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ARTICLE

Numerical analysis of RBHT reflood experiments using MARS 1D and 3D modules
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The Rod Bundle Heat Transfer (RBHT) program was performed experimentally to analyze the reflood
heat transfer phenomena under the conditions of reflood phase following a hypothesized loss of coolant
accident (LOCA) by the team of Penn State University. In order to verify the experimental data using a
numerical analysis, the Multi-dimensional Analysis of Reactor Safety (MARS) assessment of the RBHT
experimental data was carried out for the flooding rates of 0.0254 and 0.1524 m/sec with the upper plenum
pressure of 276 kPa. The RBHT experimental data of Tests 1285 and 1383 were compared with the calcu-
lation results of the MARS 1D and 3D modules. The MARS code shows a good agreement in the general
trend of the peak cladding temperatures although there are limitations in predicting accurate quenching
time for both modules. However, in comparison to the MARS 1D module simulation, the MARS 3D
module shows the improved calculation capability in that the code can capture local enhanced heat trans-
fer with implication of spacer grids. Moreover, the temperature profiles simulated by the 3D module show
the accurate prediction at which the local peak temperatures occur. For more enhanced simulations, local
flow parameters such as cross flow and vortex flow need to be analyzed for a more accurate prediction of
quenching behavior.

Keywords: thermal-hydraulics; rod bundle; numerical simulation; quench; entrainment; LOCA

1. Introduction

Reflood phenomenon is the heat transfer mode de-
scribing cold water injection over the overheated struc-
tures or fuel assemblies of the nuclear reactor. It involves
complicated heat transfer phenomena of two-phasemix-
tures in terms of liquid–vapor phase change and corre-
sponding mass, momentum, and energy transfer within
the confined geometry of the flow channels. The reflood
phase may occur during hypothesized design basis acci-
dents (DBAs) such as loss of coolant accident (LOCA)
and loss of flow accident (LOFA) as a result of proper
safety flow injection. Thus, it is considered one of the
most important thermal-hydraulic (T/H) phenomena re-
quiring physical understanding due to its significance
and complexity.

In an effort to understand the complex heat trans-
fer in the reflood phase, many research works have
been carried out using various experimental facilities.
An experimental investigation on the reflood phase with
a rod bundle was conducted through the Full-Length
EmergencyCoolingHeat-Transfer-Separate-Effects and
Systems-Effects Test (FLECHT-SEASET) programs in
the 1970s. Overall, reflood heat transfer mechanism
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within the core was examined using the data obtained
from the FLECHT-SEASET tests [1]. However, it was
insufficient to quantify the phenomena relevant to de-
tailed refloodmechanism due to some uncertainties gen-
erated in the experiment, which hinders the develop-
ment and validation of more reliable reflood model
[1]. The FEBA reflood experiments were carried out
to investigate the effectiveness of the emergency core
cooling of pressurized water reactors (PWRs) at KfK,
Germany in 1977. The objective of the test program
was to study heat transfer mechanism for the devel-
opment and assessment of improved T/H models [2].
Moreover, the test series performed with the 5 × 5
rod bundle and spacer grids were conducted to exam-
ine the grid effect during the reflood phase [3]. In the
1980s, the PERICLES reflood experiments were per-
formed at CEA Grenoble, France, aiming at studying
multi-dimensional effects, which include cross flows of
water and steam, and fallback of water from the upper
plenum to the core. The experimental data have been
used to develop suitable refloodmodels for system safety
analysis codes [4]. In spite of various activities related to
the verification of reflood heat transfer, however, it is still
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questionable if solid understanding of the phenomenon
is established well with incorporation of complex heat
transfer mechanisms. To better understand the reflood
phenomena, the Rod Bundle Heat Transfer (RBHT) fa-
cility was designed by the team of Penn State Univer-
sity with a special focus on development and validation
of the reflood model [5]. It is delicately instrumented
to collect a large set of reliable data related to the lo-
cal thermal-hydraulic phenomena of the reflood heat
transfer.

The obtained experimental database provides valu-
able information on developing and validating current
reflood models implemented in several nuclear system
safety codes. Most of the standard system safety codes,
such as RELAP5 (USA) and CATHARE (France) se-
ries, adopted two field models for two-phase flow cal-
culations. With enormous assessment works, the system
safety codes have been modified and improved to date.
For example, Choi and No modified and assessed the
reflood model implemented in RELAP5/MOD3.3 using
the FLECHT-SEASET and RBHT experimental data
[6,7]. To improve quenching behavior predicted by the
code, the film boiling heat transfer regime was divided
into three separate regimes depending on void fraction,
and an assessment work for eight FLECHT-SEASET
tests was conducted. Their study showed an improved
prediction of peak cladding temperatures (PCTs) and
quenching times although earlier quenching behavior
was still the unsolved problem with the modified code
[6]. In addition, nuclear system safety codes adopt-
ing a three-field model, such as COBRA-TF (USA),
CATHARE3 (France), and SPACE (Korea), have been
under development for accurate simulation of thermal-
hydraulic phenomena. Since the three-field model deals
with a separate droplet field with gas and continuous liq-
uid fields, it has a substantial advantage when a large
amount of droplets works as the dominant heat trans-
fer medium. During the blowdown and reflood phases,
many droplets are expected to appear in the region of
dispersed flow film boiling (DFFB), which occurs at the
high local void fraction greater than 80% and a rod wall
temperature above minimum film boiling temperature
[3,8–11]. In this flow regime, poor heat transfer leads
to the PCT. On the contrary, when the wall tempera-
ture decreases belowminimum film boiling temperature,
a sudden decrease of a rod cladding temperature at the
quench front is observed [3]. Figure 1 shows the afore-
mentioned flow regimes for the bottom reflood case.
Of importance is that the nuclear system safety codes
having the three-field model may contribute on simu-
lating more realistic thermal-hydraulic phenomena in-
cluding accurate predictions of PCT and quenching be-
havior. Thus, the DFFB model in the COBRA-TF code
has been improved using the RBHT experimental data.
Ergun et al. introduced a new small droplet field, mod-
ifying the other three fields (vapor, liquid, and large
droplet) in their recent assessment work on a modifi-
cation of COBRA-TF [9–11]. Adding the small droplet
field led to improved predictions of the quenching time

and droplet entrainment at the quench front. How-
ever, the earlier quenching is still observed in the orig-
inal and modified versions of the code. They concluded
that the new droplet field worked reasonably well and
minimum film boiling temperature model needed to be
improved.

In Korea, the Multi-dimensional Analysis of Reac-
tor Safety (MARS) code has been widely used as the
best estimate code for system safety analysis, and the
reflood model implemented in the same code has not
been validated sufficiently enough for accurate predic-
tion of the reflood phenomena. Furthermore, since the
MARS code was developed from the RELAP5/MOD3
code for one-dimensional (1D) thermal-hydraulic mod-
ule and the COBRA-TF code for three-dimensional
(3D) thermal-hydraulic module [12–15], reported limi-
tations observed from the previous studies with other
safety codes are expected to exist in the MARS code.
Therefore, the objective of this study is to validate the
MARS code predictability to quenching behavior using
the RBHT experimental data and to clarify influences
of the code’s grid model to local thermal-hydraulic phe-
nomena. In order to improve the prediction capability,
the hot channel analysis module of theMARS code, i.e.,
the MARS 3D module has been adopted in compari-
sonwith theMARS1Dmodule. Two representative tests
were selected from the RBHT experiments. Test 1383
for lower flooding rate (0.0254 m/sec) and Test 1285 for
higher flooding rate (0.1524m/sec) are validated through
theMARS 1Dand 3Dmodules. Ergun et al.’s study vali-
dated only low flow conditions (Test 1383) and this study
is to cover both low and high flow conditions because
the thermal-hydraulic assessment of the safety code of-
ten characteristically differs with the flow regimes. Com-
parison of the results by the 1D and 3Dmodules and the
experimental data is expected to provide critical judg-
ment on prediction capability of the MARS code.

2. Description of RBHT reflood experiment

The RBHT facility consists of a test section, coolant
injection and steam injection systems, steam separator,
and steam collection tanks [16–18]. In essence, the test
section was designed and fabricated for the purpose of
visual observation for various reflood experiments. A
schematic view of the test facility is presented in Figure 2
and an isometric view of the test section is given in
Figure 3. The test section includes the heater rod bun-
dles, flow housing, and lower and upper plena. Forty-
five heater rods and four unheated supporting rods are
arranged in a 7 × 7 bundle array, which simulates a part
of a 17 × 17 PWR fuel assembly. The heater rods have
a diameter of 9.50 mm (0.374 in) and 3.66 m (144 in) of
heated length. The heater rod consists of four segments:
boron nitride (BN) insulation, Monel K-500 resistance
element, BN insulation, and Inconel 600 cladding from
the inner part. The supporting rods of diameter 9.30mm
(0.366 in) are used to support the rod bundle and fluid
thermocouple leads.
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Figure 1. Heat transfer and hydraulic flow regimes for bottom reflood [3].

Each heater rod is electrically heated up and a uni-
form radial power distribution is maintained effectively
during a test. However, as seen in Figure 4, the axial
power distribution exhibits a shape skewed to the bot-
tom with a sharp peak at 2/3 of the total heated length.
The maximum to average power ratio (Pmax/Pavg) is 1.5
at 2.74 m (108 in) and the minimum to average power
ratio (Pmin/Pavg) is 0.5 at both ends of the heated length.
Furthermore, seven mixing vane grids similar to those
used in the typical 17 × 17 PWR fuel assembly are
placed at various elevations of the rod bundle. The eleva-
tions of the grids are shown in Table 1. The flow housing
was designed for providing pressure and flow boundary
for the rod bundle. It is made of Inconel 600, which is the
samematerial of the heater rod cladding. The flow hous-
ing has a square shape with inside dimension of 90.17 ×
90.17 mm2 (3.550 × 3.550 in2).

Total 512 data channels are instrumented for the
RBHT facility to obtain various experimental data of
temperatures, pressures, and flow rates, tomention a few.
Forty-nine rods of the rod bundle part are grouped in ac-
cordance with their role: eight heater rod groups num-
bered 1–8, one unheated rod group marked as ‘X’ and
one un-instrumented rod group marked as ‘0’ as shown
in Figure 5.

The thermocouples of each group are installed to
measure wall temperatures of the rods. They are con-
centrated on specific axial positions of the heater ex-
cept those of group 7. Eight thermocouples are as-
signed to each heater rod group (1–8). Thus total 248
thermocouples are attached to the 31 heater rods. In ad-
dition, the unheated rod group or the support rod group
(X) includes 16 thermocouples, and no thermocouple is
attached to the un-instrumented rod group (0). The axial
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Figure 2. Schematic view of the RBHT facility [16–18].

Figure 3. Isometric view of the test section [16–18].

Figure 4. Axial power distribution [16–18].

locations of all the thermocouples are shown in Figure 6.
The volume number represents the axial nodes in the
modeling of the MARS 1D module. The flow housing
has 25 thermocouples at various elevations for measur-
ing the housing wall temperatures.

3. MARS code structure and models

3.1. Overview of MARS code structure
The MARS code consists of two thermal-hydraulic

analysis codes, which are the RELAP5/MOD3 code for
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Table 1. Elevations of seven spacer grids.

Grid no. Elevation (m)

Grid 1 0.10–0.14
Grid 2 0.65–0.69
Grid 3 1.14–1.18
Grid 4 1.75–1.79
Grid 5 2.20–2.24
Grid 6 2.81–2.85
Grid 7 3.34–3.38

1D thermal-hydraulicmodule and theCOBRA-TF code
for 3D thermal-hydraulic module [12–15]. Since the two
codes were consolidated into a single code, MARS pro-
vides the calculation capability of not only coolant sys-
tem analysis but also hot channel analysis. The MARS
3D module uses a three-field (gas, liquid, and droplets)
model for the two-phase flow calculations on rectangu-
lar Cartesian or subchannel coordinates. In the model-
ing process, input decks for theMARS 1D and 3Dmod-
ules were prepared separately in order to model the test
section of the RBHT facility.

3.2. Brief description of MARS hydrodynamic
models for DFFB

In the assessment studies, Ergun et al. suggested that
key models affecting DFFB were the following mod-
els: minimum film boiling temperature, entrainment,
and droplet interfacial drag coefficient models. When
wall temperature of a rod decreases below the minimum
film boiling temperature, heat transfer mode changes
from film boiling to transition boiling as shown in
Figure 1. As a result, the wall temperature decreases

Figure 5. Rod bundle arrangement and rod group [16–18].

quickly. Thus, the minimum film boiling temperature af-
fects the quench front behavior [3].

Moreover, vapor generated at the quench front as
shown inFigure 1 entrainswater fragments and droplets.
The droplets entrained by the vapor as well as the water
fragments in the DFFB regime participate in consider-
able amounts of heat transfer for local cooling [3]. In
the MARS 3D module, droplet entrainment by vapor
bubbling through liquid pool is considered for bottom
reflood. The entrainment rate (SE) is given by

SE =
(

αvuv

ucrit

)2

ṁv (1)

ucrit =
(
4Wed
3CD

)1/4 (
σg�ρ

ρ2
v

)1/4

(2)

where ṁv is the vertical vapor mass flow rate, and ucrit
is the critical velocity, which is the vertical vapor veloc-
ity required to drag a droplet with radius defined by the
critical Weber criterion against gravity. A Weber num-
ber (Wed) of 2.7 is used, which is a typical value of re-
flood in the FLECHT tests [13]. As Equations (1) and
(2) indicate, the entrainment is mainly affected by the
critical velocity, ucrit, and the quenching behavior for a
hot rod varies with a prediction of ucrit. For example,
the underestimated ucrit increases the entrainment rate,
which, in turn, causes the PCT to decrease. However, a
rise of the quench front upward is delayed. As a result,
the quenching time is observed to be slower, and vice
versa [19].

In addition, since vapor moves upward with drag-
ging droplets, interfacial drag between the vapor and
droplets affects the time inwhich the droplets remain in a
rod bundle [8,9]. The droplet interfacial drag coefficient
in the MARS 3D module is given by

CD = max
[
0.45,

24
ReD

(
1 + 0.1Re0.75D

)]
(3)

where ReD is the Reynolds number of the droplet field
[13]. As shown in the analysis of Ergun et al., once the
interfacial drag is overpredicted, the droplets dragged by
vapor move out of the bundle quickly, and the amount
of droplets is underpredicted. As a result, the delayed
quenching time is predicted, and vice versa [9,10,13].

4. Numerical modeling for the RBHT experiments

4.1. Input model for the MARS 1D module
For the MARS simulation, the test section of the

RBHT facility is modeled as three hydrodynamic com-
ponents and three heat structures. A schematic view of
the test section modeling is shown in Figure 7. Also,
the nodalization for the MARS 1D module is presented
in Figure 7. The rod bundle part is modeled as a pipe
component having 20 volumes and 19 junctions. A time-
dependent volume and a time-dependent junction are
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Figure 6. Axial locations of the thermocouples corresponding to MARS 1D nodalization.

assigned to the lower plenum. The upper plenum is
represented by a time-dependent volume and a single
junction. A flow rate is defined at the time-dependent
junction in the lower plenum part. Pressure boundary
condition is applied to the upper plenum part. The ap-
plied initial and boundary conditions are the same as
the experimental conditions represented in Table 2. In
addition, the seven grid structures are not modeled in
this process since there is no grid model in the current
MARS 1D module.

The heat structures in the test section are simply clas-
sified into 45 heated rods, 4 unheated rods, and the hous-
ing wall. Each part is modeled as individual heat struc-
ture. Each heat structure is constructed as a total length
of 3.66 m (144 in), which are divided in 20 axial nodes.
Each axial node has an equal length of 0.18 m (7.2 in).

The radial nodal view of the heater rods having
eight nodes is shown in Figure 8. For the first two parts
of BN and Monel K-500, one equal node was allo-
cated. For the latter two parts (BN and Inconel 600)
three equal nodes were assigned. The modeling of the
unheated rods is the same as that of the heater rods
except that three radial nodes are assigned to them
equally.

The modeling of the flow housing is presented in
Figure 9. The housing wall shaded in Figure 9(a) is mod-
eled as a square pillar considering the housing area and
the wetted part with coolant. It consists of 20 equal axial
nodes and three radial nodes. Each volume has a length
of 0.18 m (7.2 in) because the housing wall is modeled
to have a length of 3.66 m (144 in), which is the same as
that of the rod bundle part.



76 G.H. Seo et al.

Figure 7. Nodalization for the MARS 1D module.

4.2. Input model for the MRAS 3D module
In order to confirm the calculation capability of sub-

channel analysis, the test section is also modeled using
the MARS 3D module. In general, the input model of
the MARS 3D module is similar to that of the MARS
1D module in terms of the test section dimensions and
experimental conditions. The applied initial and bound-
ary conditions are also the same as the experimental con-
ditions described in Table 2. However, significant efforts

Figure 8. Radial nodal scheme of the heater rods.

Table 2. Experimental conditions for RBHT Tests 1285 and
1383.

Test 1285 Test 1383

Upper plenum pressure (kPa) 276 276
Initial peak clad temperature (K) 1144 1033
Rod peak power (kW/m) 2.3 1.31
Flooding rate (m/sec) 0.1524 0.0254
Inlet subcooling (K) 11 11

Figure 9. Flow housing nodalization.
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Figure 10. Input model nodalization for the MARS 3D
module.

have beenmade in constructing the 3D input to properly
reflect the 3D effect occurring in the test section. Espe-
cially, inclusion of grid model is beneficial in achieving
the enhanced prediction results.

In the 3D module modeling, the test section consists
of three axial sections and four fluid channels as shown
in Figure 10. The bottom (section 1) and top (section
3) sections include one fluid channel (channel 1 and 4,
respectively), and the center heated section (section 2) is
divided into two fluid channels, which are the central (or
inner channel: channel 2) and peripheral (or outer chan-
nel: channel 3). The central part includes 16 heater rods
while the peripheral part encompasses 29 heater rods,
four unheated rods and the flow housing. Since the hy-
drodynamic volumes of the 3Dmodule are connected to
the 1D inlet and outlet volumes, two SDBVOL compo-
nents are used. The lower and upper plena are modeled
as 1D PIPE components. Modeling of the heat struc-
tures in the 3D module is similar to those of the 1D
module. The heater rods are divided into four regions ra-
dially, and modeled as the ‘hrod’ geometry type, which
indicates a solid cylinder. The radial nodal view of the
heater rods is shown in Figure 8, which is the same as
the 1D modeling. The materials of each region are BN,
Monel K-500, BN, and Inconel 600 from the innermost.
The unheated rods include only the Inconel 600 region
and are modeled as the ‘tube’ geometry type. The flow
housing is modeled as the ‘wall’ geometry type.

Figure 11. Cladding temperatureswith elevation of Test 1285
at 0 sec after reflood.

Differing from the 1D modeling, seven grids were
modeled in the test section for 3D modeling. The grid
structure in this 3D modeling is known for enhancing
convective heat transfer, which is expected as the addi-
tional heat transfer mode during the reflood phase. The
grids are located at the interface between nodes of both
inner and outer channels. Except for the first grid, three
equal nodes are allocated between each grid. Figure 10
shows the positions of the grids, and the elevation and
length of the grids are presented in Table 1. The overall
modeling is referenced from previous studies and modi-
fied for the MARS 3D module [15,20,21].

5. Results and discussion

In order to confirm the calculation capability of the
MARS 1D and 3D modules, respectively, simulation re-
sults of the code are compared with the experimental
data ofRBHTTests 1285 and 1383. TheRBHT test con-
ditions are described in Table 2.

The RBHT experiments were conducted using the
following procedures. First, heaters are turned on to sup-
ply sufficient heat to the test section. After the start
of heating, a water coolant is injected from the lower
plenum to the bottom of the rod bundle part. Subse-
quently, the heater rods in the rod bundle part experi-
ence rapid quenching and then the coolant injection is
terminated.

Figures 11 and 12 show the cladding temperature dis-
tribution of the heated rods for Test 1285 (higher flood-
ing rate) and Test 1383 (lower flooding rate), respec-
tively, at the moment of the injection start, which can
be expressed as the start of reflood phase. In the figures,
symbols ‘∗’ and ‘x’ represent the experimental data, and
symbols ‘�’ and ‘◦’ show the simulation results of the
3D and 1Dmodules, respectively. It is remarked that the
heater rods of group 7 (GR7, symbol ‘x’) have lower
cladding temperatures. Since the GR7 rods are posi-
tioned in the outer sides of the test section as shown in
Figure 5, the heat loss effect occurs during the tests. The
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Figure 12. Cladding temperatureswith elevation of Test 1383
at 0 sec after reflood.

positions of the seven grids are depicted as the vertical
bars. As shown, the temperatures calculated by the 1D
and 3D modules along the entire elevation show a good
agreement with the experimental data.

5.1. Comparison results for the higher flooding
rate

Figures 13 and 14 show the cladding temperatures
predicted and measured for Test 1285 with time at el-
evations of 1.35 and 2.69 m, respectively. Elevations of
1.35 and 2.69 m correspond to the axial locations of
the average and peak power, respectively, as shown in
Figure 4. The calculation results show a good agreement
until reaching the maximum temperature or PCT, and
then the code predicts earlier quenching of the heater
rods than the experiment shows. Figure 15 shows the en-
tire quench front location calculated by theMARS code
with the experimental data [18]. In lower and middle
regions of the test section, reasonable quenching times
were calculated although slightly fast quenching times

Figure 13. Cladding temperatures with time of Test 1285 at
1.35 m.

Figure 14. Cladding temperatures with time of Test 1285 at
2.69 m.

were observed for most regions. This faster quenching
predicted by both the modules indicates that the mini-
mum film boiling temperature of the heater rods is over-
predicted. As mentioned earlier, a rapid decrease of rod
wall temperature occurs below theminimumfilmboiling
temperature. Hence, the overestimated minimum film
boiling temperatures by the 1D and 3D modules result
in the earlier quenching time.

In addition, Figure 16 shows the vapor temperatures
predicted and measured for Test 1285 with time at the
elevation of 2.54 m. The code predicts a good agree-
ment until the heater rods reach the PCTs. Since then,
a disagreement between the vapor temperatures calcu-
lated and the experimental data is observed. The calcu-
lation results show a slow and gradual decrease while
the experiment shows substantial decrease in the vapor
temperatures near 20 sec, which is the moment when the
injection flow rate reaches initially the referenced value
of 0.74 kg/sec (0.1524 m/sec) after the reflood starts as
shown in Figure 17. The void fractions calculated by the

Figure 15. Quench front location of Test 1285.
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Figure 16. Vapor temperatures with time of Test 1285 at
2.54 m.

MARS code also reflect the tendency of the vapor tem-
perature changes as shown in Figure 18. Since more liq-
uid could give active local heat transfer, the void fraction
affects cooling pattern of vapor and cladding tempera-
tures. Furthermore, it could be evaluated that predicting
theminimumfilm boiling temperature greatly affects the
cooling pattern of the heater rods than that by wall-to-
vapor heat transfer since the disagreement in the vapor
temperatures does not reflect the tendency of the earlier
quenching. Thus, the simulation results indicate that it
is needed to improve the minimum film boiling temper-
ature model for the MARS code.

Moreover, Choi and No [6] observed a similar cool-
ing tendency of vapor temperature in a recent assess-
ment work on a modification of the RELAP5/MOD3.3
code using the FLECHT-SEASET experimental data.
In their study, the prediction of vapor temperatures by
the original and modified versions of the code showed a
slow and gradual decrease while a rapid decrease in va-
por temperature after reaching the maximum values was
observed in the experimental data of Test 31701 [6]. The

Figure 17. Inlet flow rate with time of Test 1285.

Figure 18. Local void fraction with time of Test 1285 at
2.50 m.

test condition of Test 31701 of the FLECHT-SEASET
experiments is the flooding rate of 0.155 m/sec with the
upper plenum pressure of 280 kPa, which is also similar
to that of Test 1285 of the RBHT experiments.

5.2. Comparison results for the lower
flooding rate

Figures 19 and 20 show the cladding temperatures
predicted and measured for Test 1383 at elevations of
1.35 and 2.69 m, respectively. As similar to the case of
Test 1285, theMARS 1D and 3Dmodules show the sim-
ilar PCTs to the experimental data although the PCT
calculated by the 3Dmodule at 2.69 m is higher than the
results by the 1D module and the experiment. Further-
more, like the case of Test 1285, the earlier quenching in
the 1D and 3D simulations is observed as well. The sim-
ulation results by both the modules show a fast decrease
in the cladding temperatures after reaching the PCTs
while the experiment shows a different cooling pattern,

Figure 19. Cladding temperatures with time of Test 1383 at
1.35 m.
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Figure 20. Cladding temperatures with time of Test 1383 at
2.69 m.

especially at the upper region (2.69 m). In the experi-
ment as shown in Figure 20, after reaching the PCT,
the cladding temperature decreases very slowly for about
500 sec. Afterward, once the heater rod is quenched, a
rapid temperature drop is observed. However, the 1D
and 3D modules predict different cooling patterns. Af-
ter reaching the PCT, the temperature simulated by the
1D module decreases quickly, and is observed as un-
derpredicted in this time period. On the other hand,
in the beginning of the reflood, the temperature sim-
ulated by the 3D module is overpredicted until about
350 sec. Since then, the cladding temperature calcu-
lated decreases gradually, and goes below the experi-
mental data until 600 sec. The entire quench front lo-
cations are shown in Figure 21. Similar to the case of
Test 1285, reasonable quenching times were predicted
although slightly fast quenching times were observed in
the lower and middle regions.

Figure 22 shows the vapor temperatures predicted
and measured for Test 1383 with time at the elevation of

Figure 21. Quench front location of Test 1383.

Figure 22. Vapor temperatures with time of Test 1383 at
2.54 m.

2.54 m. The vapor temperatures show similar behaviors
in the cladding temperatures. In the early phase, the va-
por temperature calculated by the 3D module is slightly
higher, and the trend is reversed at about 200 sec. More-
over, the vapor temperatures predicted by the 1D mod-
ule is far below that by the 3Dmodule and experimental
results. Thus, the overall prediction using the 3D mod-
ule shows the improved results as compared to the 1D
module. In addition, the underestimated values by the
3D module in the cladding and vapor temperatures in-
dicate that more active interfacial heat transfer is calcu-
lated between the liquid and vapor phases as compared
with the experimental data. This observation also im-
plies the overpredicted amount of liquid in the rod bun-
dle by the 3D module.

The underpredicted cladding and vapor tempera-
tures are consistent with a recent assessment work
on a modification of the COBRA-TF code by Ergun
and coworkers [9–11]. To improve the dispersed flow
film boiling model in the code, they introduced a new
small droplet field with modifying other three fields
(vapor, liquid, and large droplet) [9,10]. In the assess-
mentworkwith theRBHTexperimental data, underpre-
dicted cladding and vapor temperatures were observed
at the upper region (2.69 and 2.54 m). Their analysis
indicated that underpredicted interfacial drag caused
more liquid in the rod bundle. This overestimated liq-
uid led to a more active cooling effect, and finally lower
vapor and cladding temperatures were predicted. Thus,
the modification of the droplet entrainment and inter-
facial drag models with adding the small droplet field
resulted in improved predictions including the quench
front behavior. The small droplets are dragged upward
by the vapor, and less liquid remains in the bundle as
compared with the result by the original code although
the earlier quenching behavior is still predicted in both
versions of the code.

Figure 23 shows the collapsed liquid level calculated
by the MARS code with the experimental data for Test



Journal of Nuclear Science and Technology, Volume 52, No. 1, January 2015 81

Figure 23. Collapsed liquid level with time of Test 1383.

1383. This liquid level indicates the amount of liquid
stored in the bundle. The liquid level computed from the
experimental data was determined using bundle differ-
ential pressure measurements. The sum of liquid frac-
tion for each volume multiplied by the node length gave
the liquid level calculated by the MARS code [22]. Here
the 1Dmodule results are omitted since the droplet field
is only adopted in the 3Dmodule. As the comparison re-
sult presents, the 3D module predicts the overestimated
amount of liquid in the upper region, which is a simi-
lar tendency to the Ergun et al.’s work discussed above.
In addition to the result of Test 1383, Figure 24 shows
the collapsed liquid level of Test 1285. Unlike the case
of low flooding rate (Test 1383), the comparison result
shows no significant difference between the experimen-
tal data and calculation result in the liquid level. There-
fore, a modification of the entrainment and interfacial
drag models is also needed in the MARS 3D module to
predict an accurate quenching behavior. Moreover, the

Figure 24. Collapsed liquid level with time of Test 1285.

Figure 25. Cladding temperatureswith elevation of Test 1285
at 20 sec after reflood.

modifications suggested could give more effective im-
provement in the case of low flooding rate.

5.3. Grid effects for the cases of higher and low
flooding rates

The accurate prediction of local peak temperatures
is important because the rod bundle part in the test sec-
tion corresponds to the reactor core. Locations at which
peak temperatures occur indicate the place of high fail-
ure probability of the structural integrity. Thus, in or-
der to assess the accurate local peak temperature, a lo-
cal behavior of the temperature near the grids was com-
pared with the experimental data. Figures 25 and 26
show the comparison of local cladding temperatures at
20 and 40 sec after the injection of the higher flooding
rate (Test 1285) begins, and Figures 27 and 28 show the
same kind for the low flooding rate (Test 1385). In addi-
tion, the cladding temperature variationsmagnified near
the fourth grid are presented in Figures 29–32. As ob-
served, the experimental data show the instantaneous
drop near the grids. This is the typical local behavior of

Figure 26. Cladding temperatureswith elevation of Test 1285
at 40 sec after reflood.
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Figure 27. Cladding temperatures with elevation of Test
1383 at 20 sec after reflood.

the cladding temperature due to presence of a grid since
a grid takes part in local coolingwithmainly threemech-
anisms, such as grid rewet, convective enhancement, and
droplet breakup [3]. Through the simulation results, it is
observed that the cladding temperatures calculated by
the 1D module gradually increases with elevation with-
out showing the temperature drop near the grids. The
temperature profile by the 1D module shows a grad-
ual increase from the lower region to the peak power
point and a gradual decrease from that point to the up-
per region. On the other hand, however, the cladding
temperatures predicted by the 3D module drop locally
near the third and fourth grids. In addition, the tempera-
ture profile simulated by the 3Dmodule shows the accu-
rate elevations of the local peak temperatures compared
with those of the experiments. Moreover, this additional
cooling effect due to the grids becomes noticeable as
time passes. The results of the Test 1285 show this ten-
dency clearly as shown in Figures 29 and 30. As stated
above, this cooling pattern near the grids is not reflected
properly in the MARS 1D module due to the absence
of a relevant grid model in the current code version.

Figure 28. Cladding temperatures with elevation of Test
1383 at 40 sec after reflood.

Figure 29. Cladding temperatures near the fourth grid
(1.4–2.0 m) of Test 1285 at 20 sec after reflood.

Figure 30. Cladding temperatures near the fourth grid
(1.4–2.0 m) of Test 1285 at 40 sec after reflood.

Figure 31. Cladding temperatures near the fourth grid
(1.4–2.0 m) of Test 1383 at 20 sec after reflood.
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Figure 32. Cladding temperatures near the fourth grid
(1.4–2.0 m) of Test 1383 at 40 sec after reflood.

However, by simulating the RBHT experiments using
the grid model implemented in the 3D module, the
similar local temperature behavior to the RBHT ex-
perimental data could be captured accurately although
the amount of the temperature decrease calculated is
slightly lower. Therefore, the MARS 3D simulation is
expected to be accurate in estimating the reflood heat
transfer phenomena in terms of overall tendency of
cladding temperature and local temperature drop near
the grids.

6. Conclusion

In this study, the MARS assessment was carried
out using the RBHT experimental data under different
flooding rates of 0.0254 and 0.1524 m/sec. As compared
to the MARS 1D simulation, significant efforts have
been made to the MARS 3D simulation to improve the
prediction capability for the reflood heat transfer prob-
lem. Representative cases of Tests 1285 and 1383 of the
RBHT experiments were compared with the calculation
results of the MARS 1D and 3D modules, and major
findings are summarized as follows:

(1) The overall prediction of the cladding temper-
atures and PCTs using the MARS 1D and 3D
modules was in a good agreement with the
RBHT experimental data with the better simu-
lation results by the 3D module.

(2) The vapor temperatures by the 1D and 3Dmod-
ules showed a different cooling pattern as com-
pared with the experimental data after reaching
the maximum values. The 1D module predicted
a gradual and fast decrease for both the test cases
while an improved prediction was observed in
the results of the 3Dmodule, which suggests that
the droplet field plays an important role in sim-
ulating the DFFB regime.

(3) In general, the quenching times were reason-
ably predicted, especially in the lower and mid-
dle regions of the test section although the ear-
lier quenching timeswere observed in the simula-
tions by both the modules. The similar tendency
of fast quenching is also reported in other assess-
ment studies with system safety codes.

(4) Moreover, in the lower flooding rate, the amount
of liquid stored in the bundle calculated by the
3D module affects significantly the cooling pat-
tern in the vapor and cladding temperatures,
rather in the higher flooding rate.

(5) As compared to the simulations by the 1D mod-
ule, the 3D module predicted the more simi-
lar temperature profiles to the experimental data
along the elevation. Tendency of local temper-
ature drop near the grids was captured success-
fully using the MARS 3D module with the help
of the implemented grid model. Consideration
of the local cooling effect by the grids is impor-
tant in predicting accurate positions of the local
peak temperatures although the amount of tem-
perature drop near the grids is underpredicted.

(6) In the future, local flow parameters such as cross
flow and vortex flow need to be analyzed for a
more accurate prediction of quenching behavior.

Current MARS code analysis may not give very de-
tailed interpretation about local phenomena. Nonethe-
less the codemay provide meaningful information about
interpreting the complex two-phase phenomena. Al-
though there are still many areas that need to improve
to understand the experimental results, utilization of
MARS and trying to find a weakness is still meaning-
ful for further code development.
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Nomenclature

g Gravity, 9.8 m2/sec
ṁ Mass flow rate (kg/sec)
P Power or pressure
Re Reynolds number
S Entrainment rate (kg/sec)
u Velocity (m/sec)

We Weber number
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Greek letters

α Thermal diffusivity (m2/sec)
� Difference
ρ Density (g/m3)
σ Surface tension (N/m)

Subscriptions

avg Average
crit Critical
d Drag
D Drag or diameter
E Entrainment

max Maximum
min Minimum
v Vapor

Abbreviations

DBA Design basis accident
DFFB Dispersed flow film boiling
LOCA Loss of coolant accident
LOFA Loss of flow accident
PCT Peak cladding temperature
PWR Pressurized water reactor

RBHT Rod Bundle Heat Transfer
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