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ABSTRACT 

 
Measurements were performed to verify the thermal hydraulic behaviour of NIRR-1 under normal and 

transient conditions. The reactor thermal power and neutron flux parameters that result from changes in 
the core coolant temperatures were measured and the analysis of the data recorded showed inverse 

relation of the reactor power to coolant temperature. During normal operation at 31 kW (neutron flux of 

1.0×10
12

 n cm
-2

s
-1

), the control rod gradually pulled out of the core as the inlet temperature rose from 
24.8

o
C to 37.7

o
C with the corresponding outlet temperature rising from 45.1

o
C to 57.2

o
C respectively. 

When operated at self restraint (with control rod fully withdrawn from the core), the reactor power rose to 

a maximum of 75.8 kW (neutron flux of 2.59×10
12

 n cm
-2

s
-1

) with the corresponding inlet and outlet 

temperatures of 27.3
o
C to 62.9

o
C respectively and then began to drop. In both cases rise in coolant 

temperature results in power suppression and subsequent self shutdown which ascertained that NIRR-1 

thermal hydraulic design agrees with its designed safety. 

 

Significance: In recognition of safety concerns 

in the operation of nuclear facilities, this paper 

gives an insight in to the inherent safety feature 

of NIRR-1and shows that the reactor remains 

safe during operation at normal and transient 

conditions. 

Keywords: Negative temperature coefficient, 

Neutron flux, Reactivity, Research reactor, 

Thermal hydraulics, Thermal power, Natural 

circulation 

 

 

1.0 INTRDUCTION 

 

The Nigeria Miniature Neutron Source Reactor, 

code-named; Nigeria Research Reactor-1 (NIRR-

1) is a small low-power research reactor with 

nominal thermal power of 31 kW. It is designed 

for use mainly for Neutron Activation Analysis 

(NAA), limited production of short-lived 

radioisotopes, reactor physics and thermal 

hydraulics research, and other related training. The 

reactor is located at the Centre for Energy 

Research and Training (CERT), Ahmadu Bello 

University, Zaria, Nigeria. The Reactor, similar to 

the Canadian SLOWPOKE, was designed in 

accordance with strict safety requirements 

(Hainoun and Alisa, 2005). It uses highly enriched 

Uranium (90.3%) as fuel and has a very compact 

cylindrical core of 23 cm diameter and height of 

23 cm (Yang, 1992). The core has an annular 

beryllium reflector having five inner irradiation 

sites, bottom beryllium reflector, and one central 

control rod made of cadmium. The core lattice 

design consists of ten concentric circles having 

347 fuel elements, and three dummy fuel elements 

made of Al-alloy (Balogun, 2003; Dim et al., 

2005; Jonah et al., 2007; Ahmed et al., 2008). 

Figure.1 shows the side view of the core assembly. 

The core thermal design is based on the 

introduction of safety factors such as hot channel 

and hot-spot factors. Such factors are, in general, 

the result of local deviations in behavior from 

strict adherence to theoretical predictions of the 

fuel and coolant temperatures, fuel dimensions, 

coolant flow, local fuel and core heat generation, 

etc. Local deviations are caused by many factors, 

such as non-homogeneity of fuel, structural 

materials, control rod position in the core, non-

homogeneity of moderator, etc (Khamis and 

Ghazi, 2008). The core is under-moderated and 

cooled by light water. The removal of heat from 
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the core is achieved by natural circulation (Zhu, 

1990). The ratio of the core height to diameter was 

optimized to 1.0 to facilitate flow and mixing of 

the inlet and outlet coolant thus shortening the 

time of the temperature feedback in an inverse 

relation to the reactor power (Guo, 1983). 

 

 

 

 

.  

 

Figure 1: Side view of NIRR-1 core assembly 
 

Zhu (1990) reported that the ratio of hydrogen to 

uranium atoms was chosen to be 197 in order to 

enlarge the degree of under-moderation of the 

core which increases its negative temperature 

coefficient of reactivity and to enhance the 

temperature feedback. Dim et al. (2005) stated 

that “the initial cold excess reactivity was 3.77 

mK at 20 
o
C and the total worth of the control 

rod (Cadmium) is -7.0 mK”. This gives the 

initial shutdown margin of -3.23 mK. During 

operation reactivity in the reactor core is 

adversely affected by fission products (xenon) 

poisoning and temperature effect which is 

compensated by control rod. Most of the cold 

excess reactivity is lost due to the temperature 

effect thus achieving the negative temperature 

feedback which has in turn became the most 

important safety feature in the reactor as we can 

see in this work. 

 

 

2.0 MATERIALS AND METHODS 
 

2.1 Theoretical fundamentals 

The coolant flow is at the transitional state from 

laminar to turbulent. The characteristic of the 

circulation was ascertained by computer codes 

(Guo, 1983; Shi, 1990) and thermal hydraulics 

simulation tests (Zhang, 1984). Safety experiments 

by Zhu (1990) and Akaho et al. (2000) show that 

for the thermal hydraulic design to yield the 

desired rise in temperature and maintaining 

inherent safety to limit power excursion due to 

temperature rise, the height of inlet orifice for 

MNSR must remain at 6 mm and that of the outlet 

at 7 mm. These design considerations were used to 

establish the relationship between coolant 

temperature and reactor power on one hand and 

neutron flux and coolant temperature on the other 

for the Nigeria Research Reactor-1 (Ahmed et al., 

2008).  

The semi-empirical relation amongst core inlet 

temperature, temperature difference and power as 

obtained from simulation experiments on MNSR 

for natural circulation is expressed in the form 

(Shi, 1990): 

 

∆𝑇 =
 5.725 + 147.6𝐻−2.64  𝑇𝑖

−0.35𝑃 0.59 + 0.0019 𝑇𝑖 

                 … (1) 

 

Where: ΔT = Temperature difference between 

Reactor Vessel or Tank 

Reactor Pool Water 

Reactivity Regulator 

Control Rod Fully Withdrawn 

Coolant Outlet Orifice 

Annular Beryllium Reflector 

Fuel Elements in the Core 

Bottom Beryllium Reflector 

Core Aluminium Support Structure 

Coolant Inlet Orifice 

Reactor Vessel Water or Core Coolant 
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inlet and outlet orifices (°C); H = Height of the 

inlet orifice (mm); Ti= Inlet temperature (°C). 

 

The designed inlet orifice of NIRR-1 was made to 

be 6 mm for safety and technical reasons (Yang, 

1992). When the value of H is substituted into Eq. 

(1), it reduces the equation to: 

 

∆𝑇 =  7.04𝑇𝑖
−0.35𝑃(0.59+0.0019𝑇𝑖)             (2)

    

Therefore thermal power in kW can be estimated 

thus, 

 

𝑃 = 𝐸𝑥𝑝  𝐿𝑛  
∆𝑇

7.04𝑇𝑖
−0.35  0.59 + 0.0019𝑇𝑖 

−1 

       (3) 

 

For a fixed height of inlet orifice, it is expected 

from Eq. (3) that the reactor power varies linearly 

with coolant temperature rise. To investigate this 

theoretical prediction with NIRR-1, experimental 

results obtained from the reactor were substituted 

into the equation. Apart from the above method of 

determining the reactor power via the thermal 

hydraulic parameters, the neutronics parameters 

(neutron flux values) could as well be exploited to 

predict the fission power of the reactor, as long as 

nuclear data parameters are accurately known 

(Ahmed et al., 2008). The equation that relates 

these two parameters is: 

 

𝑃 = 3.1 × 10−10  𝑉𝑓𝛷𝑓           … (4) 

 

Where: Φ = average thermal neutron flux in the 

inner irradiation channel (cm
-2

s
-1

); 𝑉𝑓= volume of 

the core = π r
2
h (cm

3
); Core height (h) = 23 cm; 

Core radius (r) = 11.5 cm; Σ𝑓= Macroscopic 

fission cross-section of the core fuel = 1.013 × 10
-

2
cm

-1. 

 

Cylindrical core was used for the Nigeria MNSR 

with highly enriched uranium (
235

U) as fuel. The 

above values make it possible to reduce Eq. (4) to 

only a flux dependent reactor power equation as 

shown in Eq. (5). 

 

𝑃 = 3.1 × 10−8 Φ             (5) 

 

Equation (5) reveals a linear relationship between  

the reactor power in kW and its neutron flux. It 

shows that the reactor power could also be 

predicted from the experimental neutron flux 

values. Eqns. (3) and (5) were applied to 

investigate the behavior of the Nigeria Research 

Reactor-1 and the reliability of the two equations 

in predicting the reactor power (Ahmed et al., 

2008). 

 

NIRR–1 was operated at 31 kW (equivalent to 

neutron flux of 1.0× 10
12

 n cm
-2

s
-1

) in automatic 

mode for about five hours. In this work the reactor 

was then operated unlimited for validation of its 

self restraint capability to ascertain its safety 

design. Necessary readings were observed and 

recorded during these operations. 

 

This paper aims at presenting the measured and 

calculated thermal hydraulic results which 

revealed that NIRR-1 possesses an inherent self-

regulating mechanism that prevents power from 

rising to uncontrollable levels even if the reactor is 

left unattended. This is extremely important from 

the view point of safety. 

 

2.2 Experimentation 

 
2.2.1 Behavior of NIRR-1 at full power: The 

neutron flux of the Nigerian Research Reactor-1 

was preset at its licensed full-power value of 1.0 × 

10
12

 n cm
-2

s
-1 

with the control rod position 

unlimited, to enable the investigation of the power 

and thermal hydraulics behavior under this 

condition, as well as to determine the time that 

would take the control rod to reach its upper limit. 

The reactor was operated and all the relevant 

parameters were recorded at intervals of 20 

minutes until the reactor automatically began to 

shut itself down after about 5 hours of operation. 

 
2.2.1 Behavior of NIRR-1 at self restraint: The 

Nigerian Research Reactor-1 was operated with an 

unlimited flux and with control rod fully 

withdrawn from the core, to enable the 

investigation of the power excursion and thermal 

hydraulics behavior under this condition, as well 

as to determine the inherent safety feature of the 

reactor in accidental condition and when left 

unattended. The reactor was operated and all 

parameters were recorded at intervals of eight 

minutes until the reactor automatically began to 

shut down after about an hour of operation. 
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3.0 RESULTS AND DISCUSSIONS 

 
In Figure 2 oscillatory fluctuation of the reactor 

power within the rated full thermal power of 31 

kW (1.0× 10
12

 n cm
-2

s
-1

) can be observed with a 

steady rise in inlet and outlet temperatures with 

time. Due to the phenomenal natural circulation of 

the coolant and the compact design of the core, 

cooling was insufficient as such the core inlet and 

outlet temperatures continue to rise with time 

while the core coolant temperature or temperature 

difference ΔT remains constant throughout the 

operations. Furthermore, while the control rod 

rises gradually with time to compensate for the 

large negative temperature coefficient of reactivity 

to maintain the reactor at the preset power level, it 

completely pulled out of the core due to loss of 

reactivity by effect of temperature rise coupled by 

insufficient cooling, hence the reactor shutdown 

automatically. 

The inherent safety of NIRR-1 was more clearly 

shown in Figure 3, when the reactor was operated 

with the control rod fully withdrawn (at maximum 

232 mm) from the core. There was power 

excursion up to 75.8 kW (2.59× 10
12

 n cm
-2

s
-1

) but 

the temperature effect came into play in a short 

time and began to hinder reactivity which led to 

the quick suppression of the reactor power and 

consequent automatic shutdown. 

 

 

 

 

 
 

 

 

Figure 2: Coolant temperatures and power pattern at 31 kW 

 

 

 
 

Figure 3: Coolant temperatures and power pattern at reactor self restraint 
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4.0 CONCLUSION 

 

The result from the operational thermal hydraulic 

test at 31 kW (1.0× 10
12

 n cm
-2

s
-1

) and at reactor 

self restraint where power rose to 75.8 kW (2.59× 

10
12

 n cm
-2

s
-1

) in addition to the limited excess 

reactivity of 3.77 mK for the reactor, shows that 

the reactor possesses an inherent self-regulating 

mechanism that prevents power from rising to 

uncontrollable level even if the reactor is left 

unattended or during control rod stalk (Figures. 2 

and 3). This is due to the phenomenal insufficient 

cooling and is extremely important for safety and 

satisfies the designed inherent thermal hydraulic 

safety requirements of the reactor. Temperature 

rise in any case hinders power excursion to boiling 

level of the coolant. The coolant average 

temperature difference recorded in each case was 

less than 40
o
C. The result also indicates that the 

reactor stable operation at 31 kW is limited to a 

maximum of about five hours mainly due to 

temperature effect. The possibility of introducing 

forced cooling may be considered to improve the 

reactor normal operation time at full power. 
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