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a b s t r a c t

We have assessed the applicability of the thermal-hydraulic system analysis code, SPACE, to a small
modular reactor called SMART. For the assessment, the experimental data from a scale-down integral-
test facility, SMART-ITL, were used. It was conformed that the SPACE code unrealistically calculates the
safety injection flow rate through the CMT and SIT during a small-break loss-of-coolant experiment. This
unrealistic behavior was due to the overprediction of interfacial heat transfer at the steam-water
interface in a vertically stratified flow in the tanks. In this study, a special thermal-hydraulic compo-
nent model has been developed to realistically calculate the interfacial heat transfer when a strong non-
equilibrium two-phase flow is formed in the CMT or SIT. Additionally, we developed a special heat
structure model, which analytically calculates the heat transfer from the hot steam to the cold tank wall.
The combination of two models for the tank are called the special component model. We assessed it
using the SMART-ITL passive safety injection system (PSIS) test data. The results showed that the special
component model well predicts the transient behaviors of the CMT and SIT.
© 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

SMART is an integral-type small reactor with a rated of 330MWt
developed by KAERI [1,2]. To achieve enhanced safety compared to
conventional pressurized water reactors, SMART has introduced
various design features. The characteristics of those design features
are the integral configuration of the reactor coolant system elimi-
nating large-break loss-of-coolant accident (LOCA) and the
improvement of natural circulation capacity. Also, inherent safety
improvements have been achieved by introducing passive safety
systems, such as the passive residual heat removal systems (PRHRS)
and the passive safety injection system (PSIS).

For validation of system performance and safety for various
design basis accident scenarios, KAERI developed the SMART in-
tegral test loop called SMART-ITL [3]. The facility can simulate the
thermal-hydraulic phenomena occurring under normal, abnormal,
and emergency situations. KAERI conducted a series of tests [4] to
analyze the performance of safety systems using SMART-ITL. The
by Elsevier Korea LLC. This is an
tests measured the performance of each safety system under the
assumption of small-break LOCA. Among these tests, the F101 and
F102 tests measure the thermal-hydraulic phenomena and coolant
injection performance of the core makeup tank (CMT) and safety
injection tank (SIT) in the PSIS under small-break LOCA conditions,
respectively.

Recently we have assessed the applicability of the thermal-
hydraulic system analysis code, SPACE [5], to SMART using the
experimental results of SMART-ITL. As a part of these activities, we
carried out preliminary calculations of the two experiments, F101
and F102. The results of the calculations showed that the SPACE
code unrealistically predicts the behavior of the safe injection flow
rate of the CMT and SIT, in which a strong thermal non-equilibrium
condition occurs between steam and water under a vertically
stratified flow. We confirmed that unrealistic injection flow rate is
caused by inadequate modeling of interfacial heat transfer at the
steam-water interface. At the steam-water interface in a vertically
stratified flow, hot steam is condensed into subcooled water. This
leads to the increase of the liquid temperature at the interface.
However, the SPACE code uses the bulk liquid temperature in a
computational cell instead of the liquid temperature at the inter-
face to calculate the interfacial heat transfer. As a result, the
open access article under the CC BY-NC-ND license (http://creativecommons.org/
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Nomenclature

a Void fraction [�]
dai aðtiÞ � aðti�1Þ [�]
Ain Inner side wall area [m2]
Aout Outer side wall area [m2]
Cp Specific heat of the tank wall [J=kg$K]
hin Inner side heat transfer coefficient [W= m2$ K]
hout Outer side heat transfer coefficient [W= m2$ K]
hmod
out Modified outer side heat transfer coefficient [W=m2$

K]
Hil Volumetric heat transfer coefficient between the

interface and liquid [W=m3$K]
k The wall conductivity [W=m$K]
Lil The length of the thermal layer [m]
Lsl The length of the subcooled region [m]
Ltank The length of the tank [m]
Mtank Total mass of the cylindrical part of the tank [kg]

Qil Volumetric heat transfer rate between the interface
and liquid [W=m3]

Qvw The heat transfer from the steam to the inner wall
[W]

Ts The saturation temperature [K]
Tl The bulk liquid temperature (average liquid

temperature) [K]
Tsl The subcooled liquid temperature [K]
Til The liquid temperature at the interface [K]
Tw
initial The initial inner wall temperature [K]

Tw
in Inner side wall temperature [K]

Tw
out Outer side wall temperature [K]

Tg Vapor temperature [K]
TB Environmental temperature [K]

T
w

The average wall temperature [K]
dx The thickness of the tank wall [m]
t Time [s]
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interfacial heat transfer is overestimated. In addition, whenever the
steam-water interface passes the boundary between computa-
tional cells, the bulk liquid temperature suddenly changes and, in
turn, this leads to an unrealistic change in the injection flow rate.
Thus, the CMT injection flow was dependent on the computational
mesh size. The study by Park et al. [6] using the MARS code [7] also
showed that the CMT injection was dependent on the mesh size to
model the tank due to the unrealistic interfacial heat transfer
model.

In this study, we have developed a special thermal-hydraulic
component model that can realistically calculate the interfacial
heat transfer in a vertically stratified flow in a big tank, such as the
CMT and SIT. In addition, we developed a special heat structure
model to accurately calculate the heat transfer from the hot steam
to the cold tank wall. The combination of two models for the tank
are called the special component model. We assessed it using the
SMART-ITL PSIS performance test data. This paper presents the
development and assessment of the special component model.

2. Preliminary calculations of the PSIS performance tests
using the SPACE code

2.1. PSIS performance tests of the SMART-ITL

SMART-ITL [3] is a thermal-hydraulic integral effect test facility
for SMART. This is a full-height facility with a scale reduction ratio
of 1/49 in area and volume. SMART-ITL consists of the same systems
as the SMART reactor. It has a primary system, four secondary
systems, 4 trains of PRHRS, 4 trains of PSIS, 2 trains of shutdown
cooling system (SCS), break simulator (BS), break flow measure-
ment system (BMS), and automatic depressurization system (ADS).
The primary system includes a reactor pressure vessel (RPV), steam
pressurizer, and four reactor coolant pumps (RCPs) to simulate the
operating conditions of SMART. The upper part is an annular
downcomer designed to simulate multi-dimensional effects. There
are four trains of steam generators (SGs) which are designed as the
helically coiled once-through heat exchanger on the secondary
side. Four SGs are installed outside the RPV with hot and cold legs
connected above and below each SG. The four secondary steam
lines are connected to the direct condenser tank where the steam
from the four SGs is condensed, and the condensed feedwater is fed
back to the SG. Fig. 1 shows a schematic diagram of the SMART-ITL.

The PSIS consists of a total of 4 trains. Each train has one CMT
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and one SIT for safety injection. The pressure balance line (PBL)
connects between the top of the CMT and the upper downcomer
(UDC) of the RPV. The PBL balances the pressure between them,
therefore, the CMT has a similar pressure to the RPV, but the PBL
connected to the SIT is held closed by the isolation valve. Also, a
check valve is located at the bottom of the SIT to prevent backflow.
Therefore, the SIT is nearly atmospheric pressure condition. The
CMTand SIT are usually full of cold water. When the injection signal
of the CMT or SIT is generated, the isolation valve at the bottom of
the CMTand the isolation valve at the top of the SIT are opened, and
the safety injection water flows toward the upper downcomer of
the RPV through the safety injection line.

Using the SMART-ITL, KAERI conducted a series of tests to
investigate the performance of PSIS under various accident condi-
tions. Among these tests, F101 and F102 were performed to study
the performance of the CMT and SIT under a small-break LOCA
condition, respectively. A two-inch breakwas assumed in one of the
four safety injection lines in both experiments. Fig. 2 shows the
break location. The elevation of the break location is the same as
the elevation of the reactor coolant pump in the upper downcomer.
The PSIS connected to the broken line is not used in both tests. In
the test F101, only the CMTs were activated, and all SITs were iso-
lated. Meanwhile, in the F102 test, all CMTs were disabled and only
SITs were connected.

The sequence of major events for the two tests [8] is listed in
Table 1. In the tests, when the pressurizer pressure reaches the low
pressurizer pressure (LPP) setpoint, a reactor trip signal is gener-
ated with a time delay of 1.1 seconds. Turbine trip, RCP trip, and
feed water trip signals also occur upon the reactor trip signal. At the
same time, in the F101 test, a core makeup tank actuation signal
(CMTAS) is generated and the CMT injection is initiated with a time
delay of 1.1 seconds. The SIT actuation signal is generated when the
pressurizer pressure drops below 2.0 MPa. The SIT injection is
initiated with a time delay of 1.1 s in the F102 test. In the two tests,
the PRHRS is not activated. The test ends when the CMT or SIT is
empty.

2.2. The SPACE input model for the PSIS performance tests

Fig. 3 shows the nodalization for the primary and secondary
sides of SMART-ITL. Total 611 meshes, 741 junctions, and 11 TFBCs
are used. For the primary system, the reactor core is divided into
three vertical channels: average, hot, and bypass flow channels.



Fig. 1. Schematic of the SMART-ITL facility [9].
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From the upper side of the core to the pressurizer is modeled as a
vertical channel having 16 meshes. To consider the multi-
dimensional effect in the upper downcomer, the upper down-
comer is divided into four circumferential. As shown in Fig. 4, four
reactor coolant pumps and steam generators are separately
modeled and connected to each circumferential mesh. For the
pump model, homologous curves are implemented. The safety in-
jection lines of the PSISs are connected to the four circumferential
meshes.

The TFBC component was used for the break modeling. The
fourth train of the PSIS was blocked in the test and, instead, a break
line is installed there. Thus, a TFBC to model the break is directly
connected to the upper downcomer as a pressure boundary. The
Henry-Fauske model was used for the critical flow at the break. For
the discharge coefficient of the Henry-Fauske model, the default
value of 1.0 in the SPACE code was used. The modeling for the break
part is shown in Fig. 4.

Fig. 5 shows the nodalization of one train in the PSIS. The CMT
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and SIT in the PSIS are modeled with 12 vertical cells each. The heat
loss through the tank wall is considered using the heat structural
model. For the CMT and SIT, the valve is closed until the actuation
signal, so the actuation mechanism is implemented with the valve
components at the bottom of the CMT and the top of the SIT. Also,
although 4 trains of the PSIS are installed in the SMART-ITL, it is
assumed that one of the safety injection lines is unavailable in the
F101 and F102 tests, so only 3 trains are used.

Heat structure models are used to consider the heat transfer of
the reactor core, the steam generator tubes, and the reactor pres-
sure vessel. Since SMART-ITL uses four helical tube steam genera-
tors, we considered the heat exchange through the steam generator
using the helical steam generator heat transfer option, which is
built in the SPACE code. To consider the heat loss measured in the
tests, the environmental air temperature and heat transfer coeffi-
cient were applied as boundary conditions to the outer wall of the
heat structure for the reactor vessel. However, heat losses through
the CMT and SIT are not taken into account in the preliminary



Fig. 2. Location and schematic of the break line for the SBLOCA test [9].
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calculations. For the core power, the decay heat curve is applied as a
function of time after the reactor trip signal occurs.

2.3. The results of the preliminary calculations

The results of steady-state calculations are listed in Table 2. Due
to intellectual property issues with the SMART-ITL experiments,
only normalized results can be provided. In this paper, each value
was normalized based on the following criteria: for the pressurizer
pressure, core power, and RCS mass flow rate, the steady-state
values were used as normalization parameters. The mass flow
rates of the CMT and SIT outlet were normalized based on the
highest value measured in the experiment, and the temperature
was normalized based on the system saturation temperature in the
steady state. The accumulated break flowwas normalized based on
values at 40,000 seconds.

Both calculations show that the SPACE code can predict the
steady-state conditions of F102 and F102 tests very well. However,
the RCS flow rate was overpredicted in both tests. In the SPACE
calculations, the RCP flow rate is controlled to match the energy
balance between core power generation and SG heat removal. This
indicates that the RCS flow might be underestimated in the ex-
periments. Except for the RCS flow rate, other key parameters such
as pressure and temperature are well predicted to be within 1%
error.

Fig. 6 through 7 show the results of the F101 test, which used
only CMTs. The transient starts by opening the break valve. The
Table 1
Major sequence of events for the SBLOCA test.

Event

The break occurs
Low pressurizer pressure (LPP)
LPP reactor trip
Turbine trip, RCP trip, FW trip, and CMT actuation signal occurs
The control rod starts to drop
CMT injection at F101
MSIV/MFIV close
SITAS generation
SIT injection at F102
Test ended
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measured and predicted values of the accumulated break flow are
shown in Fig. 6(a). The break flow is accurately predicted during the
initial blowdown phase, but overpredicted throughout the two-
phase blowdown period. As it can be seen in Fig. 6(b), the break
causes fast depressurization. Then, the pressure approaches the
low pressurizer pressure (LPP) trip setpoint. The SPACE code pre-
dicts the reactor trip slightly later compared to the experiment. The
turbine trip, RCP trip, FW trip, and CMT actuation signal occur
simultaneously upon the LPP trip signal. The predicted core power
trip is a little delayed, but the behavior is the same as the experi-
ment as shown in Fig. 6(c). The RCS flow rate drops substantially
and oscillates as a result of the RCP trip, as shown in Fig. 6(d). It
seems that the SPACE code predicted the break flow, the pressurizer
pressure, and the RCS mass flow rate reasonably. However, the
SPACE code calculates very unrealistic behavior for the CMT injec-
tion flow rates.

However, the SPACE code calculates very unrealistic behavior for
the CMT injection flow rates. Fig. 7 shows the F101 test's CMT #1
injection flow rate, which is overall under-predicted with unreal-
istic peaks. This unrealistic behavior is also shown in the F102
simulation. After the break occurs in the F102 test, the SIT isolation
valves are opened when the pressurizer pressure drops below
2.0 MPa. The calculated accumulated break flow and pressurizer
pressure are shown in Fig. 8(a) and (b). The results are reasonable.
However, the calculated SIT flow rate in Fig. 9 is unrealistic, which is
similar to that in Fig. 7.

When the PSIS is in operation, there are three different stages
according to the experimental research [10]: recirculation phase,
oscillating phase, and injection phase. The PBL is entirely filled with
hot water during the recirculation phase, while the CMT is fully
filled with cold water, and natural circulation is derived by the
temperature difference. In the oscillating phase, the PBL is filled
with a two-phase mixture, and the density difference increases. In
the injection phase, the PBL is filled with steam, and the vertically
stratified flow is formed in the tank. The periods of the first two
phases are very short in comparison with that of the injection
phase. In the injection phase, the steam is condensed at the free
surface of cold water in the tank. For a moment, the safety injection
flow is disrupted due to this condensation. Also, this condensation
forms a thermal layer on top of the cold water in the tank, which
was observed in the experiment [8]. Thereafter, the safety injection
flow became very slow and steady throughout the injection phase.

In the SPACE calculation, the bulk liquid temperature in a mesh
is used to calculate the interfacial heat transfer:

Qnþ1
il ¼Hn

il

h
TsðpvÞnþ1 � Tnþ1

l

i
(1)

However, because the flow is vertically stratified in the tank,
there is a large difference between the liquid temperature at the
interface (that is, at the free surface) and the bulk liquid temperature
in a mesh. Because the SPACE code uses the bulk liquid temperature
Time or set point

t ¼ 754s (F101), 1103s (F102)
Pressure <10.26 MPa
LPP þ 1.1 s delay
At the LPP reactor trip
LPP þ 1.6 s delay
CMTAS þ 1.1 s delay
LPPþ10.2 s
Pressure <2.0 MPa
SITAS þ 1.1 s delay
72 h or complete injection



Fig. 3. Nodalization of the SMART-ITL for the SPACE code (The nodalization for the PSIS is not shown).

Fig. 4. The upper downcomer and break modeling.
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rather than the liquid temperature at the interface, the interfacial
heat transfer is over-predicted in the calculation. This over-predicted
interfacial heat transfer causes retardation of the injection from the
CMT/SIT. When the liquid in a mesh becomes nearly saturated, the
condensation at the interface decreases and, as a result, the safety
injection increases. Fig. 10 shows the calculated water temperature
behaviors in the CMTmeshes. Comparing Fig. 10 with Fig. 7, it can be
seen that the CMT injection is not sufficiently formed until the water
is heated enough. This behavior is repeated each time the interface
passes through a computational mesh.

The sensitivity calculation on the number of meshes for the CMT
and SIT was done to confirm the reason for the unrealistic pre-
dictions. For the CMT and SIT, 12, 22, and 42 meshes were used. The
results of the F101 and F102 simulations are shown in Figs. 11 and
12, respectively. The interval of the discontinuities is reduced by
using finer meshes for the CMT and SIT. Even with more fine
1894
meshes, it is obvious that the interfacial heat transfer based on the
bulk liquid temperature is insufficient for the simulation of a
vertically stratified thermal non-equilibrium flow.

3. Development of the special component model

To solve the problem shown in Section 2.3, a special component
model for the CMT and SIT was developed. This model consists of a
thermal-hydraulic model and a heat structure model.

3.1. A thermal-hydraulic model for the special component model

As explained in the previous section, the SPACE code has diffi-
culties in predicting non-equilibrium two-phase flow in a vertical
stratified flow, where very hot steam is filled above cold water. A
special component model for the CMT and SIT was developed to



Fig. 5. Nodalization for a train of PSIS.

Table 2
The results of the steady-state calculation (normalized).

Parameter Calculated/measured value

F101 F102

Core power 1.00 1.00
Core outlet/inlet temperature 1.00/1.00 1.00/1.00
Hot leg/Cold leg temperature 0.99/0.99 0.99/0.99
RCS flow rate 1.11 1.10
PZR pressure 1.00 1.00
PZR temperature 1.00 1.00
PZR water level 1.00 1.00
SG inlet/outlet temperature 1.00/1.01 1.00/1.01
SG flow rate 1.00 1.00
Feedwater/Main steam pressure 0.99/1.00 0.99/1.00
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resolve the above-mentioned problem. It is noted that the tem-
peratures of the steam and most of the subcooled water in the tank
are vertically uniform and only the liquid temperature just below
the steam-water interface changes spatially a lot. Thus, it was
devised to simulate the CMT or SIT using a single control volume
that can capture the spatial temperature change below the
interface.

The schematic of a vertical stratified flow in the tank is shown in
Fig. 13. The bulk liquid phase is significantly subcooled, and thermal
1895
non-equilibrium between steam and water is large. If the tank is
treated as a single control volume, the interfacial heat transfer is
unrealistically overestimated because the bulk liquid temperature
is regarded as the liquid temperature at the interface. However, in
the actual operation of the CMT and SIT, the liquid temperature at
the interface increases because of steam condensation at the
interface.

It had been confirmed in the experiments [8,10] that a thermal
layer is formed below the steam-water interface in the CMTand SIT
during the injection phase. To realistically calculate the liquid
temperature at the interface, the temperature distribution of the
liquid should be considered by considering the existence of the
thermal layer.

To realistically model the interfacial heat transfer, we assume
the temperature distribution in the tank as follows (see Fig. 13):

(i) The steam temperature is axially uniform,
(ii) The liquid temperature decreases linearly at the thermal

layer below the interface.
(iii) The liquid temperature below the thermal layer is uniform

and remains constant.

The second assumption is discussed later. Because the heat loss
from the subcooled water is negligible, the third assumption is
reasonable. For accurate calculation of the interfacial heat transfer,
the liquid temperature at the interface, Til, is used instead of the
bulk liquid temperature. The interfacial heat transfer rate is ob-
tained as follows:

Qil ¼Hil
�
TsðpvÞ� Til

�
: (2)

To get the liquid temperature at the interface, the following
balance equation can be used:

ðLil þ LslÞTl ¼ LslTsl þ Lil
ðTsl þ TilÞ

2
; (3)

Equation (3) is written as

Til ¼ 2½ðLilþLslÞTl�LslTsl �
Lil

� Tsl;

where Til � Tsat :
(4)

The term, Lil þ Lsl, can be represented as Lil þ Lsl ¼ ð1 � agÞLTank.
Then, Equation (4) is rewritten as:

Til ¼
2
��
1� ag

�
LTankTl �

��
1� ag

�
LTank � Lil

�
Tsl

�
Lil

� Tsl: (5)

The SPACE code provides the bulk liquid temperature and the
void fraction for a computational cell. Because Tsl is assumed to
remain constant, if we assume the length of the thermal layer Lil, we
can obtain Til from Equation (5). The length of the thermal layer is
estimated to be about 20 cm according to the results of the
experimental observation [8].

Then, both the interfacial heat and mass transfer terms can be
calculated more properly by using the liquid temperature at the
interface Til instead of the bulk water temperature. The results of
this modification, including the effect of thermal layer length, are
discussed in Section 4.
3.2. A special heat structure model for the special component model

Because the tank is regarded as a single thermal-hydraulic cell, a
special heat structure is also needed the CMT or SIT. A vertical
stratified flow is formed in the tank when safety injection begins
from the CMT or SIT. The steam-to-wall heat transfer occurs when



Fig. 6. The results of the F101 simulation (normalized).

Fig. 7. CMT #1 injection flow rate of the F101 test (normalized).
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the upper part of the tank wall is filled with the steam phase,
causing the wall heat transfer in both axial and radial directions.
The axial heat conduction in the tank wall is negligible in com-
parison with radial conduction and, thus, it is neglected in the
special heat structure model.

The tank is initially filled with subcooled water, and the tem-
perature of the tank wall is equal to that of the subcooled water in
1896
the tank. The tank is steadily filled with hot steam from the top of
the tank when the safety injection begins. The heat transfer from
the steam to the wall is very important, resulting the condensation
at the wall. The heat transfer between the subcooled water and the
wall is nearly negligible. So, it is not considered.

It is assumed that the steam reaches the top of the tank at t ¼ 0
and, thereafter, the water level decreases each time step, where the
flow is vertically stratified. Then, a thin slice of the tank wall is
exposed to the steam phase each time step (see Fig. 14). This means
that the metal wall exposed to the steam phase can be axially
divided into n slices of heat structure. If we assume that axial heat
conduction in the wall is negligible, we can establish an energy
equation for i-th slice of the wall:

daiMtankCp
dT

w
i

dt
¼ daihinAin

�
Tg � Twin;i

	
� daihoutAout

�
Twout;i � TB

	
:

(6)

We assume Twin;i ¼ Tw
out;i ¼ T

w
i for the simplicity by neglecting the

thermal resistance of thewall, which is given bywall thickness over
thermal conductivity (dx=k). Instead, the convective heat transfer
coefficient at the outside wall is adjusted to compensate for this
error as follows:

1
hmod
out

¼ 1
hout

þ 1
k=dx

: (7)

Then, Equation (6) is represented as:



Fig. 8. The results of the F102 simulation (normalized).

Fig. 9. SIT #1 injection low rate of the F102 test (normalized).

Fig. 10. Water temperature behaviors in the SPACE calculation of F101 (normalized).

Fig. 11. Dependence of the CMT injection flow rate at F101 on the number of meshes.

Fig. 12. Dependence of the SIT injection flow rate at F102 on the number of meshes.
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Fig. 13. Temperature distribution in the CMT and SIT.

Fig. 14. Heat structure model.
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MtankCp
dT

w
i

dt
¼hinAin

�
Tg � T

w
i
��hmod

out Aout
�
T
w
i � TB

�
¼ �

�
hinAin þhmod

out Aout

	
T
w
i þhinAinTg þ hmod

out AoutTB
(8)

If we assume that all the parameters except for T
w
i in Equation

(8) are constant during a time step advancement, the solution for
the i-th element of the heat structure is:

T
w
i ðtÞ¼

(
Twinitiale

�lðt�tiÞ þ Tw∞
h
1� e�lðt�tiÞ

i
for t > ti;

Twinitial for t � ti;
(9)

where l ¼ hinAinþhmod
out Aout

MtankCp
and Tw

∞ ¼ hinAinTgþhmod
out AoutTB

hinAinþhmod
out Aout

. Twinitial is the initial

inner wall temperature, which is set to the subcooled water tem-
perature in the tank.

The total convective heat transfer from the steam to the inner
wall surface at tn can be obtained by
1898
QvwðtnÞ¼
Xn
i¼1

daihinAin
�
TgðtnÞ� T

w
i ðtn � tiÞ

�

¼
Xn
i¼1

hinAin
�
daiTgðtnÞ� daiT

w
i ðtn � tiÞ

�

¼ anhinAin

"
TgðtnÞ� 1

an

Xn
i¼1

daiT
w
i ðtn � tiÞ

#
(10)

To calculate Equation (10), we need to store the void fractions at
all time steps and the average wall temperatures of all the heat
structure slices at all time steps. This requires huge memory and
inconvenient calculations. For an efficient calculation of Equation

(10), a mathematical method was devised. Let's define T
wðtnÞ as the

average wall temperature at the time tn. It can be written as:



Fig. 15. CMT #1 injection flow rates with various thermal layer lengths.
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T
wðtnÞ¼ 1

an

Xn
i¼1

daiT
w
i ðtn � tiÞ; (11a)

or

anT
wðtnÞ¼

Xn
i¼1

daiT
w
i ðtn � tiÞ; (11b)

where an (¼ da1 þ da2:::þ dan) represents the void fraction at time
tn. Then, Equation (10) can be simply represented as

QvwðtnÞ¼anhinAin
�
TgðtnÞ� T

wðtnÞ
�
: (12)

To conveniently calculate T
wðtnþ1Þ, a recursive formulation is

derived from Equation (11b) as follows:

anþ1T
wðtnþ1Þ¼

Xnþ1

i¼1

daiT
w
i ðtnþ1 � tiÞ

¼
Xn
i¼1

daiT
w
i ðtnþ1 � tiÞþ danþ1T

w
initial

¼
Xn
i¼1

dai



T
w
i ðtn � tiÞþ

dT
w
i

dt

����
tn�ti

dtnþ1

�
þ danþ1T

w
initial

¼ anT
wðtnÞþ

Xn
i¼1

dai
dT

w
i

dt

����
tn�ti

dtnþ1 þ danþ1T
w
initial

(13)

where dtnþ1 ¼ tnþ1 � tn. The derivative term in the right-hand side
of Equation (13) can be approximated as:

Xn
i¼1

dai
dT

w
i

dt

����
tn�ti

z
Xn
i¼1

dai



� lT

w
i ðtn � tiÞ þ lTw∞

þ dTw∞
dt

�
1� e�lðtn�tiÞ

	�

x
Xn
i¼1

dai



� lT

w
i ðtn � tiÞ þ lTw∞ þ dTw∞

dt

�

¼ � l
Xn
i¼1

daiT
w
i ðtn � tiÞ þ an



lTw∞ þ dTw∞

dt

�

¼ � lanT
wðtnÞ þ an



lTw∞ þ dTw∞

dt

�
(14)

In Equation (14), e�lðtn�tiÞ converges to 0 rapidly because l is
large enough. Inserting Equation (14) into Equation (13) leads to a

recursive relation between T
wðtnÞ and T

wðtnþ1Þ:

anþ1T
wðtnþ1Þ¼ ð1� ldtnþ1ÞanTwðtnÞþan



lTw∞ þ dTw∞

dt

�
dtnþ1

þ danþ1T
w
initial

(15)

By using Equation (15), the new wall temperature T
wðtnþ1Þ can

be easily obtained and this, in turn, allows to calculate Equation
(12) to obtain the convective heat transfer from the steam to the
inner wall surface. The heat loss to the environment is easily
calculated, too.
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4. Assessment of the special component model

We implemented the special component model into the SPACE
code. Before the assessment, sensitivity calculations were carried
out to investigate the effect of the thermal layer length in the
special thermal-hydrodynamic model. The F101 test was calculated
with various thermal layer lengths of 5 cm, 10 cm, 20 cm, 30 cm,
and 40 cm. To focus on the effect of the special thermal-hydraulic
model, the heat structure model for the tank wall was not used in
the calculations.

Fig. 15 shows the CMT #1 mass flow rates for the F101 test. The
results are very similar to the measured data except for the 5 cm
case. For the case of stratified flow, the 5 cm thermal layer appears
to be too thin to store the energy from steam condensation at the
steam-water interface. The liquid temperature at the interface goes
up more slowly as the length increases in the early phase, this re-
sults in a lower injection flow rate. For the case of long term,
however, the results are similar to each other. The length of 20 cm
appears to be reasonable, and it corresponds to the value measured
from the experiments. For the case of sensitivity calculation results,
in addition, show that the assumption of linear temperature dis-
tribution in the thermal layer does not make a problem. In the
subsequent calculations, the length of the thermal layer is set as
20 cm.

The F101 and F102 tests were simulated again to assess the
special componentmodel. The nodalization in Fig. 3 is usedwithout
any modification except for the CMT and SIT, which are replaced
with a special component model. The heat loss at the tank wall is
taken into account. The outside wall heat transfer coefficient was
set to 1.0 W/m2K, and the surrounding temperature was set to
300 K [8].

For the F101 test, two calculations were performed with and
without the special heat structure model. The predicted CMT in-
jection flow rates are compared to the experimental data in Fig. 16.
The two calculations indicate that the unrealistic flow behaviors
shown in Fig. 7 are clearly resolved. The injection flow rate is
slightly under-predicted when the special heat structure model is
considered. Because the heat transfer from the steam to the wall
slows down the injection flow, this is physically consistent. With
the special heat structure model, due to the steam condensation on
the wall, the CMT outlet mass flow rate is smaller and the CMT
empties more slowly so the bulk liquid temperature also increases



Fig. 16. Measured vs. calculated CMT #1 injection flow rate: F101 test.

Fig. 17. Calculated fluid temperatures in the CMT #1: F101 test.

Fig. 18. Measured vs. calculated SIT #1 injection flow rate: F102 test.

Fig. 19. Calculated fluid temperatures in the SIT #1: F102 test.
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more slowly (see Fig. 17). This is also a consistent result.
To calculate the SIT injection flow rate, similar calculations were

performed for the F102 test. The SIT injection flow rate is shown in
Fig. 18. The mass flow rates are predicted accurately, similar to the
F101 simulation. The unrealistic behaviors shown in Fig. 9 are
eliminated, and the results are quite close to the experimental data.
Because the temperature difference between the steam and the
wall is relatively small compared to the F101 test, the effect of the
heat structure model is insignificant in the F102 calculation. This
can be confirmed from Fig. 19.
5. Conclusions

We have assessed the SPACE code against the SMART-ITL PSIS
performance tests. It was found that the SPACE code unrealistically
predicts the CMT and SIT injection flows. This was caused by
inadequate modeling of the interfacial heat transfer in a vertical
stratified flow in the CMT and SIT, where a strong thermal-
nonequilibrium exists. The existing model uses the bulk liquid
temperature (TL) instead of the liquid temperature at the interface
to calculate the interfacial heat transfer. Therefore, the interfacial
heat transfer is highly overpredicted.

To resolve the unrealistic behavior, a special component model
for the CMT and SIT was developed in this study. The model in-
cludes a special thermal-hydraulic model for the interfacial heat
transfer and a special heat structure model for the wall heat
transfer. Instead of using fine thermal-hydraulic cells for the tank, a
single computational cell is used for the special component model.
For more realistic modeling of the interfacial heat transfer, we
replaced the bulk liquid temperaturewith the liquid temperature at
the interface. The liquid temperature at the interface is obtained by
considering the thermal layer formed above the subcooled water in
the tank. Also, the special thermal structure model for the wall heat
transfer was developed using nearly analytical solution.

We assessed the special component model using the SMART-ITL
PSIS performance tests after implementing it into the SPACE code.
Both the CMT and SIT injection flows were accurately predicted.
Also, the heat structure model worked well and its results were
physically consistent. From the results of the assessment, it can be
said that the special component model can predict the thermal-
hydraulic behaviors of the CMT and SIT very well and it can be
adopted in other thermal-hydraulic system codes. However, since
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the special component model has been validated only against the
experimental data from the SMART-ITL, it needs to be validated
with other tests under various conditions.
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