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Abstract 

The lead-cooled fast reactor (LFR) is a competitive type of nuclear energy system 
among the six generation IV nuclear energy systems selected by The Generation IV 
International Forum (GIF). It has excellent neutron physical characteristics, thermo-
hydraulic characteristics, and chemical characteristics. This thesis proposes the design 
study for a primary system and a passive residual heat removal system (PRHRS) of a 
small lead-bismuth eutectic (LBE) cooled fast reactor (SPARK).  

In this thesis, the primary system adopts a pool-type structure and natural circulation 
design. The steady-state operational parameters of the primary system are derived from 
SPARK's design parameters. According to these parameters, the operating process and 
the components of the system are designed, including the structure and dimension of 
the steam generator (heat transfer tube size, tubes’ layout, quantity of tubes, heat 
transfer area, etc.), the layout of the steam generators, the layout in the primary vessel. 
The design and study of the PRHRS are carried out following the accomplishment of 
primary system design. The operating process of the PRHRS and the main components 
including the condenser and the water tank are designed. MATLAB is selected as a tool 
to conduct the thermal-hydraulic calculation for primary system design and PRHRS 
design. Finally, RELAP5 code is employed to analyse both systems’ performance. 

The results for the thermal-hydraulic calculation show that the total heat transfer area 
of steam generators is 88.06 m2, which satisfies the heat transfer requirement. The 
primary system adopts an integrated design. Twelve steam generators are evenly 
distributed around the core barrel. Every four steam generators are a train, and the 
water-steam cycle is used to take away the core heat. The height needed for the natural 
circulation of primary system is 7 m. The PRHRS is designed as a closed natural 
circulation system to remove the decay heat, which consists of steam generators, a 
condenser, a water tank as the ultimate heat sink, an upstream isolation valve, two 
downstream isolation valves, a steam release valve and connecting pipes. It has two 
trains, and capacity of each train is arranged corresponding to the rated power of 1.5%. 
The heat transfer area needed by the condenser and the water tank volume of the 
PRHRS are also determined, which can ensure the capability of residual heat removal 
and prevent solidification of LBE during accident.  

The results form RELAP5 show that the peak fuel centreline temperature, peak cladding 
temperature, and peak LBE velocity all meet the safety requirements of steady-state 
operation. The PRHRS can cope with the accidents like station blackout (SBO), 
mitigate the impact of the accident, and protect the reactor integrity and safety. The 
peak cladding temperature is 635 K during a hypothetical SBO accident, which is lower 
than the safety limit (923 K). Moreover, the results of sensitivity analysis show that the 
increase of heat transfer area can enhance the performance of PRHRS, while height of 
and venting pressure of PRHRS are insignificant. 
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1.  Introduction 

1.1. Nuclear power system development 

In the history of human development, energy has always been an unavoidable issue. 

Finding a solution for sustainable energy development is a lifelong goal of all energy 

science and technology researchers. As an essential part of a sustainable energy system, 

nuclear energy system has advantages of being clean, not exacerbating the greenhouse 

effect and high energy density. But on the contrary, its safety and economy also face 

many challenges. One of the most serious problems is the high radioactive waste. To 

minimize the occurrence of high radioactive waste as well as the operating and 

maintenance costs, the fourth-generation nuclear power system is being vigorously 

explored in the nuclear energy field today. 

Reviewing the history of peaceful use of nuclear energy, the global nuclear power 

development can be divided into four phases: 

Fig.1.1 shows the development of nuclear power system. The first generation of nuclear 

power plants refers to the early prototype reactors built in the mid-1950s to the early 

1960s. From the mid-1960s to the early 1980s, there are hundreds of commercial 

reactors in operation over the world, which are categorized to the Generation II nuclear 

power plant. Nuclear power has experienced a significant development in this period 

because of the impact of the oil crisis. However, due to the Three Mile Island Accident 

in 1979 and the catastrophe of Chernobyl in 1986, the enthusiasm for nuclear power 

development waned rapidly in worldwide. Affected by these severe accidents, nuclear 

power safety has been raised to an unprecedented level, thus resulting in the appearance 

of a group of Generation III advanced nuclear power plants. The representative reactors 

are the passive reactor AP1000 and the active reactor EPR. The Generation IV nuclear 

power system should generate power sustainably as well as its fuel should be available 

in long-term, and the nuclear waste should be minimized. Besides, the greater safety 

and reliability should be achieved, and the probability and severity of core damage 

should be reduced dramatically. Thirdly, the cost of generating electricity is superior to 

other energy sources. Last but not the least, proliferation resistance is supposed to fulfill 

[1]. 
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Fig. 1.1: Development of nuclear power system [1]. 

1.2. Potential of lead-cooled fast reactor 

In 2002, the Generation IV International Forum (GIF) selected six promising generation 

IV nuclear energy technologies: 

• gas-cooled fast reactor (GFR); 

• lead-cooled fast reactor (LFR); 

• molten salt reactor (MSR); 

• sodium-cooled fast reactor (SFR); 

• supercritical-water-cooled reactor (SCWR); 

• very-high-temperature reactor (VHTR) [1]. 

LFR adopts lead or lead-bismuth eutectic (LBE) as the coolant. It can operate under 

atmospheric pressure and high temperature since the lead has a high boiling point (up 

to 2000 K). In addition, because lead has a poor property of moderation, and its neutron 

absorption cross section is small, the neutron spectrum in the reactor is hardened. 

Consequently, LFR can employ depleted uranium fuel matrices to maximize the 

utilization of resources and minimize the radioactive waste production. 

LFR has many advantages over the other five Generation IV reactors. Initially, it is 

difficult to react with water or air. Secondly, the probability of core exposure caused by 

the boiling of coolant can be eliminated because of its high boiling temperature. 

Furthermore, the large thermal expansion coefficient of the lead results in natural 

circulation during transients, so LFR has better passive safety properties over the other 

nuclear systems. 

However, there are several drawbacks of LFR. In the first place, the corrosion might 

happen when the coolant contacts with steel for long-term, which damages the 
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structural material of the reactor and the blade of the pump. Moreover, some impurities 

of oxides are produced during corrosion, which might trigger the coolant channel block 

[2]. Also, Po-210, the most radioactive element, will be produced from Pb-Bismuth 

alloy, which introduces a significant difficulty to waste disposal [3]. It also brings 

enormous danger to reactor operation and maintenance. Finally, an auxiliary heating 

system is required to keep coolant in the liquid phase because of the high melting point 

of lead. That increases the complexity of system and difficulty of operation. 

1.3. Status of research on LFRs 

At present, extensive researches have been conducted on LFR in the world. In general, 

there are two types of design for LFR: forced circulation type and the natural circulation 

type. The difference is that whether a pump is employed in the primary system. In this 

section, we will briefly introduce several forced circulation type reactors and especially 

focus on the design of natural circulation type reactors. 

1.3.1. Forced circulation type 

BREST-300 

BREST-300 is a 300MWe experimental–demonstration lead-cooled reactor designed 

by Russia. The fuel consists of PuN and UN. The primary system contains lead as the 

coolant. A water-steam cycle is employed in the secondary system. NIKIET has 

completed the engineering design for the BREST-300 in 2014 [4,5]. Fig.1.2 illustrates 

the layout of the BREST-300 reactor. It is clear to figure out that the BREST-OD-300 

is not a natural circulation reactor because of the main coolant pump employed in the 

primary system. 

 

Fig. 1.2: Schematic representation of BREST- 300 [5]. 

SVBR-100 

The SVBR-100 is a small, modular, advanced fast reactor developed by Russia. It is 

based on the proven technology of reactors for nuclear submarines. The capability of 
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power generation is 100 MWe. Its feature is that the coolant is the LBE (Pb, 44%; Bi, 

56%). SVBR-100 adopts a integral reactor vessel in which the primary system and the 

steam generators are placed as shown in the Fig.1.3. There are no pipes and valves 

outside the vessel. In the steady-state operation, coolant circulation is driven by the 

main circulation pump arranged in the vessel [5,6]. 

 

Fig. 1.3: Schematic View of SVBR-100 [7]. 

CLEAR 

China Lead-based Reactor (CLEAR) is developed by the Institute of Nuclear Energy 

Safety Technology (INEST), which uses the LBE as the coolant and a forced circulation 

for the primary system to achieve 10 MWe power. CLEAR can perform a dual-mode 

operation: critical operation and subcritical operation. CLEAR is equipped nitride fuel 

with 19.75% enrichment. In addition, it is designed to operate 10 years without 

refueling [8]. Based on its inherent safety features, CLEAR can be used on islands, 

offshore oil platforms, and ships. 
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Fig. 1.4: Schematic View of CLEAR-I [8]. 

1.3.2. Natural circulation type 

SSTAR & SUPERSTAR 

SSTAR refers to the Small Secure Transportable Autonomous Reactor, which is a 

20MWe exportable lead-cooled fast reactor. It is designed by Argonne National 

Laboratory (ANL), Lawrence Livermore National Laboratory (LLNL) and other 

organizations [9]. The SSTAR is a pool-type reactor, which also includes a variety of 

safety features: 30-year lifetime core configuration, natural circulation, Pb coolant (to 

avoid the production of Po-210 from LBE) and the transuranic nitride fuel. Furthermore, 

the supercritical carbon dioxide is adopted as the fluid in the secondary loop to achieve 

a higher efficiency (44%) of the plant [10]. The sketch of SSTAR configuration is 

shown in Fig.1.5. The core outlet temperature of SSTAR is 837 K and the core inlet 

temperature is 693 K. The HX (heat exchanger)-Core thermal center’s separation height 

is 6.8 m. However, current fuel and material technologies cannot meet SSTAR's design 

requirements. As a result, the SUstainable Proliferation-resistance Enhanced Refined 

Secure Transportable Autonomous Reactor (SUPERSTAR) with a lower core outlet 

temperature of 753 K is developed, which is a more feasible scheme. The thermal power 

of SUPERSTAR is increased to 300 MWth, thus resulting the HX-Core thermal 

center’s separation height goes up to 15.5 m to obtain a larger circulation mass flow 

rate in the core, which brings an issue of anti-seismic performance. 
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Fig. 1.5. Schematic View of SSTAR [11]. 

ELECTRA 

European Lead-Cooled Training Reactor (ELECTRA) is a low-power lead-cooled 

reactor with nitride fuel ((Pu, Zr)N) developed by the Royal Institute of Technology, 

Uppsala University and Chalmers University of Technology (Sweden) [5]. The 

purposes of this facility are to accumulate experience for the construction of follow-up 

lead-cooled fast reactors and to train lead-cooled fast reactor operators. There is no 

pump in the ELECTRA because the rated power of 0.5 MWth could be removed 

sufficiently by the natural circulation. Heat removal is accomplished with eight low 

pressure (3.5 bar water, 1 bar steam) steam generators (240 tubes). The primary vessel 

outer diameter is 1 m, and total height is 3.5 m [12].  

 

Fig. 1.6: Schematic View of ELETRA [13]. 
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ENHS 

The Encapsulated Nuclear Heat Source (ENHS) is a LBE-cooled modular reactor using 

natural circulation with full power of 125 MWth. The distinctive feature of the ENHS 

is that there are two loops of coolant circulation in the primary system. The details of 

the configuration are shown in the Fig.1.7. The primary coolant flows into the 

intermediate heat exchanger (IHX) that is located between the inner and outer structural 

wall after finishing the heat exchange with the core. The secondary coolant flows into 

the IHX from the bottom of the pool and accomplishes the heat conduction with the 

primary coolant. This amount of heat is transferred to the steam generators that are 

installed at the top of the reactor. In the transients, a passive reactor vessel air cooling 

system (RVACS) can remove the decay heat removal continuously. The vessel height 

and diameter are 21 m and 4m, respectively [14]. 

 

Fig. 1.7: Schematic View of ENHS [14]. 

1.4. Research objectives 

LFR is the Generation IV reactor with promising potential because of its better neutron 

economy and higher safety features. Natural circulation type reactor, as one of the major 

categories, is more competitive in safety and marketplace due to its integrated design. 

The objective of this work includes the following four parts: 

i) to design a passive primary system for an innovative small LBE cooled fast reactor 

(SPARK). 
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ii) to design a passive residual heat removal system (PRHRS) for the reactor 

iii) to perform the RELAP5 calculations for both steady-state operation and transients.  

iv) to investigate the design parameters’ sensitivity study of PRHRS. 
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2. General design 

2.1. General design philosophy 

In the present study, the work is conducted combined with the conceptual core design 

of SPARK that was proposed by Xi’an Jiaotong University. Rated power of the core is 

20 MWth. In its design, three fuel pins with different diameters are adopted in inner, 

middle and outer zones to flatten radial power distribution [15]. The layout of the core 

is demonstrated in Fig.2.1, and design parameters of the core are listed in Table 2.1.  

 

Fig. 2.1: Radial configuration of SPARK core [15]. 

Table 2.1: Design parameters of SPARK core [15]. 

Power, MWth 20 

Equivalent core radius, cm 96.1  

Total core height, cm 155.0  

Active core height, cm 100.0  

Reactor core weight at BOL, metric ton 34.86 

Assembly pitch, cm 13.0 

Fuel pin number (in/middle/out)  37/37/37 

Fuel pin pitch (in/middle/out), cm 1.875/1.875/1.875 

Pitch to diameter ratio (P/D) (in/middle/out)  1.119/1.108/1.076 
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Number of assemblies (in/middle/out) 7/24/42 

Average linear power density, W/cm 74.0 

Peak linear power density at BOL and EOL, W/cm 133.5/126.1 

Average power density (of fuel volume within cladding) W/cm3 42.5 

The general design philosophy is to propose a primary system design scheme and a 

PRHRS design scheme which can match the full power of the core and accomplish the 

safety requirements under steady states and transients. The natural circulation of 

primary system should be achieved. To simplify the design, the boundary condition is 

set to represent the feed water supply, and the water-steam cycle under the 7 MPa is 

designed in the secondary system. In the transients, the PRHRS can remove the decay 

heat passively relying on the natural circulation to protect the reactor from the severe 

accident. 

2.2. Primary system design 

2.2.1. Design principles 

The primary system design should meet the following requirements of the limit for 

safety. 

i) The limit of peak fuel centerline temperature 

UO2 is selected as the fuel in SPARK. It is necessary to ensure that fuels are not 

threatened under all operating conditions. According to the physical parameters of 

UO2 and design limits of SPARK, the limit of the peak fuel centerline temperature is 

2273 K [15]. 

ii) The limit of peak cladding temperature 

T91 is employed for cladding material, which has shown its significant corrosion 

resistance and excellent mechanical advantages. Jinsuo Zhang investigated the steel 

corrosion by liquid lead and LBE, which demonstrated that T91 could meet the 

performance requirements under the condition of 823 K [16]. As a result, the SPARK 

set the limits of the peak cladding surface temperature conservatively to 773 K under 

steady state. In transients, the value is designed to 923 K to ensure the integrity of fuel 

cladding.  

iii) The limit of the peak velocity of LBE 

The velocity of LBE determines the corrosion of LBE on structural materials. As a 

result, the limit of coolant velocity is set to 2m/s to protect the structural material from 

corrosion [17].   
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iv) The lower limit of the LBE temperature 

To ensure that the solidification of LBE does not happen in the reactor, 408 K is selected 

as the minimum temperature limit for the coolant, which is higher than the LBE melting 

point temperature of 398 K. 

2.2.2. Overall scheme 

In the first place, the overall design scheme should be determined. The primary system 

is designed as pool-type with the LBE as coolant. The reactor operation relies on the 

natural circulation under both steady states and transients. The primary system layout 

is displayed in Fig.2.2. The system consists of a core, steam generators (SGs), a hot 

pool, a cool pool, core barrel, and a primary vessel. The primary vessel houses all of 

components of the system. The core barrel separates the cool pool and the hot pool. 

Once the coolant is heated by the core, it enters the hot pool through the rising channel. 

After that, the LBE flows into the steam generators, and it gathers in the cool pool 

through the downcomer after the heat exchange with the secondary coolant water. The 

whole process is accomplished by the natural circulation thanks to the significant 

thermal expansion coefficient of LBE. 

 

Fig. 2.2: Primary system design scheme. 
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Each main component of primary system is specified below: 

Core  

The core design has been accomplished, and the detailed parameters are listed in Table 

2.1. The pressure of the primary system is 0.1 MPa. Considering the limit of peak 

cladding temperature, the core inlet and outlet temperature are 603 K and 723 K, 

respectively.  

Steam generator (SG) 

As for the steam generator, the once-through steam generator directly produces slightly 

superheated steam compared with the u-tube steam generator used in PWR. As a result, 

the separator is not necessary, which helps compact the steam generator. It is the reason 

that once-through steam generator is widely used in compact reactors. Moreover, the 

once-through steam generator has a positive effect on the natural circulation because of 

its lower local pressure drop. Therefore, once through steam generator is applied in this 

design.  

The straight pipe type once-through steam generator experiment equipment of B&W 

Company is selected as a structural reference design, which is shown in Fig. 2.3 [18]. 

The dimension of heat transfer tube is determined first. The tubes are arranged in a 

triangular lattice. The outer diameter of tube is 15.87 mm, and the inner diameter is 

13.94 mm. The pitch is 22.2 mm. The number of heat transfer tubes and the length of 

the tubes will be found out by thermal-hydraulics calculation. 

 

Fig. 2.3: Cross section of once-through steam generator [18]. 

The steam generators are evenly arranged around the core barrel, so that the coolant can 

flow into the steam generator as evenly as possible, which can make the whole system 

operates more stably. The specific number and location of steam generators will be 

determined after thermal hydraulic calculation. In secondary system, the water-steam 

cycle under the 7 MPa is applied. The feedwater temperature is 523 K, and superheated 

vapor will be generated in the steam generator. Thus, the separator can be removed to 

save the space in the vessel. Moreover, the primary coolant flows in the shell side of 

SG, and water flows on the opposite direction in tube side of the SG. According to the 

[13], Fe-10Cr-4Al steels are used as the steam generator material for ELECTRA, which 
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can provide sufficient long-term corrosion resistance. The same material is applied for 

the steam generator.  

Primary Vessel 

The primary system uses a highly integrated design. Steam generators are installed 

inside the reactor vessel. The vessel also employs the same material as the cladding 

(T91) which has shown its significant corrosion resistance and excellent mechanical 

advantages.   

2.3. Residual heat removal system design (PRHRS) 

2.3.1. Design principles 

The PRHRS design should meet the following requirements of limit for safety. 

i) Single failure criteria  

The system should satisfy the single failure criteria, which means the system function 

can still be accomplished when a single random failure occurs in any part of the system. 

As a result, several trains should be employed in the system design to ensure that the 

function of the safety system can be fulfilled in case of appearance of failure in any 

component of the system. 

ii) Independence criteria 

Functional isolation or entity isolation is adopted in the design to realize the 

independence of the system to protect the system from common mode failure. 

iii) Diversity principle 

Using multiple systems or components with different attributes to improve system 

reliability. 

iv) Inherent safety principle 

In system design, the passive technique should be used as much as possible to improve 

system reliability. 

2.3.2. Overall scheme 

The function of the PRHRS is heat removal relying on the natural circulation to ensure 

the safety of the reactor under the conditions that the reactor loses power supply and 

other active heat removal systems cannot be put into operation. The design of PRHRS 

relies on the design of the primary system. It uses the SG to accomplish the function of 

passive heat discharge. Fig.2.4 demonstrates the layout of the PRHRS.  
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Fig. 2.4: PRHRS design scheme. 

The PRHRS has several independent trains. Each of them has sufficient capability to 

remove the decay heat. Each train consists of steam generators, a condenser, a water 

tank as the ultimate heat sink, an upstream isolation valve, two downstream isolation 

valves (Due to the requirement of the single failure criteria, there are two downstream 

isolation valves to ensure the function of PRHRS can be achieved.), a steam release 

valve and connecting pipes. The condenser is immersed in the water tank. 

In steady states, the upstream isolation valve at the condenser inlet pipe is kept open to 

ensure that the pressure in the PRHRS is consistent with the pressure in the secondary 

system, and two downstream isolation valves are closed. Initially, the entire PHRHS is 

in standby mode. The pressure of PHRHS is consistent with steam pressure in the SG 

(7 MPa). The temperature of the water that is stored in the condenser and the connecting 

pipes is 303 K, which is consistent with the temperature of the water tank. 

In the transients, the path of feedwater and steam are cut off by the closure of isolation 

valves, which followed by an open of the isolation valve at the condenser outlet pipe. 

The entire PHRHS forms a closed loop. The water stored in the condenser and pipeline 

is injected into the steam generator and is heated into steam to remove the core heat. 

The steam is condensed into saturated water in the condenser after the heat exchange 

with the water tank, and then re-entered into the steam generator for circulation. The 

steam release valve will open when the pressure of secondary system exceeds 10MPa 

to prevent overpressure in the secondary system.  
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Each component of PRHRS is specified below: 

Steam generator 

The design scheme of steam generator is described in section 2.2.2.  

Condenser 

The condenser is submerged in the water tank, and the steam is condensed into saturated 

water in the heat transfer tubes after the heat exchange with the water tank. The 

condenser is arranged at a higher elevation level above the steam generator to achieve 

a natural circulation. The once-through heat exchanger is selected to achieve the 

compact design. The heat transfer tubes apply a triangular arrangement, which is in the 

same way as the steam generator. The outer diameter of the tube is 25 mm, and the 

inner diameter is 20 mm. The pitch is 35 mm. The number of heat transfer tubes and 

the length of the tubes will be found out by thermal-hydraulics calculation. 

Steam release valve 

Under accident conditions, if the secondary pressure exceeds 10 MPa, the valve opens 

and releases steam into the atmosphere to prevent overpressure in the secondary system. 

Water tank 

The water tank is also installed at the same level of the condenser, which is designed as 

an ultimate heat sink. The water tank volume should meet the requirement of 2 hours 

operation without boiling. After the water starts to boil, the residual heat can be further 

removed via evaporation. The volume of the water can satisfy the requirement of 36 

hours operation without operator’s intervention. A vent is equipped at top of the tank 

to discharge the steam that might be generated in the water tank during the heat transfer. 

  



 

16 

 

3. Thermal-hydraulics design 

The first two chapters mainly introduce the development status of LFR in the world and 

the general scheme of the design. This chapter presents the thermal-hydraulics design. 

Thermal-hydraulics calculation can be conducted based on mass conservation, 

momentum conservation, and energy conservation.  

Several assumptions are made in advance: i) one-dimensional model; ii) incompressible 

liquid ; iii) ignoring the work done by the pressure; iv) steady flow; v) ignoring the 

viscous dissipation losses.  

The steady-state governing equation of natural circulation can be express in following 

equations: 

Mass conservation equation: 

 𝜕 𝛼𝜌 + (1 − 𝛼)𝜌

𝜕𝑡
+

1

𝐴

𝜕𝑊

𝜕𝑍
= 0 

(1) 

where 𝛼 is the void fraction; 𝑊 is the mass flow rate (kg s-1); A is the flow area (m2); 

𝜌  is the density (kg m-3); the subscripts 𝑔  and 𝑓  represent the vapor and liquid 

phases, respectively; 𝑡 is the time (s); 𝑍 is the length (m).  

Momentum conservation equation: 

 
𝑓

𝐿

𝐷
+ 𝑘

𝑊

2𝜌 𝐴
= 𝜌 − 𝜌 𝑔𝐿  

(2) 

where 𝑓  and 𝑘  are the friction loss coefficient and the local loss coefficient of the 

ith control volume; 𝐿  is the length of the ith control volume (m); 𝐷  is the diameter of 
the ith control volume (m); 𝐿  is the height difference between cool and heat sources 

(m); the subscripts 𝑑𝑜𝑤𝑛 and 𝑢𝑝 represent the decline period and the rising period, 

respectively. 

Energy conservation equation:  

 𝑞 = 𝑊(ℎ − ℎ ) (3) 

where 𝑞 is the power (kW); ℎ  is the enthalpy at outlet (kJ kg-1); ℎ  is the enthalpy 

at inlet (kJ kg-1). 

3.1. LBE properties 

LBE properties refer to the value in the Handbook on Lead-bismuth Eutectic Alloy 
and Lead Properties, Materials Compatibility, Thermal-hydraulics and Technologies, 
which are listed in the Table 3.1 [19]. 
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Table 3.1: Correlations for thermophysical properties of molten LBE (p ~ 0.1 MPa) [19]. 

Melting temperature 𝐓𝐌,𝟎[𝐊] = 𝟑𝟗𝟖 ± 𝟏  

Density 𝜌[𝑘𝑔 𝑚 ] = 11065 − 1.293𝑇 

Isobaric specific heat  𝐶 [𝑘𝐽 𝑘𝑔  𝐾 ] = 164.8 − 3.94 × 10 𝑇 + 1.25 × 10 𝑇 − 4.56 × 10 𝑇  

Thermal conductivity  λ[𝑊 𝑚  𝐾 ] = 3.284 + 1.617 × 10 𝑇 − 2.305 × 10 𝑇  

Dynamic viscosity 
μ[𝑃𝑎 𝑠] = 4.94 × 10 exp (

754.1

𝑇
) 

Enthalpy 
ℎ(𝑇, 𝑝) = ℎ(𝑇 , 𝑝) + 𝐶 (𝑇, 𝑝)𝑑𝑇 

∆ℎ 𝑇 , , 𝑇, 𝑝 [𝐽 𝑘𝑔 ] = 164.8 𝑇 − 𝑇 , − 1.97 × 10 𝑇 − 𝑇 , + 4.167 ×

10 𝑇 − 𝑇 , + 4.56 × 10 (𝑇 − 𝑇 , )  

3.2. Primary system thermal-hydraulic design 

Based on the general design scheme of the primary system that has been discussed in 

section 2.1 and 2.2. The primary system employs the natural circulation, in which the 

coolant mass flow rate is determined by the relationship between the driving head and 

the pressure drop in the system. Moreover, the heat transfer from primary coolant to the 

secondary system is coordinated by the steam generator. In this section, the thermal-

hydraulic design is conducted. The aim of the calculation is to find out: i) the heat 

transfer coefficient of tube side; ii) the total heat transfer area of SG; iii) the natural 

circulation height of primary system; According to calculation results, the primary 

system are designed in detail, including the structure and dimension of the steam 

generator (heat transfer tube size, tubes’ layout, quantity of tubes, etc.), the layout of 

the primary system, and the configuration of the primary vessel.  

The preliminary design parameters are shown in Table 3.2. Based on these parameters, 

the thermal-hydraulic calculation could be conducted. 

Table 3.2: Preliminary design parameters of primary system. 

Reactor type Pool type 

Primary system 

Rated power, MWth 20 

Rate pressure, MPa 0.1 

Total core height, cm 155.0  

Active core height, cm 100.0 

Lattice Triangular lattice 

Fuel pin number (in/middle/out)  37/37/37 

Fuel pin pitch (in/middle/out), cm 1.875/1.875/1.875 

Core inlet temperature, K 603  
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Core outlet temperature, K 723 

Secondary system 

Rated pressure, MPa 7  

SG type Once-through 

Lattice Triangular lattice 

SG heat tranfer tube inner diameter, mm 13.94 

SG heat tranfer tube outer diameter, mm 15.87 

SG heat tranfer tube pitch, mm 22.2 

LBE velocity in SG, m s-1 0.35 

Feedwater temperature, K 523 
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3.2.1. Calculation procedure 

The calculation procedure is pointed out in Fig.3.1.  

 

Fig. 3.1: Calculation procedure for primary system design. 

The computational theories are described below: 

Mass flow rate of primary coolant 

Initially, the mass flow rate of the LBE should be determined, which is calculated by 

 
𝑀 =

𝑄

𝐶 , (𝑇 − 𝑇 )
 (4) 
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where 𝑀 is the total mass flow rate of LBE (kg s-1); 𝑄 is the rated power of the core 
(MWth); 𝐶 ,  is the Specific isobaric heat capacity (kJ kg-1 K-1); 𝑇  and 𝑇  are the 

core outlet temperature and core inlet temperature (K), respectively. 

Steam generator design 

i) Determine the heat transfer coefficient of primary coolant 

The heat transfer coefficient of heavy metal coolant is given by Eq.5 and Eq.6, which 
are referred to fully developed liquid-metal flow with uniform wall heat flux in tubes 
[20]. 

 𝑁 = 7 + 0.025𝑃𝑒 .  (5) 

 
ℎ =

𝑁 𝜆

𝐷
 

(6) 

where 𝑁  is Nusselt number based on LBE; 𝑃𝑒  is Peclet number based on LBE; 

ℎ  is the heat transfer coefficient of primary side of the steam generator (kJ m-1 K-1); 

𝜆  and 𝐷  are fluid thermal conductivity (W m-1 K-1) and hydraulic diameter (m), 

respectively. 

ii) Determine the heat resistance of the tube wall 

The heat resistance of the tube wall is calculated by  

 
𝑅 =

𝑑

2𝜆
𝑙𝑛

𝑑

𝑑
 

(7) 

where 𝑑  is inner diameter of tube (m); 𝑑  is outer diameter of tube (m); 𝜆  is 

the thermal conductivity (W m-1 K-1). 

iii) Determine the logarithmic average temperature. 

The correlation to calculate the log mean temperature difference is given by 

 
∆𝑇 =

(𝑇 . − 𝑇 . ) − (𝑇 . − 𝑇 . )

𝑙𝑛
(𝑇 . − 𝑇 . )
(𝑇 . − 𝑇 . )

 
(8) 

where 𝑇 .  and 𝑇 .  are the outlet and inlet temperature of primary side in 

steam generator (K), respectively; 𝑇 .  is the saturated temperature (K) of 

water under 7 MPa. 

iv) Determine the heat transfer coefficient of water 

The correlations used to calculate the heat transfer coefficient of water are given by 

[21]. 

 𝑞 = 𝑘∆𝑇  (9) 
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 ℎ = 0.557𝑃 . 𝑞
.  (10) 

 
𝑘 =

𝑑

𝑑

1

ℎ
+ 𝑅 +

1

ℎ
 

(11) 

where ℎ  is the heat transfer coefficient of secondary system (W m-2 K-1); 𝑃  is the 

pressure of secondary system (Pa); 𝑞  is the heat flux (W m-2); k is total heat transfer 

coefficient (W m-2 K-1).  

Here, an iteration is applied in the calculation. In the first place, the value of 𝑘  is 

assumed, and put it into the Eq.10 and Eq.11 to calculate an ℎ , and then use ℎ  to 

calculate a 𝑘  . If |𝑘 − 𝑘 | < 0.01 , the assumption of 𝑘  is considered reasonable, 

otherwise, 𝑘  is reintroduced into the correlation for iterative calculation.  

v) Determine the heat transfer area 

Finally, the heat transfer area can be figured out by  

 
𝐹 =

𝑄

𝑘∆𝑇
 

(12) 

Natural circulation calculation 

The natural circulation driving force is the result of the buoyancy generated by the 

density difference and height difference. The corresponding equation is given by 

 𝑃 = 𝑔𝐻(𝜌 − 𝜌 ) (13) 

where 𝑔 is the gravitational constant (m s-2); 𝐻 is the vertical distance between the 

core inlet and the heat exchanger inlet (m); 𝜌  is the density of coolant at the core 

inlet (kg m-3); 𝜌  is the density of coolant at the core outlet (kg m-3). 

The resistance to the natural circulation of the primary system mainly comes from the 

pressure drops contributed from the core and the heat exchanger. The pressure drops in 

the rising channel and downcomer are negligible at the current design phase, compared 

with the pressure losses in the core and the heat exchanger. 

 ∆𝑃 = ∆𝑃 + ∆𝑃  (14) 

The pressure drops in the core are from the coolant channel friction losses, spacers 

losses, channel inlet and outlet losses. Moreover, the pressure drops in the heat 

exchanger consist of the friction losses and the inlet and outlet losses in the heat 

exchanger. 

 ∆𝑃 = ∆𝑃 , + ∆𝑃 + ∆𝑃 ,  (15) 

 ∆𝑃 = ∆𝑃 , + ∆𝑃 ,  (16) 
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In the steady state operation, the natural circulation driving force should equal to the 

total pressure drop in the primary system.  

 𝑃 = ∆𝑃  (17) 

Based on the above discussion, the different types of pressure drops will be discussed 

separately in the following parts. 

i) Friction pressure drop 

The friction pressure drop is calculated by Darcy-Weisbach formula: 

 
∆𝑃 = 𝑓

𝐿

𝐷

𝜌𝑣

2
 

(18) 

where 𝐿 is the length of a channel (m); 𝐷  is the hydraulic diameter (m); 𝜌 is the 

density of fluid (kg m-3); 𝑣 is velocity of the fluid (m s-1); 𝑓 is the friction factor, 

which is related to the flow property of the fluid, the shape of the geometric channel, 

and the surface roughness. The friction factor can be described by the Blasius 

correlation. 

 
𝑓 =

0.316

𝑅𝑒 .
     𝑓𝑜𝑟 2300 < 𝑅𝑒 ≤ 10  

(19) 

where the 𝑅𝑒 is Reynolds number: 

 
𝑅𝑒 =

𝜌𝑣𝐷

𝜇
 

(20) 

where 𝜇 is dynamic viscosity (Pa s). 

However, the Blasius correlation is obtained from the experiment of round pipes. In 

this experiment, the fuel rods in the core are arranged in a triangular lattice, so a 

correction parameter is considered [22].  

 𝑓 = 𝑀𝑓 

𝑀 = 1 + 𝑎
𝑃

𝐷
[0.58 + 0.42𝑒 ] 

(21) 

(22) 

where 𝑀 is the correction parameter, and a and b are experimental constants, which 

can be calculated by Eq. 24 and Eq. 25. 

As for triangular lattice, 

 𝑎 = 0.1066 (23) 

 

(24) 
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𝑏 =
28.45 × 10

𝑃
𝐷

1.102 ×
𝑃
𝐷

− 1

1.044 ×
𝑃
𝐷

− 1

 

ii) Spacers pressure drop 

Spacers are mainly used in the core to stabilize the fuel rods and avoid contact with 

other structural materials. There are two types of spacers: the helical wire that is mainly 

used in the core with a small P/D; the grid spacer that is widely used in LWR. In this 

design, the grid spacers are employed in the core, and the corresponding pressure drop 

is given by the Rehme correlation [22].  

 
∆𝑃 = 𝐶 𝜀

𝜌𝑣

2
 

(25) 

 
𝜀 =

𝐴

𝐴
 

(26) 

where 𝐶  is an empirically determined grid loss coefficient.  

 
𝐶 = 𝑀𝐼𝑁 3.5 +

73.14

𝑅𝑒 .
+ 2.79 ×

10

𝑅𝑒 .
,

2

𝜀
 

(27) 

iii) Local pressure drop 

When the coolant enters the subchannel, it will experience the contraction at the inlet 

and the expansion at the outlet, which leads to a pressure drop. 

The local pressure loss in contraction is given by 

 
∆𝑃 = 𝜉

𝜌𝑣

2
     𝜉 = 0.5 

(28) 

The local pressure loss in expansion is given by 

 
∆𝑃 = 𝜉

𝜌𝑣

2
     𝜉 = 1 

(29) 

Based on the what we have discussed above, height needed for natural circulation is 

determined. 

 
𝐻 =

∆𝑃

𝑔(𝜌 − 𝜌 )
 

(30) 

3.2.2. Results 

According to the theories in section 3.1.1, the thermal-hydraulics design of the primary 

system is accomplished by the MATLAB. The dimension and operational parameters 

are demonstrated in Table 3.3 and Table 3.4, respectively. The detailed configuration 
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of the primary system is displayed in Fig. 3.2, and 3D model generated by AutoCAD 

is shown in Fig. 3.3.  

Table 3.3: Dimension parameters. 

Steam generator 

Total heat transfer area, m2 88.06 

Number of steam generators 12 

Number of tubes per SG 73 

SG tube inner diameter, mm 13.94  

SG tube outer diameter, mm 15.87  

SG tube length, m 1.6  

SG material Fe-10Cr-4Al  

Natural circulation 

Height needed for natural circulation, m  7.0  

Pressure head driven by natural circulation, Pa 11039 

Pressure drop in the core, Pa 9392 

Pressure drop in the SG, Pa 1089 

Layout of the primary system 

Core barrel outer diameter, m 2.022  

Minimum primary vessel inner diameter, m 2.246  

Minimum primary vessel outer diameter, m  2.346  

Maximum primary vessel inner diameter, m 2.646  

Maximum primary vessel outer diameter, m 2.746  

Barrel and vessel material T91 

Vessel height, m 8.4  

Cover gas plenum height, m 0.5  

Reactor lid thickness, m 0.5  
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Table 3.4: Operational parameters. 

Primary system 

Core power, MWth 20  

Primary loop coolant LBE 

Pressure, MPa 0.1  

Core inlet temperature, K 603  

Core outlet temperature, K 723  

LBE mass flow rate, kg s-1 1164.6  

Secondary system 

Secondary loop fluid Water 

Pressure, MPa 7 

SG inlet temperature, K 523  

SG outlet temperature, K 561.73  

Secondary mass flow rate, kg s-1 11.7  

 

(a) Cross section of primary system 
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(b) Elevation of primary system 

Fig. 3.2: Layout of the primary system. 

As shown in Fig. 3.2 (a), the core is at the centre of the primary vessel surrounded by 
twelve steam generators. The steam generators are installed outside of the core barrel 
per 30°. The secondary system is divided into three trains, and every four steam 
generators is a train. Each train has one feedwater pipe and one steam pipe. Isolation 
valves are set respectively at every feedwater pipe and every steam pipe to cut off the 
feedwater supply and the path to the turbine. After the thermal-hydraulics calculation, 
the height of 7 m is sufficient to meet the requirement of the natural circulation. The 
ratio of vessel height and vessel diameter is approximately 3, which improves the 
reactor’s aseismic ability.  
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In Fig. 3.2 (b), the LBE flows into the steam generator from the upper slot, and it exits 
the steam generator from the lower slot after the heat exchange with the secondary fluid. 
The secondary system fluid is pumped into the heat transfer tube from the upper head 
of the steam generator. After heat exchange with the primary fluid, it becomes the 
superheated steam and is sent to the turbine. 

  

Fig. 3.3: 3D model of the primary system. 

3.3. PRHRS thermal-hydraulic design 

PRHRS is designed to remove the decay heat of the core and protect the reactor safety. 

The PRHRS has two independent cooling systems. One of them has sufficient 

capability to cope with the whole decay heat. The aim of the PRHRS design is to find 

out: i) the correct tube wall temperature; ii) the heat transfer area of PRHRS condenser; 

iii) the volume of the water tank.  

Initially, the decay heat is a basis of the thermal-hydraulics design of PRHRS, which 

can be determined by the Glasstone formula [23].  

𝑃(𝑡)

𝑃
= 0.1[(𝑡 + 10) . − (𝑡 + 𝑡 + 10) . + 0.87(𝑡 + 𝑡 + 2 × 10 ) .

− (𝑡 + 2 × 10 ) . ] 

(31)  

Where 𝑡   is the reactor operating time before shutdown (s); 𝑡  is the time after 

shutdown (s); 𝑃(𝑡) is the power of core at the t time (MW); 𝑃  is the rated power 

(MW). 

According to the Eq. 31, the power of the core drops rapidly to the 1.5% of rated power 

in 1 hour after reactor trip. Considering the excellent thermal inertia of LBE, the 

capability of power removal of one condenser is set as 1.5% of the rated power. At the 
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same time, the problem of solidification of LBE due to excessive cooling can be 

avoided.  

The preliminary design parameters are listed in Table 3.1. Based on these parameters, 

the thermal-hydraulic calculation could be conducted. 

Table 3.5: Preliminary design parameters of PRHRS. 

Condenser 

Number of condensers 3 

Power per condenser, MW 0.3 

Lattice Triangular lattice 

Condenser tube inner diameter, mm 20 

Condenser tube outer diameter, mm 25 

Condenser tube length, cm 110 

Pressure in condenser, MPa (beginning of the accident) 7 

Inlet temperature, K (beginning of the accident) 561.73 

Water Tank 

Number of water tank 3 

Pressure in water tank, MPa 0.1 

Water temperature in the water tank, K 303 
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3.3.1. Calculation procedure 

The calculation procedure is displayed in Fig.3.4.  

 

Fig. 3.4: Calculation procedure for condenser design. 

The computational theories are described below: 

Condenser design 

i) Determine the heat transfer coefficient of condenser shell side 

The outside of the condenser tube is the natural convection of water. Because the 

operation without boiling within 2 hours should be satisfied, the heat transfer coefficient 

is calculated according to the large space natural convection heat transfer equation [24]. 
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ℎ =

0.59(𝐺𝑟𝑃𝑟) . 𝜆

𝑙
 

(32) 

where ℎ  is the heat transfer coefficient of shell side of the condenser (W m-2 K-1); 

𝜆  is thermal conductivity (W m-1 K-1); 𝑙 is the length of the tube (m); 𝐺𝑟 and 𝑃𝑟 

are Grashof number and Prandtl number, respectively, which are defined as: 

 
𝐺𝑟 =

𝑔𝛼 ∆𝑇𝑙

𝑣
 

(33) 

where 𝑔  is the gravitational constant (m s-2); 𝛼  is the coefficient of cubical 

expansion; ∆𝑇 is the temperature difference between the tube wall and the fluid (K); 

𝑙 is the length of the tube (m); 𝑣 is the kinematic viscosity (m2 s-1). 

 
𝑃𝑟 =

𝐶 𝜇

𝜆
 

(34) 

where 𝐶  is specific isobaric heat capacity, J kg-1 K-1; 𝜆 is thermal conductivity, W 

m-1 K-1; 𝜇 is dynamic viscosity, Pa s. 

ii) Determine the heat transfer resistance of condenser tube wall 

The heat transfer resistance of the wall is calculated by  

 
𝑅 =

𝑑

2𝜆
𝑙𝑛

𝑑

𝑑
 

(35) 

Where 𝑑  is inner diameter of tube (m); 𝑑  is outer diameter of tube (m); 𝜆  is 

the thermal conductivity (W m-1 K-1). 

iii) Determine the heat transfer coefficient of condenser tube side 

The fluid in the tube is the saturated steam under the same pressure in the pipe, and 

membrane condensation heat transfer occurs on the vertical tube wall [24]. The average 

condensation heat transfer coefficient is expressed as: 

 
ℎ = 1.13

𝑔ℎ 𝜌 𝜆

𝜇𝐿(𝑇 − 𝑇 )

.

 
(36) 

where ℎ  is latent heat of evaporation (J kg-1); 𝑇  is the saturated temperature (K); 

The other parameters are determined in the previous equations. 𝑇  is the tube wall 

temperature that should be specified from iteration. An initial value of the 𝑇  is set at 

first. The total heat transfer coefficient can be calculated by Eq.37, and the heat flux 

density can be determined by Eq.38.  

 
𝑘 =

𝑑

𝑑

1

ℎ
+ 𝑅 +

1

ℎ
 

(37) 
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 𝑞 = 𝑘∆𝑇  (38) 

The 𝑇  is updated by the following equation. 

 
𝑘 =

1

ℎ
+ 𝑅  

𝑇 = 𝑇 , −
𝑞

𝑘
 

(39) 

 

(40) 

where 𝑇 ,  is the inlet temperature of tube (K). 

If the |𝑇 − 𝑇 | < 0.01, the iteration stops, and the tube wall temperature can be 

specified. The heat transfer area can be updated as following equations. For 

conservative design, the temperature of the shell side of condenser is set to the 

temperature of saturated water in the tank to calculate the logarithmic average 

temperature. 

 
∆𝑇 =

(𝑇 . − 𝑇 . ) − (𝑇 . − 𝑇 . )

𝑙𝑛
(𝑇 . − 𝑇 . )
(𝑇 . − 𝑇 . )

 

𝐹 =
𝑄 ∗ 1.5%

𝑘∆𝑇
 

(41) 

 

(42) 

 

Water tank design 

The tank connects to the atmosphere to allow steam to release after the water boils. 

According to the overall scheme, the amount of water in the tank should be enough to 

operate without boiling for 2 hours.  

 
𝑀 =

∫ 𝑃(𝑡) 𝑑𝑡

ℎ − ℎ
 

(43) 

where 𝑀  is the mass of water in the tank (kg); ℎ  is the enthalpy of water at 

saturated temperature (J kg-1); ℎ  is the enthalpy of water in the initial state (J 

kg-1). 

Moreover, the volume of the water should satisfy the requirement of 36 hours operation 

without operator’s intervention. Therefore, the water volume of the tank can be 

calculated by referring to the following equation, and safety margin of 60% is 

considered to prevent deterioration of heat transfer in the later period of operation due 

to low water level.  

 
𝑀 =

∫ 𝑃(𝑡)
∗

𝑑𝑡

ℎ − ℎ
∗ 1.6 

(44) 



 

32 

 

where 𝑀  is the mass of water in the tank (kg); ℎ  is the enthalpy of steam at 

saturated temperature (J kg-1); ℎ  is the enthalpy of water at saturated temperature (J 

kg-1). 

3.3.2. Results 

The MATLAB accomplishes the thermal-hydraulics design of PRHRS. The parameters 
of PRHRS are listed in Table 3.6. The PRHRS is divided into two trains, and each train 
has sufficient capability to remove the decay heat.  

Table 3.6: Parameters of PRHRS. 

Condenser 

Total heat transfer area, m2 1.31*2 

Number of condensers 2 

Number of tubes per condenser 19 

Tube inner diameter, mm 20 

Tube outer diameter, mm 25 

Tube length, cm 110  

Tube material Inconel-600 

SG-Condenser thermal center’s distance, m 2.25  

Water tank 

Tank volume, m3 16.8*2 

In the Chapter 3, the thermal-hydraulics design is accomplished, and the structure and 
dimension of main components of the reactor are determined. The simulation in RELAP 
5 will be reported in the next chapter. 
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4. RELAP5 calculation 

4.1. General introduction of RELAP5 and SNAP 

Reactor Excursion and Leak Analysis Program (RELAP) is a best-estimate system 

codes that is widely used in the nuclear power safety analysis, which was initially 

developed by the Idaho National Laboratory (INL) for the Nuclear Energy Commission 

(NRC) [25]. It is used for permission review calculation, assessment of accident 

mitigation measures, operational procedure evaluation, and experimental program 

analysis. The function of RELAP5 can cover almost all thermal-hydraulics transients 

and accident analysis in LWR nuclear power plants including Loss of Coolant Accident 

(LOCA), Loss of all secondary Feed Water (LOFW), Anticipated Transient Without 

Scram (ATWS), Station Blackout (SBO), and Turbine Trips, etc. It can also be used for 

various types of fluid for thermal-hydraulic transient simulations, involving steam, 

water, non-condensable gases. 

RELAP’s development began with RELAPSE in 1966. Subsequent versions include 

RELAP2 (1968), RELAP3 (1971), RELAP4 (1975), RELAP4/MOD7 (1980), 

RELAP5/MOD2 (1995), RELAP5/MOD3.2 (1995) [25]. In this thesis, 

RELAP5/MOD3.3 is used, which was developed in 2002.  

RELAP5 contains four different components for simulating various systems: 

hydrodynamic components; heat structure; trip; control systems, which are specified in 

the following part. Moreover, RELAP5 also includes some particular models to obtain 

better results, such as abrupt cross-sectional flow, cross-flow model, choke flow model, 

boron tracking, non-condensable gas transmission, etc. RELAP modeling is fulfilled in 

the form of input cards. The simplest RELAP5 model includes a title card, data card, 

termination card, and comment card. Some complex models also include restart cards. 

In this work, a modified RELAP5 code including the properties of LBE is applied to 

simulate the coolant of primary system. 

The Symbolic Nuclear Analysis Package (SNAP) is a code visualization platform that 

that turns code into graphical nodes. It simplifies the process of creating input file, 

running the code, monitoring and result analysis. For convenience, SNAP is used to 

build up the model for both systems in this work. 

Hydrodynamic components   

Hydrodynamic components are used to simulate the passage through which the fluid 

flows. RELAP determines the flow pattern and selects the appropriate flow relation to 

obtain the interfacial drag force, shear force, wall friction, etc. The wall heat transfer 

coefficient is determined by defining a suitable heat transfer mechanism. The formula 

of the void fraction then calculates the virtual mass. All relationships are derived in the 



 

34 

 

center of the volume. Parameters of the adjacent volumes also estimate the junction 

related parameters. The hydrodynamic components used in this thesis are summarized 

in Table 4.1. 

Table 4.1: Hydrodynamic components [25]. 

Component name Identification Symbol in 

SNAP 

Function 

Single volume SNGLVOL 

 

Represents a portion of stream-

tube that doesn't require a PIPE 

or BRANCH. 

Single junction SNGLJUN 

 

Designed to connect one 

component to another. 

Time dependent 

volume 

TMDPVOL 

 

Specifies boundary conditions 

on system model. 

Time dependent 

junction 

TMDPJUN 

 

Connects one component to 

another and specifies junction 

boundary conditions 

concurrently. 

Pipe PIPE Represents a pipe in the system. 

Valve VALVE 

 

Models the various types of 

valve including trip valve, servo 

valve, motor valve, relief valve, 

etc. 

Branch BRANCH 

 

Represents a stream-tube flow 

juncture. 

Multiple junction MTPLJUN Connects components to other 

components. 
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Heat structure 

The heat structure models the heat exchange between the materials with different 

compositions and the hydraulic components. Heat structure can be spherical, cylindrical 

and rectangular. There are left and right boundaries of each heat structure, each 

boundary can be only connected to a hydraulic component, and each hydraulic 

component can be connected to several different heat structures. In addition, mesh 

points are places between boundaries, and the 1D heat conduction equation is used to 

calculate the temperatures and heat transfer rates. The details of boundaries and mesh 

points in the heat structure are shown in Fig. 4.1.  

 

Fig. 4.1: Heat structure geometry [25]. 

Trips 

Trips provide a trigger signal for the action of various system components, such as 

closing the valve at a specific moment, causing the pump trip at a certain time. The 

value of Trip is generally true and false. During the running of the program, the value 

of Trip will be rechecked by a special test program in real time to correct the result. 

Trips include two types: variable trip, and logical trip. The variable trip is determined 

by comparing a calculated parameter with another known parameter, where the 

relationships are equal (EQ), not equal (NE), greater than or equal (GE), greater than 

(GT), less than or equal (LE), or less than (LT). Logical trips are formed by combining 

logical operators with variable trips or logical trips. Logical operators are AND, OR 

(inclusive), or XOR (exclusive). Using variable trips and logical trips can simulate the 

complex logical statements of the system 

Control systems 

Control systems can solve algebraic equations and differential equations using the 

different control block types. The basic function of the control blocks is to simulate the 

control system of hydraulic components. Moreover, the control blocks in the RELAP5 

code can simulate virtual components that do not exist in the real system. For example, 

a controller may be simulated using a lead-lag control type. The control blocks 

employed in this thesis are shown in Table 4.2. 



 

36 

 

Table 4.2: Control systems [25]. 

Name equation function 

Constant (CONSTANT). 𝑌 = 𝑆 Define a constant value 

Addition-Subtraction 

(SUM). 

𝑌 = 𝑆(𝐴 + 𝐴 𝑉 + 𝐴 𝑉 + ⋯ ) Add and subtract 

variables 

Table Lookup Function 

(FUNCTION). 

𝑌 = 𝑆𝐹(𝑉 ) Define a function by 

table lookup and linear 

interpolation. 

In the following section, RELAP5 will be applied to carry out steady-state and transient 

simulation for the primary system and PRHRS: whether the design requirements are 

met under the steady state; whether the safety of the reactor can be guaranteed under 

the transient state. 

4.2. Description of model 

The nodalization of the whole reactor is displayed in Fig. 4.3. In the first place, several 

principles should be followed regarding the nodalization. 

i) The core contains three fuel pins with different diameters in three zones. Therefore, 

these three different assemblies are modeled separately. The bypass flow in the core of 

is also simulated.  

ii) In this design, the once-through steam generator is employed. Compared with U-

tube steam generators, the flow regime changes in the heat transfer tube are more 

complex. Sensitivity analysis for node number of once-through steam generator was 

studied in [25], which shows the accuracy of simulation increases with the number of 

nodes. Therefore, the number of nodes of the steam generator is carefully decided to 

ensure the accuracy of the simulation. Consequently, the 1.6 m heat transfer tube is 

divided into 10 nodes. However, the corresponding problem is that the time step size is 

reduced, and the corresponding calculation time is longer. 

iii) Instead of modeling the steam turbine and other components of the secondary 

system, boundary conditions are applied. 

Fig. 4.4 displays the model in SNAP. According to Fig. 4.3, the primary system model 

consists of the core, hot pool, steam generator, and the cool pool. The PIPE-100, PIPE-

101, and PIPE-102 with heat structures simulate the inner assemblies, the middle 

assemblies, and the outer assemblies, respectively. Furthermore, there is a bypass of the 
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coolant in the core, which is displayed as the PIPE-103 in the model. The BRANCH-

119 and the PIPE-120 is the rising channel to the hot pool (BRANCH-121). PIPE-130, 

PIPE-131, PIPE-132 are shell sides of three trains of twelve steam generators. PIPE-

140 is the annular area between the core barrel and the primary vessel, and the PIPE-

151 is the cool pool. 

The secondary system model includes the inlet boundary condition, isolation valve, 

steam generator, the outlet boundary condition, and the atmosphere boundary condition. 

TMDV-800 is the inlet boundary of the feed water, and we use the TMDJ-841 as a 

feedwater pump to provide the stable water flow. The VALVE-842 is designed between 

the outlet boundary (TMDV-850) and the main steam pipe to simulate the transient 

state. The PIPE-803 is the tube side of the steam generator, so a heat structure is set 

between the PIPE-803 and PIPE-130. The other two trains use the same node 

partitioning, without further description. 

The main components of PRHRS are the steam generator, condenser, isolation valves, 

water tank, and steam release valve,. VALVE-941 and VALVE-942 are trip valves to 

isolate the PRHRS from the secondary system. VALVE-943 is a trip valve to 

accomplish the simulation of the steam release valve. Furthermore, the TMDV-910 are 

used as the atmosphere boundary condition. The PIPE-903 is used to simulate the 

condenser. The PIPE-906 and PIPE-907 are used to simulate the water tank, and the 

TMDV-920 is the atmosphere boundary condition. PIPE-906 is the amount of water 

near the condenser tube, which is connected to the PIPE-907 by multiple junctions. The 

PIPE-901 and PIPE-905 are connecting pipe of PRHRS. The PRHRS connects to the 

feedwater pipe (PIPE-802) and the steam pipe (PIPE-804). The PIPE-803(tube side of 

the steam generator) is also used as a part of the PRHRS.  
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Fig. 4.2: Nodalization of primary system and PRHRS. 

 

Fig. 4.3: Model in SNAP. 
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4.3. Steady-state results 

The steady-state operating parameters are shown in Table 4.1. The relevant parameters 

change with time as shown in Fig. 4.5. The results of RELAP5 steady-state calculation 

coincide the design values. The deviations are within 1%. Moreover, all of the 

parameters satisfy the requirements of limits of steady-state operation parameters. The 

SG outlet temperature error is 2.58%, which is mainly caused by the calculation 

procedure of RELAP5. It calculates the two-phase parameters separately. 

Table 4.3: Steady-state operating parameters. 

Primary system 

 Design value RELAP5  Deviation 

Core power, MWth 20  20 0% 

Pressure, MPa 0.1  0.1 0% 

Primary loop coolant LBE LBE  

Type of circulation Natural circulation Natural circulation  

Height for circulation, m 7 7 0% 

Core inlet temperature, K 603  606.654  0.61% 

Core outlet temperature, K 723  724.515  0.21% 

LBE mass flow rate, kg s-1 1164.6  1166.9  0.19% 

Secondary system 

 Design value  RELAP5 Deviation 

Number of SG 12 12  

Secondary loop fluid Water Water  

Pressure, MPa 7 7  0% 
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SG inlet temperature, K 523  523  0% 

SG outlet temperature, K 561.73  Steam: 576.239  2.58% 

Void fraction at the outlet of SG 1 0.99794 0.206% 

Secondary loop outlet equilibrium 

quality 
1.01 1.01 0% 

Secondary mass flow rate, kg s-1 11.7  11.7  0% 

 
(a) Mass flow rate in the core 
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(b) Core inlet temperature 

 
(c) Core outlet temperature 
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(d) Cladding temperature 

 
(e) Velocity of LBE in in/middle/out assemblies 
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(f) Pressure of secondary loop 

 

(g) SG inlet and outlet temperature 

Fig. 4.4: The relevant parameters change with time at steady-state. 
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As can be seen from Fig. 4.4 (a), since the primary fluid is a single-phase LBE, the 

primary circulation quickly reaches a steady-state. The mass flow rate of coolant is 

1166.9 kg/s. Under this condition, the temperature difference between the core inlet and 

core outlet is 118K, and the peak fuel cladding temperature in the core is 750K, which 

can be seen in Fig. 4.4 (b), (c), (d). The LBE velocities in different fuel zones are 

presented in Fig. 4.4 (e), the maximum velocity of 0.48 m/s appears in the inner 

assemblies because of its smallest cross-section area. The maximum velocities meet the 

requirement of the limit for the peak velocity of 2 m/s. Furthermore, Fig. 4.4 (f) (g) 

show the operational parameters of the secondary system. The pressure keeps stable 

around 7 MPa. The feed water of 523 K is heated in the steam generators to superheated 

steam of 576 K. The entire system achieves a steady-state, and the relevant design 

parameters are verified with the RELAP5. Therefore, the design is relatively correct, 

and further PRHRS analysis can be carried out. 

4.4. Transient-state results 

After the Fukushima accident, station black-out(SBO) accident has become the focus 

of reactor safety research. SBO accident refers to a complete loss of all the alternating 

current electricl power both onsite or offsite, which can lead to a severe accident like 

core melt if no mitigation method is taken to intervene in the accident. Therefore, SBO 

is a vital accident sequence for a reactor safety inspection. This thesis also selects SBO 

accident to investigate whether the PRHRS has an efficient capability to cope with the 

heat removal under the conditions that the reactor loses power supply and other active 

heat removal systems cannot be put into operation during accidents..  

In our study, the SBO accident is postulated to occur at 2000 s. Assuming the reactor 

shut down immediately, the control rods’ falling time is not taken into account.  

In the following sections, two different operation conditions are simulated.  

i) PRHRS is not put into operation after SBO  

The SBO accident is postulated to occur at 2000 s. The reactor lost all of the heat sinks, 

and no PRHRS is put into operation to mitigate the accident. 

ii) PRHRS is put into operation after SBO 

In the secondary system, the steam turbine trips at 2000 s, and the secondary loop main 

pump loses power and stops. The pump coasts down at 5 s after the accident starts. If 

the PRHRS is put into operation after water supply is lost for 2 s. The list of events is 

presented in Table 4.4.  
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Table 4.4: List of events of SBO accident 

Events Time (s) 

Steady-state operation 0-2000 s 

SBO 2000 s 

Start of core power decay 2000 s 

Closure of tubine path 2000 s 

Closure of feed water supply 2005 s 

Open of PRHRS isolation valves 2007 s 

4.4.1. Without PRHRS operation 

The variation of the parameters of the primary system is shown in Fig. 4.5. 

 
(a) Mass flow rate of primary system after SBO 
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(b) Core inlet and outlet temperature after SBO 

 

(c) Cladding temperature after SBO 

Fig. 4.5: The relevant parameters change with time after SBO. 
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According to Fig. 4.5 (a), after the SBO accident, the LBE of the primary system stops 

circulating due to the loss of all heat sinks, and the coolant mass flow rate drops rapidly 

to 0 kg s-1. However, because the core releases decay heat, the LBE located at the core 

part is gradually heated to generate thermal expansion, thus prompting the primary 

system to circulate again. But the mass flow rate drops to 163.28 kg s-1. The variations 

of core inlet and outlet temperature are shown in Fig. 4.5 (b), a decrease of the core 

outlet temperature appears due to the shutdown, but soon the core inlet and outlet 

temperatures begin to rise due to the re-establishment of the primary system circulation. 

Moreover, the temperature difference decreases to about 8 K because of the power drop. 

The cladding temperature also increases significantly, and it reaches to 925 K at about 

4 hours after the SBO, which violates the limit peak cladding temperature of 923 K at 

transients. This phenomenon shows that the integrity of the core is threatened if 

accident mitigation measures are not taken, even though LBE has good thermal inertia. 

Therefore, it is necessary to design a PRHRS to remove the residual core heat under the 

accident condition. 

4.4.2. With PRHRS operation 

The variations of parameters of reactor are shown in Fig. 4.6. 

 
(a) Mass flow rate of primary system 
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(b) Core inlet & outlet temperature 

 

(c) Cladding temperature 
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(d) Core inlet & outlet temperature for 36h 

Fig. 4.6: The variations of parameters of primary system. 

According to the calculation results of the SBO accident condition, the coolant mass 

flow rate decreases rapidly at the beginning of the accident. However, it is different 

from the working condition without PRHRS operation. The primary system circulation 

does not stop because the PRHRS is put into operation, the whole secondary loop can 

maintain the heat removal function continually. As a result, the primary mass flow rate 

drops sharply to 15 % of rate value in 150 s, followed by a slight increase and eventually 

stabilizes at 203 kg s-1, which is shown in Fig. 4.6 (a). In Fig. 4.6 (b), there is an increase 

in core inlet temperature. It is because although the reactor power quickly declines, the 

power removed by PRHRS is temporarily lower than the decay heat power before the 

natural cycle of the PRHRS is established. However, with the further decrease of core 

power and the establishment of PRHRS cycle, the core inlet temperature begins to 

decrease. Moreover, the core outlet temperature initially decreases rapidly due to the 

drop of core power. With the development of the accident, the temperature change trend 

at the core outlet is consistent with that at the core inlet. Fig. 4.6 (c) shows the cladding 

temperature. The change of cladding temperature is similar to that of core outlet 

temperature of LBE. Under the accident condition, the temperature of fuel cladding also 

shows a downward trend, and it does not exceed the design limit (923 K). Last but not 

the least, the core inlet and outlet temperatures are 430 K and 435 K respectively after 

about 36 hours as shown in Fig. 4.6 (d). It accomplishes the requirement of the lower 
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limit of the LBE temperature (408 K). It also illustrates that the PRHRS can operate for 

36 hours passively, thus satisfying the requirement of decay heat removal.   

 
(a) Mass flow rate of PRHRS 

 
(b) Pressure of PRHRS 
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(c) SG inlet and outlet temperature 

 

(d) PRHRS heat removal capacity vs. Decay heat 
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(e) Temperature in the water tank 

Fig. 4.7: The variations of parameters of PRHRS. 

After the SBO accident, the reactor is shut down, and the main steam isolation valve of 

the secondary loop is immediately closed. The core power drops to 6 % of rated power 

in 1 s. The PRHRS starts to operate at 7 s later after the accident occurs. At this time, 

the difference in temperature between the steam and the water is the largest, so the cycle 

driving force is the enormous. Therefore, in the early stage of PRHRS operation, the 

total circulation flow is relatively high, and it can reach 30 kg s-1 as shown in Fig. 4.7 

(a). With the operation of PRHRS, the temperature difference on the secondary loop 

gradually decreases, and the density difference decreases correspondingly. As a result, 

the circulation flow declines gradually and reaches 0.16 kg s-1 in 20000 s. Fig. 4.7 (b) 

shows the pressure change of PRHRS with time. It can be seen that the pressure rises 

initially, followed by a significant decrease. The interpretation for this phenomenon is 

that the pressure climbs to a high value due to the closure of the feed water supply. 

After that, the room temperature water stored in the PRHRS flows into the secondary 

loop because of the open of the isolation valves, which triggers a dramatic drop of 

PRHRS pressure. The pressure then goes up again because that amout of water is heated 

into steam by decay heat of the core in steam generators. The steam release valve 

maintains the pressure of the PRHRS system within the limit value. As the core power 

decay, the pressure on the PRHRS system decreases. The variation trend in temperature 

of steam generator is the same as that of PRHRS pressure. Moreover, the temperature 

difference of steam generator inlet and outlet decreases gradually due to the core power 
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decay. The Fig. 4.7 (d) illustrates the PRHRS heat removal capacity variation trend. 

Reactor shut down at 2000 s, and power begins to decline. The PRHRS begins to 

remove residual heat from the core at 2007 s. In the initial stage, the natural cycle of 

PRHRS is not established, so its power is less than the core decay power. However, the 

PRHRS heat removal capacity is higher than the core decay heat at 2350 s because of 

the establishment of the natural circulation of PRHRS and the core power further decay. 

Consequently, the primary coolant temperature starts to go down, which has been 

demonstrated in Fig. 4.6 (b) and (c). As PRHRS runs, the water temperature in the tank 

gradually rises and reaches saturation in 12000 s. It satisfies the requirement of 2 hours 

operation without boiling as shown in Fig. 4.7 (e). 

According to the analysis of the above results, the PRHRS is put into operation in time 

after the SBO accident, and the PRHRS establish a stable natural cycle to remove the 

decay heat from the core. In addition, the fuel cladding temperature and coolant 

temperature meet the design restrictions under transient operating conditions. Therefore, 

it shows that the design of PRHRS can cope with such accidents, mitigate the impact 

of the accident, and protect the reactor integrity and safety.  

4.5. Sensitivity Analysis 

The performance of PRHRS is influenced by the parameters of PRHRS including the 

heat transfer area of the condenser and the height of PRHRS. RELAP is used in this 

section to analyse the impact of these factors on the PRHRS. At the same time, the 

opening pressure of the steam release valve also has an impact on the water load of the 

entire PRHRS. Therefore, its sensitivity is also analysed. 

4.5.1. Effect of heat transfer area 
The accident simulation is carried out for three groups of different number of PRHRS 

condenser heat transfer tubes to analyse the effect of the heat transfer area on system 

performance. The parameters are shown in Table 4.5. The results are shown in Fig. 4.8. 

Table 4.5: Dimension of the PRHRS (Heat transfer area). 

 Number of 

tubes 

Total heat transfer 

area, m2 

Hight difference, 

m 

Opening pressure of 

release valve, MPa 

1 19 1.3125*2  2.25  10 

2 24 1.6579*2 2.25  10 

3 29 2.003*2 2.25  10  
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(a) Mass flow rate variation of PRHRS with the number of condenser’s tubes  

 
(b) PRHRS heat removal capacity variation with the number of condenser’s tubes 
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(c) Pressure variation of PRHRS with the number of condenser’s tubes 

 
(d) Core inlet temperature variation with the number of condenser’s tubes 
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(e) Core outlet temperature variation with the number of condenser’s tubes 

 
(f) Cladding temperature variation with the number of condenser’s tubes 

Fig. 4.8: Parameters variation with the number of condenser’s tubes 
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It can be figured out from Fig. 4.8 (a), (b), (c) that the flow rate of PRHRS increases 

with the increase of the number of condenser tubes, thus resulting in the increase of the 

power removed by PRHRS. When there are 29 heat transfer tubes in the condenser, the 

power removed by PRHRS exceeds the decay heat power in 2050 s. The time is 

gradually postponed with the decrease in the number of condenser tubes. As the power 

removed by PRHRS increases, the primary coolant temperature and fuel cladding 

temperature decrease faster, which is illustrated in Fig. 4.8 (d), (e), (f), respectively. 

Because of the more efficient heat transfer performance, the pressure reduction rate of 

the whole PRHRS system is also faster. Correspondingly, the temperature of the LBE 

and fuel cladding decreases faster, and the peak temperature under the accident 

condition is also lower. The number of heat transfer tubes increased by 5, and the 

temperature of primary coolant decreased by about 30 K. Therefore, the increase in the 

heat transfer area can make the core cooling faster. This is an advantage, but it also 

creates a new problem in LBE-cooled reactors, where LBE solidification can occur if 

the coolant temperature drops too fast. Moreover, the amount of water in the tank might 

not meet the requirements of operation. As a result, we need to choose the right heat 

transfer area instead of simply increasing the heat transfer area. Therefore, we need to 

design the appropriate heat transfer area instead of simply increasing the heat transfer 

area. 

4.5.2. Effect of height of PRHRS 
In this part, three different heights between the steam generators and the condenser are 

simulated to investigate the effect of height of PRHRS on system performance. In the 

calculation process, the height of each group is increased by 1 meter. The parameters 

are listed in the Table 4.4. The results are shown in the Fig. 4.10. 

Table 4.6: Dimension of the PRHRS (Hight difference). 

 Number of 

tubes 

Total heat transfer 

area, m2 

Hight difference, 

m 

Opening pressure of 

release valve, MPa 

1 19 1.3125*2 2.25  10 

2 19 1.3125*2 3.25  10 

3 19 1.3125*2 4.25  10  
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(a) Mass flow rate variation of PRHRS with the height difference  

 

(b) PRHRS heat removal capacity variation with the height difference 
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(c) Pressure variation of PRHRS with the height difference 

 

(d) Core inlet temperature variation with the height difference 
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(e) Core outlet temperature variation with the height difference 

 

(f) Cladding temperature variation with the height difference 

Fig. 4.9: Parameters variation with the height difference. 
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Fig. 4.9 (a), (b), (c) shows that the mass flow rate and heat removal capacity of PRHRS 

do not change significantly with the change of height difference. Due to the existence 

of phase transition, the cycle driving force generated in PRHRS is enormous, and it is 

unaffected by the change of height difference. Also, the pressure drop trend of PRHRS 

in each group is the same. However, it is worth to mention that although the mass flow 

rate and PRHRS heat removal capacity do not change much in the stable operational 

condition, the amount of heat removed by the PRHRS increases with the growth of the 

height difference in the early stage of system operation. The rise in the height difference 

means the rise in the pipe length and the corresponding increase in the amount of water 

stored in the PRHRS, thus resulting in a higher mass flow rate and a stronger heat 

removal capacity in the early stage of operation. It also influences the primary system, 

which is shown in Fig. 4.9 (d), (e), (f). The primary coolant temperature, and cladding 

temperature decrease with the increase in height difference. However, the decline is not 

as significant as the change in heat transfer area calculation. For every 1 m increase in 

height, the temperature drops by about 5-10 K. Therefore, increasing the height of 

PRHRS has no significant impact on PRHRS system performance. On the contrary, the 

increase in height requires more space arrangement, which has a negative effect on the 

small reactor. Consequently, under the premise of meeting the requirements of decay 

heat removal, a lower height of PRHRS should be selected. 

4.5.3. Effect of opening pressure of the steam release valve 

At the beginning of PRHRS system operation, the room temperature water stored in the 

system will enter the steam generator for heat transfer, so the pressure of the system 

will rise. At this time, the steam release valve is opened to reduce the pressure. 

Therefore, the pressure of release valve opening will also affect PRHRS performance. 

In this section, the operating performance of the system under different steam release 

valve opening pressure is analysed. The parameters are listed in the Table 4.5. The 

results are shown in the Fig. 4.11. 

Table 4.7: Dimension of the PRHRS (Opening pressure). 

 Number of 

tubes 

Total heat transfer 

area, m2 

Hight difference, 

m 

Opening pressure of 

release valve, MPa 

1 19 1.3125*2 2.25  10 

2 19 1.3125*2 3.25  12 

3 19 1.3125*2 4.25  14  
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(a) Mass flow rate variation of PRHRS with the venting pressure  

 
(b) PRHRS heat removal capacity variation with the venting pressure 
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(c) Pressure variation of PRHRS with the venting pressure 

 
(d) Core inlet temperature variation with the venting pressure 



 

64 

 

 
(e) Core outlet temperature variation with the venting pressure 

 

(f) Cladding temperature variation with the venting pressure 

Fig. 4.10 Parameters variation with the venting pressure 
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In Fig. 4.11 (a), (b), (c), the mass flow rate and the heat removal capacity of PRHRS 

increase with the valve opening pressure at the early stage of system operation, thus 

resulting in increasing PRHRS heat removal capacity. Moreover, the peak pressure of 

the system also increases with the rise in valve opening pressure, but gradually tends to 

be consistent after a stable operation. This phenomenon results from that the PRHRS 

adopts a closed cycle, and the increase of valve opening pressure keeps more water in 

the system to participate in the cycle. Therefore, the initial circulation flow rate and 

power are larger. Correspondingly, the temperature parameter change of the primary 

system is opposite to the PRHRS heat removal capacity change. Coolant temperature 

and cladding temperature decrease with the increase of valve opening pressure, which 

are demonstrated in Fig. 4.11 (d), (e), (f). However, the changes of temperature are 

similar to those obtained by changing the height difference. The reduction range is not 

significant, the opening pressure is increased by 2 MPa, and the primary temperature 

parameters are reduced by 5-10 K. Consequently, increasing the valve opening pressure 

is not obvious to enhance the performance of PRHRS. On the contrary, as the peak 

pressure is higher, it has an impact on the safety of the whole system. Therefore, the 

valve opening pressure should be reasonably set during the design procedure. 
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5. Conclusions 

Motivated by the study of natural circulation LBE-cooled small reactor technology as 

well as the validation of RELAP5 code, a design scheme of primary system and passive 

residual heat removal system for a small LBE-cooled fast reactor of 20 MW rated power 

is proposed, and its design parameters are verified with the RELAP5 code.  

Generally speaking, the primary system design combines with a 20 MW conceptual 

core design that was proposed by Xi’an Jiaotong University. The steady-state operation 

parameters of the primary system are derived from SPARK's core design parameters. 

According to these parameters, the operating process and the system components are 

designed in detail using the thermal-hydraulic calculation. As a result, the primary 

system employs an integral design, which consists of the core, twelve steam generators, 

hot pool, cool pool, core barrel, and a primary vessel. The vessel houses the whole 

primary system. Twelve steam generators are evenly distributed around the core barrel. 

Every four steam generators are a train, and the water-steam cycle is used to take away 

the core heat in the secondary system. The natural circulation height is determined to 

be 7 m, and the height and the maximum diameter of the primary vessel are 8.4 m and 

2.746 m, respectively. The design and study of the PRHRS are carried out following 

the accomplishment of primary system design. The PRHRS that has two trains adopts 

a closed natural circulation to remove the decay heat. Each train consists of four steam 

generators, a condenser, a water tank as the ultimate heat sink, an upstream isolation 

valve, two downstream isolation valves. Moreover, each train is designed 

corresponding to the rated power of 1.5%, which can meet the requirements of heat 

removal in the accident condition. Through thermal hydraulic calculation, the heat 

transfer area of the condenser and the volume of the cooling water tank are determined, 

which are 4.93 m3 and 16.8 m3, respectively. The capacity of PRHRS can satisfy the 

requirement of the heat removal for 36 hours without operator’s intervention. 

The RELAP5 code is used to analyse the steady-state operation. Moreover, the 

performance of PRHRS in transients is investigated under a hypothetical SBO accident. 

Firstly, the steady state calculation results show that peak fuel centreline temperature, 

cladding temperature, and peak coolant velocity all meet the safety limit requirements 

of steady-state operation. Secondly, when the SBO accident occurs, if no measures are 

taken, the temperature of fuel cladding will exceed the limit, thus threatening the core 

safety. Thirdly, if the PRHRS system is put into operation after the accident, it can 

effectively prevent the further development of the accident. The peak cladding 

temperature is 635 K, which is lower than the design limit under transients (923 K). 

Last but not the least, the sensitivity of the three design parameters is analysed. The 

results show that the performance of PRHRS can be enhanced by increasing the heat 

transfer area, while increasing the height difference and increasing the opening pressure 

of steam release valve have insignificant effects on the performance of PRHRS. 
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Consequently, the primary system design of passive LBE-cooled fast reactor meets the 

requirements of steady-state operation. The design of PRHRS can cope with the heat 

removal during the accident, and protect the reactor integrity and safety. It should be 

noted that the primary system and PRHRS designs are still in the conceptual design 

stage, and it will be optimized in the future to improve its feasibility. 
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