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ABSTRACT 

Design can be categorized into two steps: ‘synthesis’ and ‘analysis.’ While synthesis is the 
process of decision-making on design parameters, analysis is the process of optimizing the 
parameters selected. It is known from experience that the mistakes made in the synthesis process are 
hardly corrected in the analysis process. ‘Systematic synthesis’ is, therefore, easy to overlook but an 
important topic. ‘Systematic’ is interpreted as ‘minimizing’ uncertainty and subjectivity. This paper will 
introduce the design product achieved by using Axiomatic Design (AD) and TRIZ (Theory of Inventive 
Problem Solving romanized acronym for Russian), which is a new design of Safety Injection Tank 
(SIT). In designing a large-capacity SIT which should play an important role in mitigating the large 
break loss of coolant accidents, there are three issues: 1) the excessively large plenum for 
pressurized nitrogen gas; 2) the difficulties maintaining the high initial injection flow rate; and 3) the 
non-condensable nitrogen gas in the coolant. This study proposes a conceptual idea for SITs that are 
pressurized by the chemical reaction of solid propellants. The AD theory and the principles of TRIZ 
enable new approach in problem-solving for those three issues innovatively. The paper made an effort 
to clarify the systematic synthesis process to reach the final design solution. 

 

1 INTRODUCTION 

In Light Water Reactors (LWRs), a Loss Of Coolant Accidents (LOCA) is one of the most 
important design basis accidents for nuclear safety. A nuclear reactor generates heat in an internal 
core, and this heat is converted into useful power by means of a Reactor Coolant System (RCS). Even 
though coolant is lost, the nuclear reactor may continue to generate the same heat, while its 
temperature rises to the point of damaging the core. In order to prevent core damage, nuclear 
regulations require the appropriate design of Safety Injection Systems (SISs). Generally, a SIS limits 
the maximum fuel cladding temperature, which is termed the Peak Cladding Temperature (PCT), and 
prevents a significant failure by injecting borated water into an RCS to flood and cool the core 
following the LOCA. The major components within the SIS in the 3rd generation Korean NPPs, 
OPR1000, are the High Pressure Safety Injection Pumps (HPSIPs), Low Pressure Safety Injection 
Pumps (LPSIPs), Safety Injection Tanks (SITs), and some valves to arrange the injection path.  

Recently, it has come to be expected that the coolant control or capacity of SITs is becoming 
more important, since the coolant from SITs during an LBLOCA can replace the injection from LPSIPs, 
as passive safety features are introduced to the advanced reactor design. In the case of the APR1400, 
which is the 3rd+ generation Korean NPP, the advanced SITs with a Fluidic Device (FD), which is the 
fixed internal device regulating the flow rate with changing coolant level, were adopted [1]. While a 
large coolant inventory is desirable for enhancing the level of safety in LWRs, three issues may affect 
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the use of such a large-capacity SIT: 1) the excessively large plenum for pressurized N2 gas, which is 
about 1/3 of the total volume; 2) the difficulties of maintaining the initial high injection flowrate; and 3) 
the non-condensable N2 gas in the coolant, which is about 0.72 g/kg-water at the operating conditions 
of the SIT (~0.58 liter-N2/liter-water at standard temperature and pressure) [2].  

This paper will propose a new design of SIT adopting the pressurization mechanism using the 
chemical reaction of solid propellants, which is able to overcome all the technical issues of the 
conventional SITs pressurized by N2 gas and ultimately improve the margin of PCT. With the technical 
description of the new SIT, authors will emphasize the problem-solving process for how the final 
design solution could be achieved. Particularly, the systematic synthesis framework for creating the 
design product will be introduced in detail, which is based on Axiomatic Design (AD) and TRIZ (Theory 
of Inventive Problem Solving romanized acronym for Russian), for delivering the idea with regarding to 
not only the design product itself but also the synthesis process.  

 

2 DESIGN PROCESS 

2.1 Conventional SITs 

Figure 1 shows the schematic diagram of an SIS for the APR1400. One of the most significant 
enhancements in designing the APR1400 may be the elimination of the LPSIPs, which was possible 
by introducing the FD. An FD passively controls the discharge flowrate into the RCS during the refill 
and reflood phases (i.e. a high discharge flowrate during the refill phase and a low discharge flow rate 
during the reflood phase). The SITs with an FD in the APR1400 replaces the LPSIPs so that the 
LPSIPs can be removed. All of the pumps are therefore named SIPs without distinguishing high 
pressure or low pressure. This provided a positive impact by reducing the core damage frequency and 
resulted in less stringent requirements for the startup time of emergency power sources, which is 
closely related to the availability of LPSIPs. In addition, it was preferable to secure a safety margin for 
the PCT. It is suspected that the inventory of coolant and the flowrate control of SITs are becoming 
more important in the design of advanced PWRs. The design parameters of an SIT are given in Table 
1 [3]. 
 

 

 
 

Figure 1: The schematic diagram of the entire SIS (RV: Reactor Vessel, SG: Steam Generator, RCP: 
Reactor Coolant Pump, SIP: Safety Injection Pump, IRWST: In-containment Refuelling Water Storage 

Tank) 
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Table 1. Design parameters of SITs in APR1400 
 

Type Vertical, Right Cylindrical 
Design/Operating Pressure, Pa 4.82E6/4.21E6 
Minimum Operating Pressure, Pa 4.14E6 
Design/Operating Temperature, °C 93.30/48.90 

Internal/Liquid Volume, m3 67.96/52.60 
Height, m 11.53 
Pressurizing Gas Nitrogen 
Material Carbon Steel with Stainless Steel Clad 

Tank 

Tank wall thickness, m 0.05182 
Area, m2 0.05195 
Length, m 30 Surge-line 
Elevation drop, m 5.51 

 
 

The capacity of the SITs is determined so that it can supply coolant to the RCS during the refill 
and reflood phases following a cold-leg LBLOCA, assuming that the entire contents of a single SIT do 
not reach the core. The flow rate of the injected coolant is determined by pre-pressurized nitrogen. 
Pressurization by nitrogen is necessary to passively discharge the SITs without any action by the 
operators or instrument functions. It should be noted that nearly 1/3 of the total volume is filled with 
nitrogen gas to provide the driving force with the coolant. During standard operation, the SITs are 
pressurized to ~4.2MPa with nitrogen gas, so that the final pressure of the SITs reaches ~1.4MPa, 
which is 1/3 of the initial pressure. From the safety analysis of APR1400, it was obvious that the 
absolute amount of inventory and its flowrate control are two critical factors to enhance nuclear safety. 
Another issue in the design of the SITs is the water solubility of the N2 gas. No matter how much 
coolant is injected into the core, the coolant is useless if it does not dispatch heat effectively. The 
solubility of the non-condensable N2 gas in the coolant at the operating condition of the SITs is about 
0.72 g-nitrogen/kg-water, which corresponds to ~0.58 liter-nitrogen/liter-water at standard temperature 
and pressure. Non-condensable gas in the coolant prevents heat transfer and ultimately results in core 
damage. 
 
2.2 Systematic Synthesis 

This study is motivated by solving the aforementioned problems, which can arise in designing 
large capacity SITs. The purpose of the conceptual design that this study proposes is an appropriate 
solution to resolve the following functional requirements, while the benefits of conventional SITs are 
maintained: 1) the excessively large plenum for pressurized N2 gas; 2) the difficulties of maintaining 
the injection flowrate; and 3) the non-condensable nitrogen in the coolant. In order to propose a 
workable solution, AD and TRIZ was used, which is the systematic problem-solving methodologies. 
‘Systematic’ is interpreted as ‘minimizing’ uncertainty and subjectivity in choosing design parameters 
so that a system can meet higher performance and/or safety requirements while reducing cost. While 
there have been proposed a few methodologies or tools facilitating such systematic synthesis, it is well 
known that the combination of AD and TRIZ enable us to efficiently reach systematic synthesis [4]. 
This section delineates the brief introduction of each methodology and how AD and TRIZ are working 
in cooperated manner to provide a solution. 
 
2.2.1 Fundamentals in AD and TRIZ 
 

AD and TRIZ is a methodology for generating innovative ideas and solutions for problem 
solving. They are, in contrast to random idea generation techniques such as brainstorming, aims to 
create an algorithmic or systematic approach to the invention of new systems and/or the evolution of 
old systems. While the AD theory facilitates organizing multiple functional requirements (FRs), the 
principles of TRIZ are able to provide us with an appropriate design solution for to a specific FR.  
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The initial concept of AD could be found in Dr. Suh’s paper in 1990s and the entire framework 

looks quite matured in 2000s [5-6]. The first part of AD starts from the classification of design activities 
into four primary domains: the Customer Attribute (CA) domain, the FR domain, the Design Parameter 
(DP) domain, and the Process Variable (PV) domain. To systematically organize a design process 
among the four domains, AD operates with two axioms: independence axiom and information axiom.  
 
l Independence axiom: maintain the independence of the FRs 
l Information axiom: minimize the information content of a design 
 

In the conceptual design stage, it is important to notice the worth of the independence axiom. 
The independence axiom primarily provides the principle for the relationship between an FR domain, 
regarding ‘what is wanted to be achieved’, and a DP domain, regarding ‘how to achieve it.’ In order to 
make use of the independence axiom, initially a top FR that is an ultimate goal of the design is 
confirmed. Then a top DP is picked that will achieve the FR. The DP should be a solution that is 
physically possible and meets the constraints defined in the constraint domain. Secondly, the sub-
level FRs of the top FR are confirmed, which are necessitated for satisfying the top DP. In this step, it 
is important to propose solution-neutral FRs on the basis of the principle of Mutually Exclusive 
Collectively Exhaustive (MECE). ‘Solution-neutral’ means that the FRs that are biased by the selected 
DPs should not be confirmed. The principle of MECE signifies that the confirmed FRs should not 
overlap each other, while each of the FRs should consist of the upper FR without loss of 
completeness. The sub-DPs are then chosen once again, so that the sub-level FRs are achievable. 
This process is repeated until the desired level of a design solution is reached. This process makes a 
hierarchical tree of FR and DP and is designated as a FR-DP hierarchical tree, while the repeated 
processes are called decomposition and zigzagging, as shown in Figure 2. The series of processes is 
expressed by mathematical formula. The set of FRs that define the specific design goals constitute the 
vector }{FRs . Similarly, the set of DPs for the FRs constitutes a vector }{DPs . The set of FRs and 

DPs is determined by the decomposition and zigzagging processes. The design product is shown by 
an FR-DP hierarchical tree or a matrix form, 

}]{[}{ DPsAFRs =                    (1) 

where ][A  is a matrix defined as the DM.  

The elements of the DM are given by Equation (2). Each element corresponds to the 
sensitivity between an FR and a DP. 

jiij DPFRA ¶¶= /                             (2) 

where 
ijA  is an element showing the sensitivity between 

iFR  and 
jDP .  

The coupling concept, which is important when applying the independence axiom, is explained 
by Equation (2). If the sensitivity between 

iFR  and 
jDP  is not negligible during the design process, ‘X’s 

are placed on 
ijA  and regarded it as coupling. All of the diagonal elements of a DM definitely have ‘X’s. 

Off-diagonal elements depend on the characteristics of a problem. To satisfy the independence axiom, 
a DM must be either diagonal or triangular. When a DM is diagonal, each of the FRs is satisfied 
independently by means of the unique corresponding DP. Such a design is called an uncoupled 
design. If a DM is triangular, the independence of the FRs can be guaranteed if and only if the DPs 
are changed in a proper sequence. Such a design is called a decoupled design. The remaining 
designs are called coupled designs.  
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Figure 2. Decomposition and zigzagging of a FR-DP hierarchical tree 
 

The question may rise: How do we get a decoupled solution or how do we make a design 
decoupled? TRIZ is one of the best tools to give a reasonable approach to get such a solution. TRIZ is 
a romanized acronym for Russian meaning "Theory of solving inventor's problems" or "Theory of 
inventive problem solving." It was developed by a Soviet engineer and researcher Genrich Altshuller 
and his colleagues starting in 1946. Reviewing over 40,000 patents, 40 principles of invention, laws of 
technical systems evolution, and the concepts of contradictions were proposed and/or developed [7]. 
One of the most important observations in TRIZ may be the fact that a good invention is the removal 
of a technical contradiction with the help of certain principles. TRIZ postulates that inventive problems 
stem from contradictions between two or more elements, that is, more of something desirable also 
brings more of something less desirable, or less of something else also desirable. Removing 
contradictions is not only within all branches of engineering, but also within many other technical and 
non-technical fields as well. All of the TRIZ principles facilitate removing contradictions which can be 
observed in typical problems. Designers, first, need to abstractize their specific problems in terms of 
alternative but typical language, and apply the TRIZ principles to the abstractized problem. The typical 
solution of the abstractized problem is concretized to a specific solution taking account of the 
characteristics of the original problem. This process is illustrated in Figure 3. 
 

 
 

Figure 3. Creative problem-solving with TRIZ 
 

The mutual aid of AD and TRIZ becomes apparent when developing the hierarchical nature of 
design problem. The AD theory places careful emphasis on the importance of recognizing the 
hierarchical nature of design and, particularly, to ensure that the process of iteration between FRs and 
DPs is carried out in a systematic manner. TRIZ provides a better understanding of both the 
hierarchical nature of design and the need to pay attention to the inter-connections which exist 
between successive hierarchical layers. It should be noted that the decoupling in terms of AD is quite 
similar to removing technical contradiction in terms of TRIZ. Once the coupling is identified in the 
domain of AD, the decoupling corresponds to the role of the principle of TRIZ 
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2.2.2 Improved SITs 
 

Referring to the principles of the AD theory and Heo and Lee’s ECCS study [8], the 
decomposition of the SITs of the APR1400 was expanded, and the DM was finally determined, as 
given by Equation (3). New FRs were added that were related to the design issues and the DM was 
populated so that new coupling elements could be found. 
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where 
   FR1: Obtain enough coolant inventory. 
   FR2: Provide injection force. 
   FR3: Ensure the quality of the coolant. (or control the solubility of non-condensable gas in the 

coolant) 
   FR4: Provide injection signals. 
   FR5: Arrange a flow path. 
   DP1: Size of the SIT 
   DP2: Pressurized N2 
   DP3: Solubility of N2 in the coolant 
   DP4: Passive actuation by pressurized nitrogen 
   DP5: Valve arrangement  
 

The design of the conventional SIT is a coupled design because of 
12X  and 

21X . An effort 

was made to eliminate the coupling that resulted from FR2, pressurized nitrogen. The usage of N2 
(DP2) to provide the injection force (FR2) affects the coolant inventory (FR1), while securing the coolant 
inventory (FR1) requires the reduction of N2 (DP2), which is a technical contradiction. That is, there 
must be nitrogen gas for pressurization and that there must not be nitrogen gas for more coolant. DP2 
is therefore the root-cause of the functional contradiction, and DP2 should be replaced by a new one to 
decouple the SIT. The coupled situation can be abstractized and re-stated in terms of TRIZ as follows: 

 
l Feature to improve: Stress or pressure - the intensity of the forces or quantities acting on the 

system; the force of compression per square inch. 
l Undesired feature: Volume of the moving object - the space occupied by objects that can quickly 

and easily change position on their own or as a result of external forces. 
 
Using the 40 principles of invention, we can find solution candidates: 
 

l 10. Preliminary Action: Perform the required modification of an object (either fully or partially), 
before it is actually needed. Pre-arrange objects so that they can come into action from the most 
convenient arrangement, without wasting time to deliver their actions. 

l 35. Parameter Change: Change an object’s physical state (e.g. to a gas, liquid, or solid, change 
the concentration or consistency, change the degree of flexibility, change the temperature. 

 
We concretized the solution candidates to the SIT problem. In an attempt to alleviate the effect 

of all off-diagonal coupling caused by DP2, the dimensions of the N2 gas were reduced while the 
nitrogen gas was successful in achieving FR2. It was observed that the pressurization is only 
necessary as long as the interval for pressurization is not as long as that of the system dynamics. If 
the SITs do not need to be pressurized, the SITs can contain larger amounts of coolant, which 
corresponds to Solution 10, Preliminary Action. When the SITs are asked to discharge the coolant, a 
speedy pressurization mechanism drives the coolant and discharges the coolant. It was found that the 
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DPs satisfy the independence axiom, as shown in Equation (4), by introducing solid propellants 
instead of pressurized nitrogen gas, which corresponds to Solution 35, Parameter Change. 
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where 
   DP1: Size of the SIT 
   DP2: N2 provided by chemical reaction of solid propellants 
   DP3: Solubility of N2 in the coolant 
   DP4: Active actuation (Ignition by electrical power sources) 
   DP5: Valve arrangement 
 

A propellant is a material that is used to move an object by applying a motive force. The 
propellant that was chosen involves a chemical reaction and forms a solid before the chemical 
reaction. The solid propellant burns rapidly but controllably, to produce thrust by gas pressure and 
thus accelerate a projectile, that is, coolant in the SITs. The combustion of solid propellants involves a 
combination of processes consisting of various components that constitute the propellant. Since the 
propellants exist in a solid state at STP, the volume of the compounds is small compared to that in the 
gas state. The solid propellants are decomposed at a specific condition so that they generate nitrogen 
gas and residual products. The nitrogen gas generated by the decomposition of the compounds 
pressurizes the SITs within a short interval and then discharge the coolant throughout the surge line. 
Since the dimension of the solid propellants is relatively small at normal conditions, all of the coupling 
terms caused by the volume of nitrogen gas such as 

12x  and 
21x  are minimized, or eliminated. The 

compounds are solid-state at normal conditions, so that the coupling term, 
32x  resulting from the 

solubility of nitrogen gas can also be minimized. It should be noted that a new coupling 
24X  is present. 

For example, in order to decompose sodium azide, the compounds’ temperatures should exceed ~270 
°C. This energy is usually provided by an electrical spark, which necessitates an external power 
source, electrical circuits, and a triggering controller, which may adversely affect the core damage 
frequency. The coupling term 

24X , which is introduced by the ignition mechanism, therefore 

contributes to the driving force of the SITs. However, it is expected that the positive effect of the 
proposed design will prevail over the negative influence because the ignition needs only low voltage 
supplied from the batteries and the mechanism is quite reliable according to the findings of studies by 
the military and vehicle industries. 
 
 
2.3 Design of Solid Propellants 

This section delineates the conceptual design of the solid propellant, which is based on the 
DM given by Equation (4). The characteristics of the solid propellants first need to be understood. 
Then the system configuration and control logic will be described. There should be a number of solid 
propellants that are available for the same purpose.  
 
2.3.1 Solid propellants 

A propellant is a material that is used to apply a motive force to the coolant in the SITs. In 
order to have volume benefits, the propellant should be a solid before being decomposed into the gas 
phase. The solid propellant burns rapidly but controllably, to produce thrust by gas pressure and thus 
accelerate the coolant. Under normal circumstances, solid propellants are normally quite stable. If 
heated, though, they will fall apart. The heating of propellants is performed by an electric spark. The 
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electric signal detonates a small amount of an igniter compound, and the heat from this ignition starts 
the decomposition of the propellants and the generation of nitrogen gas continuously. The time that 
the compound takes to fully decompose is on the order of milliseconds ~ seconds, according to the 
property of propellants. The rate of gas generation is determined by [9]  

Au
dt

dm
g

g
r=                                       (5) 

where 
gm  is the mass of gas generated, 

 
gr  is the density of the gas, 

 A is the surface area of solid propellants, which is dependent on the geometry of the solid 
propellants and ignition efficiency, and 

 u is the burn rate. 
 

In order to apply solid propellants to the SITs, it should operate at a pressure near the 
operating pressure of conventional SITs, which is 20 ~ 40 MPa. Refer to the empirical correlations for 
the burn rate of production-type solid propellants [9-10] which is given by  

naPu =                                               (6) 
where P is the pressure of a combustion chamber, 

 a is a coefficient that is empirically given, 
 n is a coefficient that is empirically given by closed-bomb burn rate experiments, 0.2~0.8. 

 
Equation (6) shows that the chemical reaction is accelerated at higher pressures so that the 

solid propellant should be able to work at a pressure around the operating pressure of the SITs.  
 
2.3.2 System Configuration 

The concept of solid propellants for SITs is shown in Figure 4. The proposed SIT is composed 
of (1) the conventional SIT with or without the FD, (2) the canisters filled with solid propellants, (3) the 
rack in which the canisters are inserted and combusted, (4) the electrical devices for igniting the solid 
propellants, and (5) the controller for triggering ignition. The tank that is equipped with the proposed 
solid propellants can be filled to over 90% of its free volume. The tank is connected with nozzles that 
provide nitrogen gas generated from the combustion chamber, which contains a lot of solid propellant 
canisters. A single canister is composed of solid propellants, the filter case preventing the shock wave 
of released gas, and a spark plug that supplies the threshold energy to decompose the solid 
propellants. A separate electric source applies voltage to the plugs so that ignition is triggered.  
The combustion chamber takes the role of the rack for loading and/or withdrawing canisters so that 
canisters can be reused or checked periodically. A DC battery that is charged by external electric 
sources applies the voltage to the spark plug. The triggering timing is controlled by the pressure of the 
tank inside and/or by a timer controller automatically. The set-point of the triggering spark plugs and 
the amount of solid propellant determines the injection flowrate into a reactor core.  
The requirements for the safety injection flowrate might differ by plant or accident scenario. An 
analytical model was derived, given by Equation (7), to determine the weight of the solid propellants 
and its triggering timing. The flow velocity of the discharging coolant at time t from a SIT, 

toutv ,
, is given 

by 
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where  
DC : Form a loss factor resulting from the contraction of a surge line 

wr : Density of coolant 

   
inA : Cross sectional area of the SIT 
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outA : Cross sectional area of a surge line 

   
tinP ,
: Tank inside pressure at time t 

   
outP : Tank outside pressure 

th : Water level inside an SIT at time t  

 
It is therefore possible to determine the flowrate at time t, 

toutm ,
&  through the surge line with 

wtoutouttout vAm r××= ,,
&               (8) 

 
 
 

P

Solid Propellants

Filter Spark Plug

Propellant Canister

Battery

Pressure
Gauge

Controller

Rack / Combustion 
Chamber

Nozzle

SIT

 
 

Figure 4. Schematic drawing of the SIT using solid propellants 
 

 

3 SIMULATION RESULTS 

There should be a number of solid propellants available for the pressurization. In order to 
provide a concrete example, a demonstrative simulation was performed for investigating the feasibility 
of the proposed idea with a specific solid propellant, sodium azide. Even though this paper specifically 
covers an application using azide compounds, the fundamental principles and theoretical background 
of this simulation may be applicable to other solid propellants. 
 
3.1 Properties of Azide Compounds 

Azides, (chemical notation: N3
- ) have been shown to exhibit some very diverse chemistry. 

Many researchers have studied the slow azide decomposition of different types [11-12]. These 
investigations have demonstrated that many characteristic features of slow decomposition are 
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common for alkali-metal azides. One of the representative applications of azide compounds is the air 
bag. Air bags are not inflated from a compressed gas source but rather from the products of a 
chemical reaction. The chemical at the heart of the air bag reaction is the azide compound, particularly 
sodium azide, or NaN3. Under normal circumstances, sodium azide is quite stable. However, if heated, 
it will decompose. The chemical equation 2 NaN3 à 2 Na + 3 N2 describes exactly how it decomposes. 
The ignition of the compound is performed by an electric spark. The electric signal detonates a small 
amount of an igniter compound, and the heat from this ignition starts the decomposition of the sodium 
azide and the generation of nitrogen gas continuously. The time that the compound takes to fully 
decompose is on the order of milliseconds at STP. Its molar mass is 65.01 g/mol and the density is 
1.85 g/cm3, which is solid at STP. It decomposes at 275 °C, which is the chemical reaction threshold. 
If it comes into contact with water, it may be smeared out, since its solubility is 4.17 g/100 mL-water 
(17 °C). The Na produced by the decomposition of NaN3 is able to actively react with water and 
fiercely release energy, which is undesirable. In order to prevent this reaction, NaN3 should be mixed 
with KNO3 and SiO2. Including these chemical compounds, the entire chemical reaction is as follows: 
 
2NaN3 à 2Na + 3N2 
2Na+2KNO3 (Density: 2.11 g/cm3) à K2O + Na2O + N2 + 2O2 
K2O + Na2O + SiO2 (Density: 2.2 g/cm3) à Alkaline Silicate 
 

Due to the hazards of sodium, the solid propellant for air-bag inflators has recently been 
changed to non-sodium based azide compounds or non-azide based propellants, which may be useful 
to SITs. 
 
3.2 Numerical Demonstration 

In order to demonstrate the benefits of using the SIT with solid propellants, a safety analysis 
for LBLOCA was performed using MARS 3.1 [13]. Among the criteria that the ECCS should meet, the 
PCT is the most important since the temperature determines the rate of the cladding oxidation, 
hydrogen generation, and integrity of the coolant channel. In the analysis for evaluating the 
performance of the newly designed SIT, the LBLOCA was simulated, particularly the double-ended 
guillotine break of one cold-leg, and estimated the PCT. The PCT was compared to the success 
criterion as well as those of conventional SITs. Four steady-state and accident input models were 
prepared for (1) the conventional SIT, (2) the SIT with a FD, (3) the SIT with a FD but no LPSIPs, and 
(3) the SIT with a FD and solid propellants but no LPSIPs. The best-estimate methodology with 
conservative initial conditions was applied. 

For the first and second cases, the LPSIP starts in the usual manner. On the other hand, the 
LPSIPs were turned off for the third and fourth cases to see the effect of the FD and to check the 
possible elimination of the LPSIPs from the conventional OPR1000 design. The result of the first case 
was used as a reference and compared with those of the second and third cases. In the new SIT 
design, the solid propellant in a separate rack connected to the SIT with a back pressure regulator 
between the two plenums is triggered by a safety injection signal, and pressure is built by the chemical 
reaction. The pressure inside the SIT is regulated by the back pressure regulator at a constant level, 
for example, 20 MPa in this analysis. Thus, the driving pressure can be maintained at the given level 
for the entire injection operation. Because the pressure is driven and controlled by the attached 
propellant rack and the back pressure regulator, the volume occupied by N2 gas can be replaced by 
water. To simulate the new design, the pressure in the SIT was maintained at 20 MPa for the entire 
injection and 30% more water than in the reference design was in the inventory.  
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Figure 5. Hottest cladding temperature 

 
Figure 5 shows the hottest cladding temperatures of the core that take place at around 2/3 

elevation of the entire core. All of the cases show a similar PCT of about 1,000oC. The proposed SIT 
not only fulfilled the PCT requirement but also could reduce quenching time even though the LPSIPs 
did not work. From the analysis results, the benefits of the newly designed SITs were observed in 
terms of the PCT and the quenching time. Because the PCT criterion was met with the new SIT 
design without the LPSIPs, LPSIPs can be eliminated from the reference OPR1000 design with the 
aids of an increased water inventory and the solid propellant. In the second and third cases with the 
conventional SIT with FD, the PCT criterion was just met even without LPSIPs. However, the 
quenching was postponed several tens of seconds compared to the reference case. Referring to the 
results, the conventional SIT with FD seems sub-optimal, while the new SIT with FD and 30% 
increased water inventory and solid propellant is super-optimal. In a future detailed design, design 
optimization should be pursued regarding water inventory, driving force, and FD design. 

 
Table 2. Required chemical compounds for the SIT with sodium azide inflators 

 Weight (kg) Volume (m
3
) 

NaN3 2,380 1.30 

KNO3 7,520 3.60 

SiO2 1,110 0.50 

 
Provided that the solid propellants are prepared by sodium azide, the necessary weight of the 

chemical compounds was determined. Table 2 shows the required sodium azide and chemical 
compounds for treating residual sodium in Case 4 of the demonstration. Compared with the volume of 
the N2 plenum in the conventional SIT (23 m

3
), it should be possible to take advantage of the secure 

coolant inventory. Since there is no N2 gas in the tank, it is favourable to reduce the non-condensable 
gas in the coolant.  
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4 CONCLUSIONS 

A conceptual design of the SIT pressurized by solid propellants that can replace the pre-
pressurization process using nitrogen gas was proposed. The AD theory and the TRIZ principles 
enabled new problem-solving techniques for the inherent contradiction that there must be nitrogen gas 
for pressurization, but there must not be nitrogen gas for increasing the amount of coolant. Even 
though the conceptual design of the SIT with solid propellants was completed and its performance 
was validated by a safety analysis code, further difficulties may arise in future detailed designs. In 
such a case, a detailed theoretical backup and more experiments will be necessary to verify the 
feasibility of the proposed idea.  
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