelope calculation, and 124 input
files randomly sampled with their uncertainty distributions were
generated.

As shown in Fig. 10, break flows until 42 s were well enveloped
within the upper and minimum bounds. Therefore, the final un-
certainty range of the thermal non-equilibrium constant was
determined as a mean value of 0.521 and a standard deviation of
0.252, which was able to envelop the experimental data.
Table 3
Guidance on the critical flow model in MARS-KS code.

L/D Ratio Critical flow model

L/D � 2 HFM
L/D D 2 Henry-Fauske
3.3. Uncertainty range of critical flow model in MARS-KS

The comparison between Marviken �15, �24 and MARS-KS
results showed that the boundary L/D ratio was two and the use
of HFM in MARS-KS was closer to the experimental data when the
L/D ratio was lower than two. Furthermore, the variation in the
critical mass flow ratewas negligible when CNwasmore than about
one. The discharge coefficient in MARS-KS was a compensative
value according to the flow geometry at the exit of the nozzle or
pipe, but the thermal non-equilibriumwas a physical phenomenon
related to the phase change between the liquid and vapor. Thus, it
was required to evaluate CN using the uncertainty methods. For
these reasons, CN was adjusted by MCDA after confirmation of its
linearity between parameter and system responses. The above re-
sults make it possible to summarize the uncertainty range of the
critical flow model in MARS-KS with respect to the L/D ratio,
discharge coefficient, and thermal non-equilibrium constant.
Table 3 provides guidance on the adjustable parameters in the
calculation of the critical flow in MARS -KS.

3.4. Application to LOFT L2-5 experiment

The obtained uncertainty ranges in the critical flowmodel were
applied to an assessment of the IET (Integral Effect Test) such as the
LOFT L2-5 test [15]. LOFT analysis was aimed at evaluating whether
the guidance from these results and statistically determined un-
certainty ranges for Marviken tests can be extrapolated to scaled-
up experiments. The thermal non-equilibrium uncertainty
parameter with respect to the specific output was evaluated from
the results of 124 sampled runs performed for the uncertainty
analysis. A detailed description of the LOFT facility and its experi-
mental method was presented in Ref. [15]. Fig. 11 shows the nod-
alization for the MARS-KS code.

One hundred twenty-four samples of CN uncertainty ranges
were incorporated into the calculation for LOFT L2-5 using the
developed guidance in this study. Fig. 12 shows the break flow of
the experimental data and MARS-KS at the vessel side of the cold
leg. The quality and void fraction at the break line were 0.1 and a
little higher than 0.9, respectively, at 15 s during the transient
process. CN in the critical flow for LOFT L2-5 affected the mass flow
rate at 15 s, and most of the experimental data were enveloped in
the range between the upper and minimum bounds at 15 s.

Fig. 13 shows the peak of cladding temperature between the
measured data and the calculation at 15 s. A few data were covered
in the range of the upper and minimum bounds at very beginning
time owing to severe transient process. However, most data were
well enveloped in the range according to the variation of CN for 15 s.
This indicates that the quantified uncertainty can be confirmed
through the envelope calculation for LOFT L2-5.

4. Application to APR1400 LBLOCA

It is important to evaluate the uncertainty for regulatory
assessment as the best estimated code to analyze real plants. Re-
sults with statistic methods should be presented as a type of peak
cladding temperature, and the PCT variation must be identified by
Non-equilibrium constant Discharge coefficient

100.0 0.98 C CD C 1.08
0.017C CN C 1.025 1.0



Fig. 11. Nodalization for LOFT L2-5.

Fig. 12. Results of the envelope calculation on the critical mass flow rate. Fig. 13. Results of the envelope calculation on the PCT.
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uncertainty ranges. This study evaluated the uncertainties of crit-
ical flow phenomena by SET. The results were confirmed by IET
with a highly qualified statistic method for application to the real
plants.

According to a typical LOCA scenario, a double-ended guillotine
break at a cold leg of an APR1400 at full power was calculated with
the uncertainty range of the evaluated CN using the MARS-KS.
Fig. 14 shows the nodalization of the plant for the LBLOCA
calculation.
Fig. 15 shows the upper and minimum boundaries of the clad-

ding temperature from 124 calculations on the uncertainty range of
CN. Duration time CN was about 32 s based on the increase in the
void fraction in the break region. The PCT 95/95 (at the upper
bound of probability of 95% and at the confidence level of 95%),
which can be determined as the 3rd highest value of 124 simple
random sampling calculations [14], was 1205.1 K at 8 s in the



Fig. 14. MARS-KS nodalization for LBLOCA of APR1400.
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blowdown stage.
Even when the same initial conditions were applied to the

LBLOCA, the effect of CN on PCT was strong in the blowdown stage
because the super-heated liquid was more discharged through the
break of the cold leg. Its impact was 89.8 K for the calculated range
of CN. The collapsed core water level was rapidly decreased by
discharging of super-heated liquid, which caused a higher PCT.
5. Conclusions

The objective of this study was to evaluate the uncertainty range
in a critical flow model in MARS-KS code. The conclusions of this
study are as follows:

1) This study suggested the methods to handle the thermal non-
equilibrium factor and discharge coefficient as a function of
the L/D ratio in the critical flow model of the MARS-KS code.

2) The uncertainty range on CNwas adjusted by theMCDAmethod,
and the adequacy of uncertainty quantificationwas identified by
the envelope analysis between LOFT experimental data and
MARS-KS calculation.

3) The peak cladding temperature at 95/95 in the blowdown stage
can be obtained using the consistent range of CN and its impact
can be larger than 89 K in PCT for the LBLOCA of APR1400.



Fig. 15. Effect of the PCT on the CN.
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Nomenclature

APR advanced power reactor
CFT critical flow test
DBA design basis accident
HEM homogeneous equilibrium model
HFM homogeneous frozen model
IET integral effect test
KAERI Korea atomic energy research institute
KINS Korea institute of nuclear safety
KINS-REM KINS-realistic evaluation model
LOCA loss of coolant accident
LOFT loss of flow test
MARS-KS multi-dimensional analysis for reactor Safety-KINS

standard
MCDA model calibration through data assimilation
MSLB main steam line break
PCT peak of cladding temperature
SET separate effect test
Symbols
CD discharge coefficient
CN thermal non-equilibrium constant
Cp specific heat at constant pressure
g mass flow rate per unit area
L/D length to diameter ratio
N thermal non-equilibrium factor (experimental

parameter)
P static pressure
s entropy
v specific volume
x quality

Greek letters
a void fraction
g isentropic exponent for a gas
h critical pressure ratio, Pt/Po
x2 Chi-squared value

Subscripts
c critical conditions
eq equilibrium state
l liquid phase
o initial stagnation condition
t throat of the nozzle
v vapor phase
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