
Transactions of the Korean Nuclear Society Autumn Meeting 
Gyeongju, Korea, October 29-30, 2015 

 

Analytical study of the Optimum Operation Strategy for an Hybrid-SIT in SBO 
 

In Seop Jeon ∗, Hyun Gook Kang a∗, 
aNuclear & Quantum Engineering Department, KAIST, 291 Daehak-ro, Yuseong-gu, Daejeon 305-701  

First author : inseopjeon@kaist.ac.kr 
*Corresponding author: hyungook@kaist.ac.kr 

 
 

1. Introduction 
 

The Fukushima accident was not be able to be managed 
properly due to a lack of effective mitigation systems and 
strategies against a station black out (SBO) accident [1]. 
The use of passive systems in nuclear power plants (NPP) 
has been suggested as an alternative to active systems, as 
passive systems don’t require an external energy source 
and their installation can increase the diversity of NPP 
accident mitigation strategies [2]. 

Recently, research for developing passive systems and 
operation strategies, such as an integrated passive safety 
system, has been carried out to enhance plant safety in the 
nuclear field [3, 4, 5]. General passive systems and 
strategies however have a critical limitation, especially for 
passive injection systems. As these systems use gravity as 
their driving force [6], it is difficult to inject coolant in a 
passive way in a high-pressure condition thus 
depressurization is needed to inject coolant to reactor 
coolant system (RCS).  

High-pressure passive injection is essential to mitigate 
SBO accident effectively. Passive auxiliary feedwater 
system (PAFS) is the primary system which will be used in 
residual heat removal. Since the PAFS relies on the natural 
circulation in primary coolant system and steam 
condensation in water tank, it is designed to be operated 
even in a SBO accident [7]. If both PAFSs fail, 
depressurization of the RCS is necessary for low-pressure 
injection by normal SITs [8]. This strategy however causes 
loss of RCS inventory which may cause limited natural 
circulation in the primary coolant system when the PAFSs 
are restored. In that sense, if RCS inventory can be 
maintained during core cool down by high-pressure 
injection, it increases the diversity of mitigation means. 
Thus, a Hybrid Safety Injection Tank (H-SIT) that can 
cover not only low-pressure but also high-pressure passive 
injection was invented. 

While an H-SIT is originally planned to be integrated 
into Advanced Power Reactor Plus (APR+) [9], it can be 
used for any pressurized water reactor. This system is 
specialized for the mitigation of high-pressure accidents, 
such as SBO accidents, as it is passive system that can 
inject coolant even in high-pressure conditions. Generally, 
the H-SIT system can inject water using the pressure from 
nitrogen gas as a conventional safety-injection tank in low-
pressure accidents, such as large and medium-break loss of 
coolant accidents (LOCA). Additionally, the H-SIT system 
can also inject water using gravitational force in high-
pressure accidents. If a high-pressure accident occurs, the 
pressure of each H-SIT is equalized with RCS pressure 
through equalizing pipes, thus allowing the H-SITs to 
inject water by gravitational force. It is assumed that four 

H-SITs are installed in the target plant. Each has a 2.5in 
diameter equalizing pipe and operates at around pilot 
operated safety relief valve (POSRV) open pressure, 
160bar. Figure 1 shows conceptual layout of the H-SIT 
system. 
 

 
Fig. 1. Outline of an H-SIT system [9] 

 
Restoration of AC power or PAFSs are the only ways to 

achieve long-term cooling in SBO condition. If AC power 
is restored, feed and breed operation can be performed 
using safety injection pump for long-term cooling [10] and 
if PAFSs are restored, core can be cooled by natural 
circulation in RCS. The restoration of components, 
however, takes time. Previous research shows the 
probability of component restoration changes according to 
how much available time can be secured [11]. Longer 
restoration times lead to a high probability of component 
restoration. Therefore, as H-SITs have a limited inventory, 
operation of H-SITs have to be supported by the best 
operation strategy in order to use the inventory effectively 
for cooling down the core as long as possible. 

In the previous study [12], the operation strategy was 
developed focusing on the mitigation of accidents by 
combined use of H-SIT and active systems thus it is 
inappropriate in SBO condition. In this study, we focus on 
finding a global optimum of H-SIT operation under SBO 
accident. First the characteristics of the components and 
accident situations requiring the use of H-SITs are 
analyzed in detail. Then an analytical study is performed 
based on the result of characteristic analysis to get the basis 
of the global optimum point among all possibilities. Based 
on these analytical optimum points, an analysis using 
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computer code is performed to get more accurate values 
and to verify the results of the analytical study.  

 
2. Body 

 
An SBO accident is initiated by a total loss of both 

offsite and onsite AC power. Following this accident, the 
reactor trips, the main feed water system terminates, and 
the charging pump stops. When the water level of the 
steam generator (SG) is lower than the post-trip SG level, 
the PAFS starts to work. PAFS has enough capacity to cool 
the reactor core by itself in an accident situation, thus if 
PAFS works well, H-SIT operation is not needed. The use 
of H-SIT is needed when PAFSs or the refill of the passive 
condensation cooling tank (PCCT) for long-term cooling 
fails. Originally, H-SIT was constructed to prevent the 
progression of an accident into a severe accident, the 
probability of which increases dramatically if the core is 
uncovered. Thus, the purpose of the H-SIT is to protect 
against the uncovering of the core in order to ensure core 
safety. In this study, seal LOCA is no longer considered as 
a phenomenon in SBO because, in APR+, the standstill 
seal is applied to prevent seal LOCA [14]. 
 
2.1 Identification of main factors to develop operation 
strategy of H-SIT 

 
To develop the operation strategy, in this section, the 

main factors are identified based on the heat removal 
equation of H-SIT. The main function of the H-SIT is to 
remove heat from the reactor core, thus the operation 
strategy has to be focused on effective heat removal. Hence, 
we have to express the heat removal process systematically 
by developing an H-SIT heat removal equation. The 
equation is expressed based on the following critical 
principles. 
Firstly, to maintain core safety, the amount of heat removal 
from the core has to be larger than the amount of decay 
heat generation, as shown in Eq. 1. 

 
 
∫𝑑𝑑(𝑡𝑡)𝑑𝑑𝑡𝑡  ≤ ∫ℎ𝑡𝑡(𝑡𝑡)𝑑𝑑𝑡𝑡                          (1) 

 
d(t) = Amount of decay heat generation in unit time. 
ℎ𝑡𝑡(t) = Amount of heat removal in the core in unit time. 

 
The change of decay heat generation can be easily 

calculated given only the time [15]. The amount of heat 
removal from the core also continuously changes over time, 
however this amount change is related with many other 
variables. Thus Eq. 2 is derived to express the heat removal 
phenomena clearly. Based on the Eq. 2, we know that three 
critical time variables exist to calculate the heat removal 
amount from the core. These are coolant injection mass 
rate from H-SIT, temperature of H-SIT, and evaporation 
mass rate in the core. 
 
ℎ𝑡𝑡(t) = 𝑚𝑚𝑖𝑖(t)×𝐶𝐶𝑝𝑝×(𝑇𝑇𝑣𝑣-𝑇𝑇𝑠𝑠𝑖𝑖𝑡𝑡(t))+𝑚𝑚𝑒𝑒(t)×𝜇𝜇𝑓𝑓𝑓𝑓           (2) 

 
mi(t) = Mass of injected water of H-SIT in unit time 

me(t) = Mass of evaporated water of H-SIT in unit time 
Cp = Specific heat of water 
Tv = Evaporating temperature 
Tsit(t) = Temperature of H-SIT during H-SIT is operated 
𝜇𝜇𝑓𝑓𝑓𝑓 = Vaporization energy 

 
Based on the Eqs. 1 and 2, four critical variables which 

are important for developing the operation strategy are 
identified: the amount of decay heat, temperature of H-SIT, 
injection mass rate from H-SIT, and evaporation mass of 
the coolant. As these heat removal equations are functions 
of time, the relation of H-SIT cooling capacity to initiation 
timing becomes clear. 
  The amount of decay heat generation is closely related 
with the condition of the PAFS. If both PAFSs fail from the 
beginning, H-SIT must be initiated in an early stage for 
decay heat removal. Thus the decay heat generation rate 
when H-SIT starts to operate is high Whereas, if PAFSs fail 
due to PCCT refill failure, the H-SIT initiation time is 
moved back because one or two PAFSs can cool down the 
core for a period of time. In that sense, the number of 
PAFSs operating before the PCCT refill failure is an 
important factor to develop operation strategy. Generally, 
it is assumed that PAFS operate for only 8 hours without 
PCCT refill [16].  

The temperature of H-SIT coolant is also one of the 
critical variables; in Eq. 2, if Tsit  increases, Tv - Tsit 
decreases thus m𝑖𝑖(𝑡𝑡) has to increase in order to satisfy Eq. 
1. Tsit is related with the amount of hot water flow from 
the pressurizer and the amount of H-SIT inventory. Hot 
water flow from the pressurizer is considered as a constant 
and the inventory of the H-SIT can be calculated based on 
the injection flow rate, thus in order to set the optimal H-
SIT injection rate, the temperature of H-SIT should be 
considered.  

The injection mass flow rate of each individual H-SIT 
cannot be controlled as they are operated by gravitational 
force, and is almost constant because of the fluidic device 
in H-SIT [17]. Thus the flow rate can be controlled by 
changing the number of H-SITs in operation or making an 
overlap between operations. The operation order can also 
affect to injection mass flow rate as each H-SIT is in a 
different location and therefore has a different length of 
equalizing pipe. These differences in length have an effect 
on the pressure balance between the RCS and the H-SITs 
because when the pressure is equalized through the 
equalizing pipe, the pressure can drop due to friction. That 
means, if the equalizing pipe is long, a large pressure drop 
occurs, leading to a decrease in H-SIT injection 
performance. This performance is closely related with 
injection flow rate. 

Evaporation mass is a decay heat-related variable and is 
also related to the injection mass flow rate. If the injection 
mass rate increases, evaporation mass rate decreases 
because of the specific heat of cold water from the H-SIT. 
Concerning core safety, if the evaporation mass is higher 
than the injection mass, the existing coolant of the core has 
to be used which will eventually lead to core uncover. 
Therefore, the relationship between the injection mass rate 
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and the evaporation rate should be considered carefully 
and systemically. 

As a result, based on these critical variables, the five 
main factors necessary to develop the operation strategy 
are defined. Those are, namely, the number of PAFSs 
which are used simultaneously for 8 hours, the number of 
H-SIT operating simultaneously, the overlap percentage 
between operations, the initiation timing, and the operation 
order. 
 
2.2 Estimation of optimal value of main factors 
 

In the previous section, five main factors were identified. 
The optimum value of all factors should be analytically 
estimated to develop the best operation strategy. Generally, 
optimal values can be estimated more accurately by 
thermos-hydraulic code, as the computer code continually 
calculates the value of the variables every second, even 
subtle changes. An analytical approach, however, has an 
advantage to show the logical tendency according to 
amount change of variable, not focused on one specific 
value. Therefore, an analytical approach is preferentially 
performed in this section to get the basis of the global 
optimum point among all possible situations. 

In this section, before we estimate the optimal values, 
the five main factors should be divided into two groups 
based on their dependency on the decay heat generation 
rate as the optimum values can vary according to any 
change in the initial accident condition. The decay heat 
generation rate at the time when the H-SITs start to operate 
is a representative indicator to show any change of the 
initial condition. Especially in SBO, the decay heat 
generation rate at H-SIT initiation time can be only 
changed through a change in the H-SIT initiation time 
because decay heat generation rate is a time function. This 
initiation time can be changed by changing the number of 
PAFSs in operation before the H-SITs initiate. Thus this 
dependency on decay heat generation shows whether the 
optimum value of the factors change or not, when the 
number of PAFS in operation changes. 

Generally, initiation timing and operation order are 
independent factors of the number of PAFSs in 
simultaneous operation, so their optimal values can be 
estimated without any consideration of initial condition 
changes. These factors always have the same optimal value 
so are easily estimated. Whereas, the optimal value of the 
injection mass rate can change according to the decay heat 
generation rate, thus the optimal value of the number of H-
SITs operating simultaneously and the overlap percentage 
between operations of each H-SIT can vary according to a 
change in the number of PAFS in operation. These factors 
are also correlated to each other thus are considered 
together to develop the operation strategy. Therefore, we 
need a specific estimation methodology to find the optimal 
value for these factors. 
 
2.2.1 Optimal value of independent factors 

2.2.1.1 Operation timing of H-SIT 
Initiation timing is related with the effective use of core 

coolant. When PCCT refill fails, pressure and temperature 

of the RCS increase due to a loss of the secondary heat sink, 
so the POSRV should be opened to decrease RCS 
temperature and pressure. In this process, saturated steam 
is ejected through the POSRV. This is the ideal situation 
for decay heat removal. When, however, the POSRV opens, 
the pressure of the RCS dramatically decreases, leading to 
core and pressurizer level increase, until finally, the 
pressurizer becomes full and ejects hot water directly 
rather than saturated steam. As this hot water cannot be 
further used to remove decay heat by evaporation, the 
efficiency of the H-SITs decreases. 

In that situation, if the H-SITs initiate before the 
pressurizer reaches full level, the inventory of the core 
increases when the pressurizer becomes full. That means, 
the pressurizer will be at full level for a relatively long time 
so more high-temperature water will be ejected through the 
POSRV. This is the important reason why H-SIT coolant 
cannot be used effectively when they initiate early. 
Therefore, the initiation timing should be delayed as long 
as possible. Figure 2 presents the liquid fraction of the 
steam which is ejected through the POSRV according to H-
SIT initiation timing, calculated using MARS code. If 
liquid fraction is 1, only hot water is ejected through the 
POSRV. 
 

 
Fig. 2. Liquid fraction of ejection steam through POSRV 

according to operation timing of H-SIT 

 
In this In this study, the latest timing for operation of H-

SIT is considered as the time when the upper plenum level 
is 0%, as this means the core level is above the fuel. If the 
fuel is uncovered, the temperature of the core increases 
extremely fast and can exceed the severe accident 
management guideline (SAMG) entry condition without 
any mitigation action by the operator, it means accident 
situation is progressed into severe accident. Thus core 
uncover is not considered in this study. Therefore, 
theoretically, a 0% upper plenum level is the best point for 
H-SIT initiation timing. 

 
2.2.1.2 Operation order of H-SIT 
Differences in H-SIT efficiency according to operation 

order come from the differing lengths of the equalizing 
pipes. As previously explained, if the equalizing pipe is 
long, a large pressure drop occurs which decreases H-SIT 
injection performance. For that reason, H-SITs are 
distinguished according to the length of the equalizing 
pipes. Therefore, if H-SIT(1) has the longest equalizing 
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pipe and H-SIT(4) has the shortest, highest-to-lowest 
performance of them should be H-SIT(4) - H-SIT(3) - H-
SIT(2) - H-SIT(1).  

When an accident occurs, the reactor trips and decay 
heat starts to decrease. If we consider the decrease of the 
decay heat generation rate, an H-SIT which has good 
performance should be used first. Therefore, H-SIT(4) - H-
SIT(3) - H-SIT(2) - H-SIT(1) is the best order for effective 
use. If the H-SITs are used in reverse order, the injection 
rate should be increased in order to make up for the low 
cooling capacity of H-SIT(1). 
 
2.2.2 Optimal value of dependent factors 

The number of H-SIT operating simultaneously and 
overlap percentage between operations are the most 
difficult and complex variables to determine optimal 
values for because of their dependency and correlation. In 
order to understand the dependency of the injection mass 
rate (operation number and overlap percentage) on the 
decay heat generation rate, firstly we have to clarify the H-
SIT heat removal phenomena as the injection mass rate is 
directly related to the amount of heat removal. The amount 
of heat removal by H-SIT is called H-SIT cooling capacity 
for convenience. The cooling capacity is calculated by 
using an integral calculus in Eq. 2, as shown in Eq. 3 below. 
 
H𝑡𝑡  = ∫ m𝑖𝑖(t)

t2
t0

× C𝑝𝑝 × (T𝑣𝑣-T𝑠𝑠𝑖𝑖𝑡𝑡(t)) + m𝑒𝑒(t) × µ𝑓𝑓𝑓𝑓dt    (3) 
 
H𝑡𝑡 = Total cooling capacity of core 
𝑡𝑡0 = Time when H-SIT starts to operate 
𝑡𝑡2 = Time when core exit temperature exceed SAMG 
entry condition 

 
Although Eq. 3 appears simple, the calculation of 

cooling capacity is not easy because from H-SIT initiation, 
temperature (T𝑠𝑠𝑖𝑖𝑡𝑡(t)) and evaporation mass (m𝑒𝑒(t)) can 
change continuously and also, in an actual accident 
situation, the coolant injected by the H-SITs and the 
originally existing coolant in the core are used to cool 
down the core in no particular order. To solve these 
difficulties, we use some reasonable assumptions. In this 
study, H-SIT coolant is assumed to be used preferentially 
to make the calculation easier, so the purpose of H-SIT 
operation is to cool down the core without consumption of 
existing core coolant. Existing coolant is used after the four 
H-SITs are dried out. Thus Eq. 3 can be rewritten as Eqs. 
4, 5, and 6 because if time exceeds 𝑡𝑡1, m𝑖𝑖(t) should be 
zero. Based on this assumption, the total amount of core 
inventory does not decrease until 𝑡𝑡1 . Eq. 6 is not 
considered in this study as it does not relate to H-SIT 
operation. 
 
H𝑡𝑡  = H1 + H2                            f   (4) 
H1 = ∫ m𝑖𝑖(t)

t1
t0

× C𝑝𝑝× (T𝑣𝑣-T𝑠𝑠𝑖𝑖𝑡𝑡(t)) + m𝑒𝑒(t) × µ𝑓𝑓𝑓𝑓dt     (5) 

H2 = ∫ m𝑒𝑒(t)t2
t1

× µ𝑓𝑓𝑓𝑓dt                         (6) 
 
H1 = Total cooling capacity of H-SIT 
H2 = Total cooling capacity of existing coolant in core 

𝑡𝑡1 = Time when H-SIT is dried out 
 
Another assumption is that the H-SIT injection mass all 

evaporates perfectly. Based on the results of section 2.2.1.1, 
actually, this assumption is not true. If, however, we 
consider that the H-SITs operate when the upper plenum 
level is 0%, the amount of released coolant through the 
POSRV without evaporation is negligible, thus, finally, 
maximum cooling capacity of an H-SIT is expressed as Eq. 
7. 
 
H𝑠𝑠𝑖𝑖𝑡𝑡  = ∫ m𝑖𝑖(t) 

t1
t0

× C𝑝𝑝 × (T𝑣𝑣-T𝑠𝑠𝑖𝑖𝑡𝑡(t)) + m𝑖𝑖(t) × µ𝑓𝑓𝑓𝑓dt   (7) 
H𝑠𝑠𝑖𝑖𝑡𝑡  = Total maximum cooling capacity of H-SIT 

 
H-SIT temperature can be calculated by considering the 

injection flow rate and hot steam flow from the pressurizer. 
This phenomenon is expressed as Eq. 8. In this study, it is 
assumed that the pressure of the RCS is 160bar because the 
POSRV operates around this pressure, maintaining RCS 
pressure at this value. Of course, RCS pressure has small 
fluctuations around 160bar because of different set points 
of POSRV opening and closing, but the enthalpy of the 
saturated steam at these different set points is not 
significantly different. 
 

ΔT𝑠𝑠𝑖𝑖𝑡𝑡 = m𝑝𝑝𝑝𝑝𝑝𝑝 × h𝑝𝑝𝑝𝑝𝑝𝑝
C𝑝𝑝 × (m0−m𝑖𝑖(t)) 

                      (8) 

 
m𝑝𝑝𝑝𝑝𝑝𝑝 = Injection flow rate form pressurizer 
h𝑝𝑝𝑝𝑝𝑝𝑝 = Enthalpy of hot steam from pressurizer 
m0 = Initial mass of H-SIT 

 
After arbitrary setting the injection flow rate of one H-

SIT and pressurizer injection flow rate, the change in 
temperature is calculated and presented in Figure 3. 
 

 
Fig. 3. Coolant temperature of H-SIT according to H-SIT level 

 
Using Eqs. 7 and 8, maximum cooling capacity can be 

calculated. Cooling capacity is shown as a curve in Figure 
4. Based on the equations, if the H-SIT injection flow rate 
increases, the capacity curve will move up, and if the flow 
rate decreases, the capacity curve will move down. 
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Fig. 4. Amount of cooling capacity of one H-SIT according to 

level of H-SIT 

 
If mass flow is high enough, decay heat can be removed 

using one H-SIT only because the total cooling capacity of 
one H-SIT during operation is higher than the total decay 
heat generation. Figure 5 shows the cooling capacity under 
high injection mass flow. For analysis, the decay heat 
generation rate is calculated by using MARS code in the 
condition with one PAFS operating for 8 hours. If Area A 
≥ Area B is satisfied, the core can be cooled down by using 
one H-SIT. If the injection flow rate is insufficient, the 
decay heat generation rate is larger than the cooling 
capacity, thus we have to increase the number of H-SITs 
which are used or overlap their operation. Figure 6 shows 
cooling capacity under low mass flow. In this figure, 
(decay heat generation rate) – (H-SIT cooling capacity) is 
always negative. That means the existing coolant of the 
core should be used, resulting in core uncover. 
 

 
Fig. 5. Cooling capacity of one H-SIT with high flow rate under 

specific mass flow 

 

 
Fig. 6. Cooling capacity of one H-SIT with low flow rate under 

specific mass flow 

 
To identify the optimal injection flow rate for a real 

accident situation, the injection flow rate of each H-SIT 
and injection flow from pressurizer is preferentially 
calculated using MARS code. Based on the results, the 
injection flow rate of each is 14kg/s and flow from 
pressurizer is 1.5kg/s. Based on the results of the analytical 
analysis, when one PAFS is used for 8 hours and only one 
H-SIT is in operation, we have to increase injection flow 
by more than 19kg/s. Figure 7 shows the total amount of 
remaining cooling capacity according to injection mass 
flow. If two PAFSs are used for 8 hours, injection mass 
flow over 18.4kg/s is enough to mitigate an accident. 
Figure 8 shows the amount of total remaining cooling 
capacity according to mass flow when two PAFSs are used 
for 8 hours. Based on these results, even if two PAFSs are 
used before H-SIT initiation, injection mass flows 
sufficient for cooling from a single H-SIT in both cases are 
not much different as the decay heat generation rate in both 
cases are not much different. 
 

 
Fig. 7. Total amount of spare cooling capacity of H-SIT 

according to injection mass flow 

 
Fig. 8. Total amount of spare cooling capacity of H-SIT 

according to injection mass flow 

 
If the remaining capacity (total H-SIT capacity – total 

decay heat generation) is at or above zero, the core is safe 
in both cases because the injection mass is sufficient to 
remove decay heat. However, in view of efficiency, any 
remaining capacity larger than zero is not ideal, as this 
implies that H-SIT coolant is injected excessively in 
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comparison with the minimum necessary amount to cool 
down the core.  

If excessive coolant is injected (mi-m𝑒𝑒  is very high), 
hot water may be ejected in liquid state rather than hot 
steam when the POSRV opens. Further, the coolant can get 
stuck in other places such as a hot leg due to water slug 
formation [18]. Therefore, the ideal flow rate results in 
zero remaining cooling capacity. 

If the remaining capacity is negative, injection mass is 
insufficient to remove the decay heat and must be 
increased. As explained previously, there are two ways to 
increase injection mass: increase the number of H-SITs 
operating from the beginning, or overlap H-SIT operation. 
If injection flow rate must be significantly increased, it is 
preferable to increase the number of H-SITs in operation. 
If only a slight increase is necessary, overlapping the H-
SITs operation is sufficient. 

When H-SIT start times are staggered, the overlap 
between two H-SITs results in similar cooling capacity as 
when they initiate simultaneously. As shown in Figure 8, 
two H-SITs overlap during A1, A2, and A3. In these areas, 
there is positive remaining capacity. Whereas, there is a 
negative remaining capacity in B1, B2, B3, and B4. Thus, 
if the sum of A1, A2, A3 ≥ the sum of B1, B2, B3, B4, the 
core is safe until the H-SITs are dried out. Considering the 
maximum efficiency as explained previously, the sum of 
A1, A2, A3 = the sum of B1, B2, B3, B4 is used to 
calculate the optimal overlap percentage. 

 

 
Fig. 9. Cooling capacity of all H-SITs under specific mass flow 

 
Overlapping operation is used to increase the injection 

flow rate slightly. If, however, the overlap percentage 
reaches 66%, the injection flow rate is similar to when two 
H-SITs operate from the beginning without overlap. Thus 
if an overlap percentage of greater than 66% is required, 
increasing the number of H-SITs is recommended. This 
case can be called a dual overlap, with two H-SITs 
initiating simultaneously and overlapping with the 
remaining two H-SITs. 66% is obtained through the 
average flow rate calculation. If the injection flow rate of 
one H-SIT is 𝑚𝑚𝛼𝛼 , then the rate of two H-SITs is 2𝑚𝑚𝛼𝛼 . 
Figure 9 demonstrates these injection flow rates with an 
operation overlap of 50%. 

 

 
Fig. 10. Averaged mass injection rate of H-SIT according to 

level of H-SIT 

 
In Figure 10, the average mass flow rate is 1.6𝑚𝑚𝛼𝛼 , from 

dividing total injection mass by total injection time (Eq. 9). 
If the average injection flow rate is over 2𝑚𝑚𝛼𝛼, the overlap 
percent k has to be larger than 66%. 
 

( 4
4−0.03𝑘𝑘

) × 𝑚𝑚𝛼𝛼                            (9) 
 
k = Overlap percentage of H-SIT 

 
In this study each H-SIT injection flow rate is assumed 

to be the same because of their same design characteristic. 
Based on Figures 7 and 8, the H-SITs should be overlapped 
even when the PAFSs have operated for 8 hours. To 
calculate the optimal overlap percentage, an analytical 
study is carried out with novel methodology explained in 
figure 8 using the matlab program. Figure 10 shows the 
total amount of remaining cooling capacity of the H-SITs 
according to the overlap percentage. 
 

 
Fig. 10. Total amount of spare cooling capacity of H-SIT 
according to overlap percent when one or two PAFSs are 

available. 
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Fig. 11. Total amount of spare cooling capacity of H-SIT 
according to overlap percent when one or two PAFSs are 

available. 
 

Based on the results of the analytical study, at least a 34% 
overlap percentage is needed to prevent core uncover when 
one PAFS is used for 8 hours. Thus, the H-SITs should be 
used by overlapping two by at least 34%. If two PAFSs are 
used for 8 hours, the minimum overlap percentage is 31%. 
This is similar to the case with one PAFS in operation, as 
the decay heat generation rate of these two cases is not 
much different. 

When both PAFSs fail, if one H-SIT is used from the 
beginning, the H-SITs should be overlapped by more than 
74%; thus we have to consider two H-SITs used from the 
beginning. In this case, the H-SITs should overlap by 4.6% 
to maintain core safety. Figures 11 show the total amount 
of remaining cooling capacity of the H-SITs when two 
PAFSs both fail. 
 

 
Fig. 12. Total amount of spare cooling capacity of H-SIT 

according to overlap percent when two PAFSs are all failed 
 

 
Fig. 13. Total amount of spare cooling capacity of H-SIT 

according to overlap percent when two PAFSs are all failed. 
 

3. Conclusions 
 

An optimum operation strategy for an H-SIT system in 
SBO was developed in this paper. In order to develop this 
operation strategy, five main factors were identified: the 
number of PAFSs in simultaneous operation before PCCT 
refill failure, the number of H-SITs in simultaneous 
operation, and the overlap percentage, initiation timing, 
and operation order of the H-SITs. Based on these main 
factors, the optimum values were identified by analytical 
and theoretical studies. Results demonstrated that the H-
SITs should initiate when the upper plenum level is 0%, 
and should operate in a 4-3-2-1 order. In case of overlap 
percentage, it varies according to the number of PAFSs in 
operation for 8 hours. With both PAFSs in operation before 
H-SIT initiation, the optimum overlap percent was found 
to be 31%, with a value of 34% for one PAFS in operation 
before H-SIT initiation. The results of these two cases are 
not much different as the decay heat generation rate in both 
cases is similar. When both PAFSs fail to operate, the result 
of analytical study demonstrated the H-SITs should 
overlap by 74%, as the decay heat generation rate during 
H-SIT operation was very high compared to the other cases. 
In this case, with dual overlap of the H-SITs in 
simultaneous operation, a 4.6% overlap is sufficient to 
mitigate the accident. . The results of the analytical study 
have an important role in respect to giving a logical 
background to find the global optimum values of all 
possibilities of overlap percentage thus this approach can 
help to solve the imitation of code simulation. General 
tendency of phenomena is hard to see using code 
simulation as it simulate only one case by one time  
Therefore, if code simulation can be performed with basis 
of global optimum value, it can be more accurate and 
realistic study. 
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