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Abstract: Analysis of the Reactivity Temperature Coefficient (RTC) of the Ghana Research Reactor-1
using the reference HEU-UAl4 and then the LEU-UO2 fuel currently being developed under the RETR
programme was carried out to determine the Fuel Temperature Coefficient (FTC) and Moderator
Temperature Coefficient (MTC) using SCUBA, a locally developed FORTRAN 95 code. The contribution
of each isotope present in the fuel cell to RTC was determined by analyzing the temperature effect on
the thermal fission factor (η) and the thermal utilization factor (f). The average values of the core RTC
for the  temperature range of 15 oC to 140 oC at the beginning of life of the core were observed to be
-0.70×10-4 and -2.061×10-4 for the HEU-UAl4 and the LEU-UO2 respectively.
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INTRODUCTION 

The Ghana Research Reactor-1 GHARR-1, with
HEU-UAl4 fuel enriched to 90.2 % is considered to be
inherently safe since it is designed with a large
negative reactivity feedback[1,2]. It has a fuel burn up of
1 % and designed with a lifetime core of 10 years
before next cycle operations if it is operated at its
maximum flux for 2.5 hours a day, five days a week
[3]. Due to the small size of the core which facilitates
neutron leakage, the core is heavily reflected on the
side and underneath the fuel cage by a thick annulus
and slab of beryllium alloy material[3]. This is done to
minimize neutron loses and hence conserve the neutron
economy. Due to the aging lifetime of the core,
regulated shims of beryllium have been added to the
top aluminium tray to compensate for the loss of
reactivity resulting from fuel burn up and accumulation
of fission products. Under normal operating conditions
of the HEU fuel a drop in core excess reactivity within
the range of 2.5 mk to 2.8 mk due to fuel depletion
are observed[3,4]. Therefore, future cycle operations will
require a replacement of the spent or depleted fuel with
a fresh fuel assembly which could either be HEU or
LEU cores.

Since 2002, international efforts to convert research
reactors that are fuelled with HEU to LEU fuels have
been intensified significantly through the United States

Department of Energy’s Reduced Enrichment for
Research and Test Reactors (US DOE RERTR)
programme[5].  Because of this growing international
trends, HEU-LEU core conversion analysis has been
initiated jointly by the Department of Nuclear
Engineering and Materials Science (NEMS) in the
National Nuclear Research Institute (NNRI) of Ghana
Atomic Energy Commission (GAEC) and the Reduced
Enrichment for Research and Test Reactor (RERTR)
Programme of the Division of Nuclear Engineering,
Argonne National Laboratory (ANL) in the USA. Since
2006, Ghana has been part of the IAEA Coordinated
Research Project (CRP) on MNSR core conversion[4,5].

12.6 % enriched LEU-UO2 has been recommended
for use in the next nuclear fuel cycle operation for the
MNSR[2] but this presents several challenges. Due to
the increased amount of U-238 in the LEU fuel, greater
absorptions of neutrons with temperature increase
(Doppler broadening) in the resonance region is
expected as fast neutrons slow down to thermal
energies. This increase in resonance neutron capture
affects criticality and hence core reactivity which has
associated nuclear safety challenges and therefore must
be investigated. The Reactivity Temperature Coefficient
(RTC) is of interest in reactor design for assessing the
magnitude of any reactivity drift caused by temperature
changes during reactor operation and also reactor
inherent safety features[6].
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The work presented in this paper evaluated the fuel
temperature coefficient, moderator temperature
coefficient and the contribution of the temperature
coefficient of ηfto RTC for the Ghana Research
Reactor-1 using the reference HEU-UAl4 fuel and the
proposed LEU-UO2 fuel.

1.1 Ghana Research Reactor, Gharr-1: GHARR-1 is
a Chinese built Miniature Neutron Source Reactor
(MNSR) with  a  maximum  thermal neutron flux of 

                        and   a   thermal   power   of 12 2 11 10x ncm s 

approximately 30 kW. The MNSR is considered as an
excellent tool for Neutron Activation Analysis (NAA),
training of Scientist and Engineers in nuclear science
and technology and small scale radioisotope production
[2,7]. The GHARR-1 uses U-235 fuel that is enriched to
90.2 % in an Al cladding with a total fuel loading of
1 kg. The length of the fuel element is 248 mm and its
diameter is 5.5 mm. The fuel meat is 230 mm long
and 4.3 mm thick. The Aluminium cladding is 0.6 mm
thick[8]. The core consists of 344 fuel rods, with 4 tie
rods and 6 dummy elements uniformly distributed on
a total of ten concentric circles. Each ring has a
number of fuel rods ranging between 6 and 62 with a
thick beryllium reflector (approximately 10 cm)
surrounding the core radially with a pitch of 10.95 mm
between two adjacent rows[1,8]. Fig. 1 shows the cross
section view through GHARR-1.

Inherent safety features of GHARR-1 are the
availability of highly negative moderator temperature
coefficient of reactivity (approximately -0.l mk/ oC at
a temperature range of 20-45 oC), and low critical mass
[2,8]. These characteristics limit achievable peak power
levels following an accidental insertion of reactivity
and assure the safety of the reactor under all
conceivable accident conditions[2,3]. Table 1 shows some
specifications for the HEU lattices of GHARR-1.

Methods:
The Pin Cell Model: The analysis was based on the
pin cell model by which the GHARR-1 core was
treated as though a single fuel rod was immersed in an
infinite medium of light water. A fuel rod represented
by region A was embedded in a moderator of light
water represented by region B as shown in fig 2.
Analysis based on the pin cell gives an idea of the
importance of different contributions to the RTC and is
very useful in determining sources of discrepancy
between different codes and data libraries[9]. The
FORTRAN 95 code, SCUBA was then developed for
the computation of all number densities and cross
sections of HEU and LEU fuel elements and isotopes.
Fig. 2 shows a diagram representing the pin cell
model.

Theory: Prompt and inherent reactivity feedbacks are
considered important factors for research reactor safety
[1]. For the MNSR and SLOWPOKE reactors, inherent
safety features are provided in their design since they
are built with a negative RTC. The mechanisms that
affect reactivity in these reactors are the fuel and
moderator expansion, void production among others.
The reactivity due to temperature feedback ρ(t) is
expressed as[1]:

         (1)0( ) ( ) ( ) ( )M M F Ft t T t T t       

whereρ0(t) is the initial reactivity, αM and αFare the
moderator and fuel temperature coefficients (of
reactivity) respectively. ΔTM and ΔTF are the deviations
of the spatially averaged moderator and fuel
temperatures from the equilibrium temperatures
respectively. For the MNSR, the core temperature
coefficient of reactivity αT is given by the addition of
the moderator and fuel temperature coefficients[2,12]:

         (2)T F M   

The Reactivity Temperature Coefficient (αT) is
defined as the change in reactivity with respect to
temperature and expressed as[13]:

         (3)T

d

dT

 

where, reactivity (ρ) which is the fractional departure
of a system from criticality is expressed as[11]:
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Differentiating equation (4) with respect to
temperature (T) gives[10,13]:
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where, keff is the effective multiplication number.

2.2.1 Moderator Temperature Coefficient (MTC):
The moderator temperature coefficient (MTC) of
reactivity in equation (1) as one of the main control
parameters of GHARR-1 was determined by analyzing
the moderator temperature dependence on the six factor
formula and  given by[2,10]:

         (6)1 1 1 1 1 1eff NL
M

eff M M M M M NL M

dk Pf p

k dT T f T p T T P T

 
 

   
     

    

where PNL is the non-leakage probability and TM is the
moderator temperature.
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The MTC however has a strong dependence on the
thermal utilization factor f and thus equation (6)
approximately becomes[11]:

         (7)
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N25 and N28 are the number densities for U-235 and U-
238, NAl and NH2Oare the number densities for Al and 

H2O,                  are  the  absorption microscopic 25 28
a aand 

cross  sections for U-235 and U-238 respectively and 

                  are the absorption microscopic cross 2H OAl
a aand 

sections for Al and H2O respectively.
To calculate the MTC, the water densities were

varied with temperature and the corresponding cross
sections computed. The reactivity coefficients for the
various temperatures were calculated using equation (7)
by applying polynomial of best fit and then
differentiating and the results are plotted in fig. 4.

2.2.2 Fuel Temperature Coefficient (FTC): For
GHARR-1, the two main contributions to FTC are
Doppler broadening and spectrum hardening[2]. The fuel
temperature coefficient was analyzed by expressing the
effective multiplication factor as a product of the six
factors and by studying the fuel temperature variation
of each of these factors[10]. The FTC is expressed as
[11]:

         (9)
1 1 1 1 1 1eff NL
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where, TF is the fuel temperature. Since the temperature
effect on the fuel arises mainly from the Doppler
broadening of resonances, the FTC was determined
mainly by resonance absorption or the resonance
escape probability[11]. Equation (9) becomes:
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p  is  the  resonance  escape probability,       is the p

average  slowing  down  power  in  the non-resonant 

region,       is  the  potential  cross  section  of  the M
p

moderator or region B from the pin cell model,       A
pM

is the potential cross section of region A,      is  the m

log  energy  decrement of the moderator,       is the sM

scattering macroscopic cross section of the moderator,
N28  is the density of atoms/nuclei of U-238, VA, VM and
VC are the volume of fuel region, moderator and clad
respectively and Ieff is the effective Resonance Integral. 
FTC was calculated by varying the fuel temperature
and computing the corresponding cross sections. The
reactivity coefficient for the various fuel temperatures
were calculated using equation (10) by differentiating
the polynomial of best fit and the results are plotted in
fig. 3.

Temperature Effect Analysis in the Thermal Region
on RTC: The contribution of each isotope present in
the fuel cell to RTC was determined by analyzing the
temperature effect on the thermal fission factor (η) and
the thermal utilization factor (f)[13]. For a non-poisoned
UO2 fuel lattice, the quantity ηf is expressed as[13]:

       (13)
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where, (       ); (     ); (        ) represent the average 0 0,V c cV m mV

flux and the volume of fuel, cladding, and moderator
regions respectively.v is the average number of 
emitted neutrons per nuclear fission. For calculation
purposes the reaction rates were divided by the
absorption rate of a 1/v absorber located in the fuel
region to obtain:

       (14)
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where                  is the effective cross section of 1/ˆ /i i v  

the material i,                      is the disadvantage 0 0/j j jf V V 

factor of the region j, N25, N28, NAl, NH are the atom
densities of U-235, U-238, Al, H2O respectively  and 

      ,       are the effective microscopic cross sections25ˆa 28ˆa

for U-235, U-238 respectively.
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Fig. 1: A cross section view through the GHARR-1[3]

Fig. 2: Pin cell[9]

Table 1: GHARR-1core design parameters with HEU fuel lattices[2]

No. Parameter Values
1 Reactor Type Pool-tank
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
2 Rated Thermal Power 30 kWth

----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
3 Fuel Element Loading 344
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
4 No. Of Dummy Elements 6
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
5 Fuel Composition U-Al dispersed in Al
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
6 Fuel Density 3.456 g/cm3

----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
7 Dummy Element Material Al
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
8 U-235 Enrichment 90.2 %
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
9 BurnUp ~1 %
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
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Table 1: Continue
10 Loading Of U-235 In Core 998.12 g
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
11 Coolant/Moderator Deionised H2O
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
12 Coolant/Moderator Density 995.1 kg/m3

----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
13 Coolant Inlet Temperature 30 oC
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
14 Coolant Inlet Pressure 101.3 kPa - 1 bar
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
15 Cooling mode Natural Convection
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
16 Reflector Beryllium
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
17 Control Rod Absorber Cadmium 
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
18 Number Of Control Element 1
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
19 Excess Reactivity – Cold, Clean 4 mk
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
20 Total Number Of Irradiation Sites 10

The temperature dependence microscopic cross
sections of the various isotopes in the fuel and the
moderator density were varied with temperature and
calculated using equation (14). The best polynomial fit
was then differentiated to obtain the empirical equation
for the temperature coefficient ofηf.

SCUBA Code: SCUBA is a code written in
FORTRAN 95 programming language for the
calculation of Reactivity Temperature Coefficient
(RTC) for the HEU-UAl4 and LEU-UO2 fuels of the
Ghana Research Reactor-1 (GHARR-1). SCUBA
provides an option for the user of the software to enter
the value of the enrichment of the fuel under
consideration in decimals. Calculations are then carried
out as shown in fig. 3.

2.3.1 Validation of Code: To check the validity of the
program, the results obtained for the reference HEU-
UAl4 core from the code were compared with
published experimental data and the results shown in
table 3 were found to be comparable. 

Results: The results obtained are valid for 15 oC # T
# 140 oC and are presented.

Discussion: In table 2, 3, 4 and 5, analytical
expressions for predicting the temperature coefficient of 
ηf, MTC, FTC and the core RTC valid only for
temperatures within the 15 to 140 oC range have been
presented whiles table 6 provides the averaged values
of the MTC, FTC and RTC from this work to that of
literature.

From fig. 4, it was observed that, for the LEU
fuel, the temperature coefficient of  ηf increases
slightly to about 50 oC and then drops gradually to 140
oC whiles for the HEU fuel, the temperature coefficient

of ηf drops almost linearly from room temperature to
about 50 oC and then drops gradually to 140 oC. In
both fuels, the results obtained were due to spectral
shift effect which is more dominant in the LEU as
compared to the HEU fuel.

The results from fig. 5 indicates that, the MTC is
negative for the entire temperature range under
consideration and decreases almost linearly within the
MNSR operating temperature range of 15 to about 60
0C for both the HEU-UAl4 and LEU- UO2 fuels and is
comparable to published results[2]. This is due to the
water density effect since an increase in moderator
temperature reduces the number of neutron collisions
per unit volume and so causing the neutron spectrum
to harden[11]. This alters the balance between the fission
and absorption rates and reduces the thermal fission
factor and hence the MTC. The trend then drops for
the remaining temperatures for both fuels. The drop is
sharper for the UO2 because the hardened spectrum
results in an increase in resonance absorption for the
low-lying resonances of U-238. The LEU-UO2 contains
more U-238 than the HEU-UAl4 fuel and hence
accounts for the sharp drop.

From fig. 6 it was observed that with increasing
fuel temperature, the FTC is negative but increases
almost linearly for both the HEU and LEU fuels for
the whole temperature range. The linear nature of the
plots illustrates the fact that, the temperature of the fuel
reacts immediately to changes in reactor power. With
increasing temperature, U-238 resonances broaden
thereby increasing the absorption of neutrons (Doppler
broadening). This causes a decrease in reactivity and
hence the FTC. Because the LEU fuel contains greater
amounts of U-238 than the HEU fuel, the effect of
Doppler broadening was found to be more dominant
with the LEU than the HEU.
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                               0

Fig. 3: Flow chart of the solution algorithm

Fig. 4: Temperature coefficient of ηf with temperature for the HEU-UAl4 and LEU- UO2 MNSR lattices

Table 2: Analytical expression for the temperature coefficient of ηf for the HEU-UAl4 and LEU- UO2 MNSR lattices

Fuel lattice                                15 oC  # T # 140 oC
1 d f

for
f dT




UAl4 fuel lattice 13 4 10 3 8 2 6 512.26 10 3.92 10 2.94 110 0.98 10 1.96 10T T T T            

UO2 fuel lattice
12 3 9 2 7 58.70 10 4.55 10 4.05 10 3.04 10T T T         
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Table 3: Analytical expression for the MTC for HEU-UAl4 and LEU- UO2 MNSR lattices

Fuel lattice                                       15 oC  # T # 140 oC
M

d
MTC for

dT




UAl4 fuel lattice 13 4 11 3 8 2 7 510.14 10 36.50 10 3.04 10 14.20 10 2.03 10T T T T            

UO2 fuel lattice 13 4 10 3 8 2 6 520.47 10 8.19 10 6.14 10 2.05 10 3.07 10T T T T            

Fig. 5:  MTC as a function of temperature for the HEU-UAl4 and LEU- UO2 MNSR lattices

Table 4: Analytical expression of the FTC for HEU-UAl4 and LEU- UO2 MNSR lattices

Fuel lattice                                      15 oC  # T # 140 oC

F

d
FTC for

dT




UAl4 fuel lattice
15 3 13 2 9 537.15 10 27.86 10 8.26 10 6.19 10T T T          

UO2 fuel lattice
16 3 12 2 9 525.48 10 9.56 10 8.49 10 6.37 10T T T         

Fig. 6: FTC as a function of temperature for the HEU-UAl4 and LEU- UO2 MNSR lattices
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Table 5: Analytical form of the core RTC for HEU-UAl4 and LEU- UO2 MNSR lattices

Fuel lattice                                               15 oC  # T # 140 oCcore
core

d
RTC for

dT




UAl4 fuel lattice
13 4 10 3 8 2 6 510.14 10 3.65 10 3.04 10 1.41 10 1.39 10T T T T            

UO2 fuel lattice 13 4 10 3 8 2 6 520.47 10 8.19 10 6.14 10 2.04 10 3.30 10T T T T            

Fig. 7: Core RTC as a function of temperature for the HEU-UAl4 and LEU- UO2 fuel lattices

Table 6: Results from code compared with published experimental results for the HEU and LEU of GHARR-1
Fuel lattice HEU-UAl4 (Δ k/k/oC) HEU-UAl4 (Δk/k/oC) LEU-UO2 (Δk/k/oC)

Experimental This work This work
(20 to 45 oC) (15 to 140 oC) (15 to 140 oC)

MTC
41.0 10   40.65 10  41.43 10 

FTC Negligible  
65.60 10  663.1 10 

Core RTC
41.0 10   40.70 10  42.061 10 

For both fuels, as observed from fig. 7, the core
RTC decreases almost linearly within the MNSR
operating temperature range (15 to 60 oC) and both are
negative for the whole temperature range. The core
RTC for the HEU- UAl4 is about twice that of the
LEU- UO2, which is due to the effect of Doppler
broadening and the hardening of the thermal spectrum
which are dominant in the LEU than the HEU fuel.

Conclusion: The results obtained from this work
indicates that the Ghana Research Reactor-1 (GHARR-
1) will be safe to operate between the temperatures of
15 and 140 oC if the reference HEU-UAl4 fuel is
substituted with the proposed 12.6 % enriched LEU-
UO2 fuel since they averaged core RTC was found to
be negative. The negligible value of FTC observed for
the HEU-UAl4 fuel in literature will contribute
significantly to the core RTC for the LEU-UO2 fuel

and thereby increasing the inherent safety features of
the LEU core after conversion. The overall temperature
coefficient for transient conditions could be evaluated
using a coupled neutronics-thermalhydraulics code.
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