
  

1. Introduction 

This paper suggests solutions to modify the core cooling system 

in a natural regime and to enhance the power supply operation to 

avoid core damage. An accident is modelled on ETRR-2 (Egyp-

tian Testing Second Research Reactor) and the RELAP5 (Reactor 

Excursion and Leak Analysis Program) code is used to simulate 

the behaviour of the core cooling during the loss of off-site power 

supply, as well as to evaluate the proposed solutions. Accidents in 

research reactors may not have the same harmful risk level to the 

public as compared to accidents in power reactors. They may pose 

a greater hazard to operators; therefore, design limits of research 

reactors have been set to prevent the occurrence of accidents and 

mitigate their hazards. Most research reactors have a compact core 

structure with multi-parallel cooling channels. Due to the high 

heat flux and the low cooling capacity of the channels, the critical 

temperature of the heating surface is exceeded within a few sec-

onds, affecting the fuel plates, which may be damaged. To detect 

the extent of damage resulting from accidents, many accidents 

should have been simulated and analysed to take precautions and 

find solutions to prevent their occurrences and their damages [1]. 

One of the important accidents is the loss of off-site power supply 

(LOPS), which leads to the shutdown of all the systems and auto-

matic insertion of the absorbing rods into the core. As no electric-

ity is available to operate the core cooling system, the pumps will 

coast down for 90 s and stop. Once the primary flow has been 

diminished, the natural convection mode is triggered mechani-

cally to remove the residual  decay  heat  by  opening  the  flapper  
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Abstract 

The studying and analysis of the nuclear abnormal conditions have become an important demand to achieve highly safety 

standards in the nuclear reactors (research or power), where the nuclear accidents have been a serious concern since the con-

struction of the first nuclear reactor in 1954 and after the world faced some major nuclear accidents as Three Mile Island in 

1979, Chernobyl in 1986 and Fukushima in 2011. This paper aims to analyse a failure in the natural circulation core cooling 

system that could lead to temperature rise during shutdown regime. According to this scenario, our study suggests a solution 

that involves the addition of a small pump to the core cooling circuit in case of flapper valve malfunction due to any reason. 

This potential scenario is applied theoretically in the ETRR-2 (Egyptian Testing and Research Reactor Number 2). The  

RELAP5-3D simulation code is used to simulate and model the thermal behaviour of the core condition during this abnormal 

scenario and to evaluate the proposed solutions. The proposed emergency pump may be designed and estimated to permit 

opening flapper valve as well. This approach resolves the issue of flapper valves malfunction, which makes the reactor shut-

down safe. 
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Nomenclature 

A ‒ heat transfer area, m2 

Cp ‒ specific heat at constant pressure, J/(kg K) 

D ‒ hydraulic diameter, m 

Enode‒ energy content of the element, J/s 

F ‒ volume flow rate, m3/s 

g ‒ gravitational acceleration, m/s2 

G ‒ heat generated in element, W/m3 

h ‒ convective heat transfer coefficient, W/(m2 K) 

K ‒ conductive heat transfer coefficient, W/(m K) 

L ‒ channel length, m 

m ‒ mass of coolant, kg 

ppf ‒ power peaking factor  

q ‒ heat flux, W/m2 

Q ‒ rate of heat transfer, J/s 

Re – Reynolds number  

t ‒ time, s 

T ‒ temperature, °C, K 

w ‒ coolant mass flow rate, kg/s  

 

x ‒ thickness of control volume, m 

 

Greek symbols 

ρ – density, kg/m3  

 

Subscripts and Superscripts 

c ‒ coolant 

cl ‒ clad 

cond‒ conduction 

f ‒ fuel 

i ‒ inlet 

o ‒ outlet 

p ‒ pressure 

 

Abbreviations and Acronyms 

IAEA  ‒ International Atomic Energy Agency 

ETRR  ‒ Egyptian Testing and Research Reactor 

LOPS  ‒ loss of power supply 

MTR ‒ material testing reactor 

SSR ‒ steady state reactor 

TTR ‒ Tehran Research Reactor 

valves installed on the primary pipe. 

If LOPS happen and the flapper valves fail to open (stuck), 

the temperature of the water around the fuel will increase and 

the steam may be formed inside the coolant channel. At this mo-

ment, the core is in a dangerous situation, and this may lead to 

a severe accident. A severe accident refers to an event with an 

extremely low probability of occurrence, but that can cause sig-

nificant damage to the reactor core [2]. There are many studies 

about the reasons, consequences and results of LOPS on the nu-

clear reactors, and how to enhance the emergency systems are 

investigated continuously [3]. The study in this paper focuses on 

loss of power supply accident during the reactor operation, 

which touches the beyond-design basis accident (failure of both 

flapper valves, which are responsible for the natural convection 

mode beginning). A beyond-design basis accident is a sequence 

of events that involves failures on the reactor protection system, 

the safety systems or engineered safety features, which lead to 

core damage [4]. This type of accident is studied and analysed 

to find solutions to prevent the resulting damages [5]. To evalu-

ate the reactor performance during accidents, a thermal-hydrau-

lic code may be used for simulating the transient behaviour of 

the core. The RELAP5 code is chosen for simulating the acci-

dents and the proposed solutions, which are mentioned in this 

paper. The RELAP5 code is a best-estimate code, and this means 

that the accident simulation and the results are more realistic [6]. 

The RELAP5 code was developed at the Idaho National Labor-

atory (INL) for light water reactors during postulated accidents. 

It is based on a nonhomogeneous and non-equilibrium model for 

a two-phase system that is solved by a fast and partially implicit 

numerical scheme. It models the loss-of-coolant accidents, loss 

of off-site power, loss of feed water and loss of flow accidents 

[7]. The potential of the alternative sequence to cool down the 

reactor in the event of loss of off-site power supply was studied 

in [8]. It is interesting to integrate the alternative procedure into 

the reactor operation, in order to improve the reliability of the 

decay heat removal (DHR) function by adding a medium-

strength safety defence line. The approach presented in [9] 

adapted both the deterministic and the probabilistic methods to 

determine the likelihood of the LOPS accident. Two applicable 

codes were used to model and investigate the LOPS accident: 

the probabilistic safety assessment package (PSAPACK) of the 

International Atomic Energy Agency (IAEA) and the TR22M21 

code, which was developed by the author to simulate the reactor 

performance during an accident. The coolant system for a re-

search reactor is designed and constructed to provide adequate 

cooling to the reactor core, where the primary cooling system is 

not designed for cooling the core after shutdown, and a reliable 

separate system shall be provided for the removal of residual heat. 

For the reactor systems that use flappers or equivalent systems for 

the transition from forced to natural circulation cooling, or for op-

eration with natural circulation cooling, and for which this mode 

is part of the safety system (or is considered an engineered safety 

feature), the single failure criterion will be applied. Instrumenta-

tion to verify their functioning and to provide signals to the reactor 

protection system shall be provided [10,11]. The Serpent and 

DYN3D codes were extensively compared with a variety of static 

and burnup calculations as defined in the IAEA benchmark for  

a 10 MW pool-type material testing reactor (MTR) [12]. The 

safety classification of structures, systems and components 

(SSCs) for pool-type research reactors in Korean design is pro-

posed based on the IAEA methodology [13]. It recommends that 

the SSCs of pool-type research reactors be categorised, classified 

and selected based on a graded approach. The Tehran Research 

Reactor (TRR) safety is studied with the second shutdown system 

(SSS) performing level one of probabilistic safety assessment 

(PSA) using the SAPHIRE (Systems Analysis Programs for 

Hands-on Integrated Reliability Evaluations) code, based on the 

selected initiating events [14]. It is seen that with the existence of 

the SSS, the failure rate of the reactor shutdown system decreases 

at least to 3.20104 of its previous value. The core damage fre-

quency conservatively turns out to decrease at least by half of the 

value previously reported to be 8.37106/y. In order to enhance 

the TRR, and the reactor personnel and other public safety, 

https://www.sciencedirect.com/topics/engineering/probabilistic-safety-assessment
https://www.sciencedirect.com/topics/engineering/reactor-shutdowns
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equipping the TRR with an SSS is a rational plan. This engi-

neered safety feature helps to avoid accidents. Study of MARIA 

Research Reactor, operated by the National Centre for Nuclear 

Research in Poland, provides the details of probabilistic analysis 

performed within the safety classification process [15]. It pre-

sents insight from the implementation of the procedure in the 

safety classification for the MARIA Research Reactor. The 

methods for common-cause failure (CCF) parameters estimation 

and mathematical models for estimation of the probability of oc-

currence of common cause events were studied for Romania-

TRIGA Steady State (SSR) 14 MW Reactor [16]. It describes 

data collection and statistics referring to the potential common-

cause failure for components of the reactor, which involve 

pumps, control rods, valves, fans, ejector, by taking into account 

the event attributes like root cause, coupling factor, detection 

method and corrective action taken. A fuzzy fault tree analysis 

(FFTA) to evaluate the performance of the primary cooling sys-

tems of the G.A. Siwabessy Multipurpose Research Reactor 

(RSG-GAS), which belongs to the National Nuclear Energy 

Agency of Indonesia (BATAN), is presented in [17]. Expert jus-

tifications were used to evaluate the failure occurrences of basic 

events in the primary cooling system of the RSG–GAS through 

questionnaires. The assessment by experts is in the form of qual-

itative data, which is then converted into quantitative data by 

applying FFTA. The development and application of the cou-

pled neutron kinetics (NK) and thermal-hydraulic (TH) code 

THERMO-T to the analysis of protected reactivity insertion ac-

cidents and loss-of-flow accidents in a typical research reactor 

(RR) with standard materials testing reactor plate-type fuel ele-

ments is presented in [18]. The steady-state and transient neu-

tron and thermo-hydraulic analysis of an MTR core defined in 

the IAEA 10 MW benchmark using Serpent2/SubChanFlow 

coupled code is carried out in [19]. The subchannel thermal hy-

draulic code SubChanFlow was extended and validated using 

relevant tests [20]. The SubChanFlow extension consists of the 

addition of a heat conduction module for a thin plate and the 

implementation of heat transfer correlations for rectangular 

channels. For the validation of the modified SubChanFlow code, 

temperature data from the RA-6 experiment obtained in a Reyn-

olds range of 7×103 < Re < 1.4×104 were used. The study in [21] 

deals with the extension of the thermal-hydraulic model of the 

CATHARE2 code to fast transient configurations. The extended 

CATHARE2 model is validated against experimental results 

from SPERT IV D-12/25: Benchmark. 

2. Materials and research methods  

2.1. Mathematical model 

In this section, equations that govern the heat transfer by con-

duction in a symmetrical plane wall, using the energy balance 

approach from the core centreline to the coolant across the clad, 

are illustrated. The scheme used in RELAP5 follows the finite 

volume methodology. The energy balance method is based on 

subdividing the fuel plate into two control volumes and then ap-

plying an energy balance on each element, as shown in Fig. 1. 

This is done by first selecting nodes at which the temperatures 

are to be determined and then forming control volumes over the 

nodes. Fuel, cladding and coolant temperatures have been cal-

culated using the equations below. Figure 1 shows a scheme of 

the different regions in the fuel plate adopted for calculation, in-

cluding the fuel region and aluminium clad region. 

The heat conduction equation in the fuel is [22]: 

 𝑄𝑐𝑜𝑛𝑑 =
∆𝐸𝑛𝑜𝑑𝑒

Δ𝑡
+ 𝐺, (1) 

where Qcond is the rate of heat transferred by conduction, G is the 

heat generated from fuel per unit volume, Enode is the energy 

content of the element and t is the time. 

The general differential equation is 

 𝜌𝑓 𝐶𝑝𝑓
𝑑𝑇𝑓

𝑑𝑡
= 𝐾𝑓 

𝑑2𝑇𝑓

𝑑𝑥2 + 𝐺. (2) 

From the Taylor expansion theorem 

 𝑇𝑖+1 = 𝑇𝑖 + ∆𝑥
𝑑𝑇𝑖

𝑑𝑥
+

∆𝑥2

2

𝑑𝑇𝑖
2

𝑑𝑥2 (3) 

The differential equation that describes the fuel centreline 

node, No. (1) and i = N, is expressed as 

 2𝐾𝑓  
𝑑𝑇𝑖

𝑑𝑥𝑓
+ 𝐺

∆𝑥𝑓

2
= 𝜌𝑓 𝐶𝑝𝑓 ∆𝑥𝑓  

𝑑𝑇𝑖

𝑑𝑡
. (4) 

The differential equation of the fuel clad interface for the 

node No. (2), where 1≤ i ≤ N, is: 

 𝐾𝑓
𝑑𝑇𝑖

𝑑𝑥𝑓
+ 𝐾𝑐𝑙

𝑑𝑇𝑖

𝑑𝑥𝑐𝑙
+ 𝐺

∆𝑥𝑓

2
= (𝜌𝑓 𝐶𝑝𝑓

∆𝑥𝑓

2
+ 𝜌𝑐𝑙  𝐶𝑝𝑐𝑙

∆𝑥𝑐𝑙

2
)

𝑑𝑇𝑖

𝑑𝑡
, (5) 

 𝐶𝑝𝑐
𝑑𝑇𝑖

𝑑𝑡
= ℎ 𝐴 (𝑇𝑖−1 − 𝑇𝑖+1) − 𝑤𝐶𝑝𝑐  (𝑇𝑐𝑜 − 𝑇𝑐𝑖), (6) 

where T is the temperature, K is the conductive heat transfer co-

efficient, h is the convective heat transfer coefficient, Δx is the 

thickness of the control volume, ρ is the density, m is the mass 

of coolant, w is the coolant mass flow rate and Cp is the specific 

heat at constant pressure. Subscripts f, cl, ci and co denote fuel, 

clad, coolant inlet and outlet, respectively. 

 

Fig. 1. Fuel plate model. 
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2.1.2. Nodalisation description 

Nodalisation of the cooling system in RELAP5 is illustrated in 

Fig. 2. Component No. 100 represents the main pump. For sim-

plification, it is modelled as a single volume, incorporating only 

the pump’s geometric characteristics. Pipes 108 and 912 repre-

sent the internal structure of the heat exchanger. Each pipe is 

axially divided into 10 nodes, corresponding to the physical 

height of the heat exchanger. Pipes 128 and 137 model the in-

ternal connections from the heat exchanger outlet to the core in-

let. These components are responsible for transporting the 

cooled water back to the core. Component 345 is a single-vol-

ume node that represents the lower plenum of the core. At this 

junction, the coolant flow splits into two streams: a larger por-

tion directed to the average core channels and a smaller portion 

to the hot channel. Pipes No. 304 and 314 represent the hot and 

average core channels, respectively. Each channel is axially seg-

mented into 21 nodes, representing the 0.8 m active length of the 

fuel elements. Radially, the channel is divided into six regions: 

two for cladding and four for fuel. Convective heat transfer 

boundary conditions are applied at the cladding surface. The 

coolant channel is modelled as a pair of half fuel plates, one from 

each side, forming a complete coolant passage. 

3. Reactor description 

Egyptian Second Research Reactor (ETRR-2) is an open pool 

type reactor, cooled and moderated by light water and reflected 

by beryllium. The nominal power is 22 MW. The reactor fuel is 

a plate-type fuel of 19.7% enrichment. The core is cooled by 

forced circulation upwards to avoid a cooling flow inversion in 

the case that the reactor is cooled by natural convection. The 

core coolant system with a flow rate of 1950 m3/h is split into 

two 50% capacity branches; each branch has two 50% centrifu-

gal pumps and one plate-type heat exchanger. Figure 3 shows 

the primary core cooling system [23]. The primary pipes have 

two flapper valves. These valves open by gravity forces in case 

there is no flow from primary pumps, as natural circulation cool-

ing is established. Figure 4 shows the position and the working 

mechanism of a flapper valve. According to the quick reference 

of the emergency of ETRR-2, in case of a LOPS accident, the 

primary and secondary cooling systems will be stopped. The 

flapper valves must be opened after 90 s; otherwise, a malfunc-

tion may occur, but the operators can open them manually using 

operation tools. Flapper valves are mechanically designed to be 

closed under forced flow and opened by gravity; they may stack 

due to a failure in their seal part and cause a consequence of 

accident. 

4. Results and discussion 

4.1. Validation 

The code is validated against core inlet temperature in normal 

operation, as shown in Fig. 5, and the reactor power status after 

shutdown − Fig. 6. It is shown from the two figures that the ex-

perimental values and the predicted values from RELAP5 are in 

good agreement [24]. 

 

 

Fig. 2. RELAP5 nodalisation of cooling system;  
HX – heat exchanger, vol – volumes of the node. 

 

Fig. 3. Reactor core cooling system.  

 

Fig. 5. Change in core inlet temperature over time. 

 

Fig. 4. Position of the flapper valve. 
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4.2. Loss of power supply scenario 

This event is analysed in an isolated manner; therefore, it would 

not be included as a cause of other events, where the absence of 

electric supply may be a contributor. Based on the safety analy-

sis report, in a normal situation, if the external power supply is 

lost during the reactor operation, the primary and secondary 

pumps are stopped. At the same time, the reactor protection sys-

tem (RPS) actuates the reactor shutdown system, which auto-

matically inserts the control rods into the core, leading to a fast 

shutdown of the reactor in about 0.7 s. After the pumps tripped, 

the coast-down flow of the main pumps feeds the core with cool-

ant for 90 s before it stops completely. Figure 7 shows the coast-

down flow of the primary pump following the reactor shutdown. 

Normally, the flapper valves close during forced convection, but 

there is a special requirement that the valve should start to open 

when the pressure difference across it becomes less than 350 Pa. 

This condition is achieved 90 seconds after the pumps are 

tripped [18]. Table 1 shows the sequence of events after the 

LOPS event.  

Figure 7 shows the core flow during normal conditions. Af-

ter the flapper valves are opened, a marked drop in the core flow 

is observed, where the flow through the valve was initiated in an 

unexpected direction due to the pressure difference. After 

a while, natural circulation prevails in the expected direction 

(downwards inside the primary pipe) and the natural convection 

is established. The prediction obtained from the simulation car-

ried out focuses on the hot channel, where it has the worst con-

ditions in the core, and its safety means the core is safe. The hot 

channel is geometrically equal to a single fuel plate, the axial 

power is a cosine shape distribution, and the fraction of power 

allotted to hot channels was selected to produce a maximum al-

lowable heat flux:  

 𝑞𝑚𝑎𝑥= 𝑞𝑎𝑣𝑒ppf, (6) 

where qmax is the maximum heat flux, qave is the average heat 

flux, and ppf is the power peaking factor (ppf ≤ 2.3).  

Figure 8 shows the variability of the clad’s hottest point tem-

perature. As a result of the flow drop at the beginning of the 

valves' opening, the temperature of the hottest point of the clad 

increases to about 75°C, and it still does not exceed the safety 

limits, 125°C.  

4.3. LOPS scenario with flapper valves fail 

If loss of power supply is followed by a failure of the flapper 

valves, the natural convection regime cannot be established, and 

the core flow will be zero. This situation is very serious because 

the coolant will heat up and the steam will be formed in a periodic 

way inside the coolant channels. In the first case, when the power 

drops below the threshold value after shutdown, the fuel will be 

cooled by a pulsed boiling mechanism, the steam is expelled, and 

Table 1. Sequence of events after LOPS accident.  

Time (s) Events  

0.0 (initiative event) 
• LOPS initiates 
• Core cooling system pump stops  

0.7  • Fast shutdown (scram)  

0.7−90  • Pump coast down 

90  
• Flapper valves opens and natural  

convection mode establishes 

 

 

Fig. 7. Core flow after the pumps are tripped  

and the valves are opened. 

 

Fig. 8. Clad hottest point temperature. 

 

Fig. 6. Change of reactor power with time after shutdown. 
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the water replenishes the coolant channel again. The second situ-

ation is for the powers above the threshold power. Then, the 

pulsed boiling mechanism is not enough to cool the fuel plate and 

it will burn out. This paper is focused on the second situation, 

where there is a risk of danger in the reactor, and diverse emer-

gency plans must be found to avoid any surprising situations. Fig-

ure 6 shows the temperature of the clad compared with its temper-

ature in the case of valve opening. Figure 8 shows that in the case 

of the valve failure, the fuel is heated up after the main pumps stop 

completely (after 90 s), and its temperature increases rapidly to a 

dangerous value exceeding the safety limits (≤ 125°C). According 

to safety objectives and engineering design requirements, the re-

actor is in a critical situation, and this issue must be solved before 

it occurs. 

4.4 Proposed solutions 

As a result of valve failure, the flow to the core is zero, and the 

temperature of the clad increases to critical values, as shown in 

Fig. 8, and these values are sufficient to boil the coolant. When 

the new pump starts to work, the temperature of the core drops 

slowly. After a while, the flow of the new pump becomes steady-

state and the temperature of the core decreases rapidly. 

A small pump is installed with a capacity of about 3.0 m3/h 

on the primary line and operates after ensuring the failure of the 

flapper valve (at 90 s after immediate shutdown). Figure 9 shows 

the position of that small pump, which is called the emergency 

pump. As shown, it is installed parallel to the main pump. This 

pump is simulated to operate after 1 min, 2 min and 3 min from 

the failure of the valve. This simulation is important to deter-

mine the optimum time to operate the pump. The emergency 

pump runs with the flapper valves after 90 s of a shutdown. If 

the valve fails to open, the pump already runs in a diverse way. 

But the mechanism of valve opening depends on the pressure 

difference inside and outside the primary pipe (less than  

350 kPa). Thus, the operation of the small pump at the time of 

the valve opening will not affect the valve function, because the 

pump is selected and designed to provide a head of water column 

below the head at the flapper valve position. Figure 10 illustrates 

the configuration, which permits the flapper valve to open and 

keep the circulation of coolant inside the cooling loop. If we 

suppose that the valve opens and the small pump runs at the 

same time, most of the pump flow will go through the cooling 

loop. This solution is also helpful, as shown in Fig. 11. Peaks of 

the curves shown in Figs. 12 and 13 indicate the start time of the 

pump operation, and the drop at the end of the curves indicates 

 

Fig. 9. Position of the emergency pump.  

 

Fig. 11. Change in the outlet core coolant temperature 

over time for three cases. 

 

Fig. 12. Change in the coolant hottest temperature vs. time. 

 

Fig. 10. Hydraulic layout of both the pump and the flapper valve. 
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the stability of the new pump flow. The peak values refer to the 

maximum core temperature reached in the different cases. It is 

found that, if the pump runs 1 min, 2 min and 3 min after the 

valve failure, the maximum core temperature does not exceed 

the safety values (125°C). Thus, it is recommended to operate 

the small pump after 1 min or 2 min of valve failure. 

5. Conclusions 

The reactor is capable of bringing and restoring a safe shutdown 

state by the passive natural convection safety system and inherent 

safety characteristics. If, for any reason, the passive and inherent 

safety systems have a malfunction, there is a need to use active 

safety systems. This situation is studied in this manuscript. It is 

supposed that the reactor is forced to shut down due to loss of 

power supply, and the flapper valve, which is responsible for nat-

ural convection, fails to open due to being stuck. It is recom-

mended to install the proposed emergency small pump, with a ca-

pacity equal to that realised by a natural circulation laminar flow 

on the primary cooling system 50 m3/h, to pressurise the core 

coolant after two minutes of the flapper valve failure. Modelling 

and simulation results indicate that the heat transfer and cooling 

are realised after the flapper valve is stuck with satisfactory tem-

peratures prediction below safety limits, with a good margin. It is 

also recommended to connect an alternative power supply, such 

as a diesel generator, to run the emergency pump to guarantee its 

operation at any time. 
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