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a b s t r a c t

This paper analyzes the accuracy of the methods used in calibrating the thermal power of

Nigeria Research Reactor-1 (NIRR-1), a low-power miniature neutron source reactor located

at the Centre for Energy Research and Training, Ahmadu Bello University, Zaria, Nigeria.

The calibration was performed at three different power levels: low power (3.6 kW), half

power (15 kW), and full power (30 kW). Two methods were used in the calibration, namely,

slope and heat balance methods. The thermal power obtained by the heat balance method

at low power, half power, and full power was 3.7 ± 0.2 kW, 15.2 ± 1.2 kW, and 30.7 ± 2.5 kW,

respectively. The thermal power obtained by the slope method at half power and full power

was 15.8 ± 0.7 kW and 30.2 ± 1.5 kW, respectively. It was observed that the slope method is

more accurate with deviations of 4% and 5% for calibrations at half and full power,

respectively, although the linear fit (slope method) on average temperature-rising rates

during the thermal power calibration procedure at low power (3.6 kW) is not fitting. As

such, the slope method of power calibration is not suitable at lower power for NIRR-1.

Copyright © 2016, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society. This

is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

The reactor fuel burnup was shown to be linearly dependent

on the thermal reactor power [1]. It is therefore obvious that

the reactor thermal power calibration is very important for

precise fuel burnup calculation. The reactor power can then

be determined by measuring the absolute thermal neutron

flux distribution across the core in horizontal and vertical

planes [2]. It has also been established that flux distributions

can be measured with activation of cadmium-covered and

bare foils irradiated at steady reactor power [3]. However,

Shaw [4] demonstrated that this method consumes a lot of

time and is not accurate. Besides, an investigation by Souza

et al. [3] revealed that the foil activationmethod ismost suited

for zero power reactors like miniature neutron source reactor

(MNSR) and seldom applied to bigger reactors.
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Accurate reactor power calibration is important for safe

monitoring and evaluation of reactor dynamic behavior,

determination of fuel burnup, and normalization of neutron

fluxes and dose rate. Powermonitoring of reactors is achieved

using neutronic instruments, but its calibration is always

done by thermal procedures [5e7].

The thermal power of a nuclear research reactor cooled by

water can be determined by measuring the increase of water

temperature over a given period [8,9]. In this method, the

temperature-rise rate (DT=Dt) is determined and the reactor

power as a function of temperature-rise rate is calculated. This

is the most inherently accurate, straightforward, and the

simplest method for calibrating reactor power [5,6,8].

Although it has its limitation, such as difficulty in determining

uncertainty associated with it, which can be in the range of

several percent, it is viable for reactors having less heat loss [9].

Power excursion of any reactor is a great concern for

reactor physicist due to safe operation reasons. Because

power is related to the population of neutrons and to themass

of fissile material present, its calibration is essential for the

safe control and operation of the reactor as well as the reli-

ability of the research reactor [1]. Therefore, it imperative to

undertake power measurements and calibration from time to

time to establish the stability of the reactor and evaluate its

fuel burnup.

The Nigeria Research Reactor-1 (NIRR-1) is a low-power,

tank-in-pool reactor (schematic diagram and sectional view

shown in Figs. 1 and 2, respectively) with nominal thermal

powerof 30 kWunder steady-state condition [10]. It is designed

by the China Institute of Atomic Energy [11]. The reactor's first
criticality was accomplished on February 3, 2004, and has been

working safely for neutron activation analysis and limited

radioisotope production [11e14]. The current reactor core is a

230� 230mmsquare cylinder and fueled by UeAl4 enriched to

90% in Al alloy cladding. It has 347 fuel pins and three Al

dummies in the fuel lattice. The length of the fuel element is

248 mm, with the active length being 230 mm with 9 mm Al

alloy plug at each end [14]. The diameter of the fuel meat is

4.3 mm and the 235U loading in each fuel element is about

2.88 g. The cladding is Al alloy, whose thickness is 0.6 mm.

The reactor (NIRR-1) has only one central control rod with

an active length of 230 mm serving as shim rod, regulation

rod, and safety rod. The functions of reactor startup, steady-

state operation, and shutdown are achieved by moving the

control rod, which is made up of a Cd absorber [14]. NIRR-1 is

operated using the control console, the microcomputer con-

trol system, and the two rabbit systems all connected to a

power source. In addition, during normal operation, the

reactor water temperature varies between 23 �C and 46 �C.
However, the temperature difference rises rapidly and attains

a stable value due to “insufficient natural circulation.”

The core of the NIRR-1 is located 4.7m under water close to

the bottom of the water light-reactor vessel. The quantity of

water is 1.5 m3 in the vessel, which serves the purpose of ra-

diation shielding, moderation, and as a primary heat-transfer

Fig. 1 e Schematic diagram of Nigeria Research Reactor-1.

Fig. 2 e Sectional view of Nigeria Research Reactor-1.
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medium. The water-filled reactor vessel is in turn immersed

in a water-filled pool (30 m3).

Thermal power calibrations of low-power research re-

actors (up to 1 MW) are performed during the initial startup

and their results are used for many years [5,15,16]. However,

heat capacity usually changes when experimental in-

stallations are made, or during changes in the collimator or

mechanical modifications as in the case of NIRR-1 installation

of cadmium-lined irradiation channel [17]. Consequently, the

need to calibrate the reactor with the present installations in

and around the core is very crucial.

From the commissioning ofNIRR-1 in 2004 to date, attempts

were made to determine its maximum operable time [16],

measure its flux stability [15], and ascertain its flux variation in

the irradiationchannels [2].Nocomprehensiveeffortwasmade

to calibrate NIRR-1 power despite its usefulness in utilization

and experimental work. Available literature [5,6] showed that

heat balance and slope methods are less cumbersome and

straightforward with good results. This work explored these

methods in the thermalpowercalibrationofNigeriaNIRR-1and

analyzed the accuracy of themethods.

2. Materials and methods

2.1. Theory

2.1.1. Slope method of reactor power calibration
The slope method of power calibration depends on heat-

transfer effects, natural convection of water, heat loss, and

similar effects. The basic formulation is the following [5,6,9]:

Q ¼ DT
Dt

K (1)

where Q is the reactor power (kW), DT/Dt is the temperature-

rise rate (�C/h), and K is the experimentally determined heat

capacity constant (kWh/�C), which is given by [5,6,9].

K ¼ VwrCp (2)

where r is the coolant density (kg/m3), Vw is the coolant vol-

ume (m3), and Cp is the coolant-specific heat capacity (kJ/kg�C).

2.1.2. Heat balance method of reactor power calibration
The power released by fission (heat-generation rate) in a nu-

clear reactor core is related to the fission rate of the fuel, the

thermal neutron flux present, macroscopic cross section for

fission, and volumeof the core according to the equation given

by [18].

P ¼ fth

P
f V

3:12� 1010fission
W$s

(3)

where P is the power; fth is the thermal neutron flux (neu-

trons/cm2/s); Sf is the macroscopic cross section for fission

(1/cm); and V is the volume of core (cm3).

On a thermodynamic basis, this same heat-generation rate

is also related to the coolant temperature difference across the

core and the flow rate of the coolant passing through the core.

The equation relating these parameters is given by [5,6].

Q ¼ Cp _mDT (4)

whereQ is the thermal power dissipated (heat generation rate;

kW), _m is the flow rate of coolant passing through the core (kg/

s), Cp is the specific heat of the coolant (kJ/kg�C), and DT, which

is also expressed as (Tout � Tin), is the coolant temperature

difference in (�C). Tout is the outlet temperature (�C) and Tin is

the inlet temperature (�C). The flow rate can be measured by

an orifice plate and a differential pressure transmitter. How-

ever, in the case of NIRR-1, which does not have an installed

device for measuring the flow rate, the flow rate can be

determined via the following basic formula:

_m ¼ rv
Dt

(5)

where r is the density of the coolant (kg/m3), v is the volume of

the coolant passing through the core (m3), and Dt is change in

time (seconds). The flow rate can also be determined indirectly

from the thermal balance along the core using measurements

of the water inlet and outlet temperatures [5,6]. The equation

that relates the coolant temperature and density of the coolant

passing through the core of NIRR-1 is given by [19].

y ¼ 2E� 05X3 � 0:006X2 þ 0:0233Xþ 999:97 (6)

where y is the coolant density (kg/m3) and X is the coolant

temperature rise (�C).

2.2. Experimental

2.2.1. Slope method calibration procedure at half power
(15 kW)

1. The reactor power was increased to 15 kW, following the

normal startup procedure.

2. Power level was obtained using the neutron flux. The

power level was stabilized at 15 kW and remained constant

throughout the test period.

3. High-precision temperature detector (thermocouple) was

used to measure the pool temperature at 12-minute in-

terval for about 6 hours and 20 minutes.

4. The temperature of air in the reactor room was measured

and recorded during the experiment.

The aforementioned four steps were repeated for experi-

ment performed at low power (3.6 kW) and full power (30 kW),

respectively. The reactor operated for 3 hours and 3 hours and

50 minutes for operation at low power (3.6 kW) and full power

(30 kW), respectively.

2.2.2. Heat balance method of power calibration
The reactor pool temperaturewasset as closeaspossible to soil

temperature around the pool and also the air temperature in

the reactor room was set close to the pool temperature to

minimize heat leakages. The pool temperaturewas stable over

a long period. This conditionwas obtained after some hours of

reactor operation. The heat balance methodology for the

thermal power calibration involves the measurement of the

powerdissipated in thecoreadded to thecalculatedheat losses

from the reactor pool. For each of the experiments, the bulk

pool temperature, air temperature in the reactor room, and the

outer stainless steel temperatureweremeasuredandrecorded.
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On the control console of the reactor, there are in-built

neutron flux preset knobs and control rod limiting knobs.

The predetermined power and neutron flux for which the

reactor is required to operate are normally preset prior to

reactor operation using these knobs. The knobs were used in

each of the experiments to obtain the required average

neutron flux values. During the experiments, the reactor was

allowed to operate in an automatic mode and as such it ad-

justs itself to the preset flux automatically [5,15].

2.2.3. Heat balance procedure at low power (3.6 kW)

1. The reactor operated at a flux of 1.2 � 1011 n/cm2$s corre-

sponding to 3.6 kW for 3 hours with the cooling system

turned on.

2. During this period, the inlet and outlet temperatures as

well as the temperature difference were recorded for every

20 minutes.

3. The flow rate corresponding to each of the interval was

obtained during the 3-hour period.

The aforementioned three steps were repeated for experi-

ments performed at half power (15 kW) and full power

(30 kW), respectively. The reactor operated for 5 hours and

over 3 hours for operation at half power (15 kW) and full power

(30 kW), respectively.

2.3. Instrumentation

A thermocouple was positioned inside the pool to measure

the water pool temperature. High-precision temperature

detectors (thermocouples) were used to measure the inlet and

outlet temperatures. One thermocouple was positioned at the

outside of the side beryllium annulus near the core inlet

orifice to measure the inlet temperature. The other was

positioned at the upper part of the side beryllium annulus

near the core outlet orifice to measure the outlet temperature.

The combination of these two pairs of thermocouples moni-

tored the temperature difference of the reactor coolant. The

locations of the thermocouples are shown in Fig. 3. A ther-

mocouple was positioned just above the pool surface to

measure the air temperature in the reactor room.

A miniature fission chamber made of stainless steel walls

and electrodes, with the operating voltage that varies from

about 50 V to 300 V, was employed as the neutron flux de-

tector. Walls of the chambers are lined with highly enriched

uranium. There are two small vertical holes each 10 mm in

diameter and 190 mm deep on the side annular beryllium

reflector on the same circle as the inner irradiation sites (i.e.,

on a circle of radius 165 mm and at angles of 144� to each

other). A current-type miniature fission chamber (LB 1120) is

in each hole to monitor neutron flux at each irradiation site

and provide control signals. The locations of the neutron flux

detectors are shown in Fig. 3. The sensitivity, linearity, follow-

up features, and lifetime of the selected miniature fission

chambers are adequate to meet the requirements of NIRR-1

control.

2.4. Heat losses from the reactor pool to the environment

The core of NIRR-1 is placed below the room floor at the bot-

tom of a cylindrical pool. The pool is designed in accordance

Fig. 3 e A layout core configuration showing the various components.
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with industrial building standards. Its inner diameter is 2.7 m,

depth below ground is about 6.5 m, and the wall thickness is

0.4 m. The pool is made of reinforced concrete and lined with

stainless steel whose cylindrical part is 3mm thick and base is

5 mm. The concrete wall of the pool is 400 mm thick, whereas

the bottom lining rests on 500 mm concrete. The reactor pool

transfers heat to the environment by conduction, convection,

and evaporation.

2.4.1. Heat loss by conduction
To gain a complete understanding of the heat loss from NIRR-

1 by conduction, it was necessary to investigate the conduc-

tion process and gauge its significance. To model the heat

transfer from the core to outside surface, a thermal circuit of

the reactor was created following the convections set forth by

Incropera et al. [20].

First, Fourier's law of heat transfer is expressed in cylin-

drical form as follows:

qr ¼ kð2prLÞdT
dr

(7)

where qr is heat rate (W); k is thermal conductivity (W/m-K); r

is radial distance (m); L is cylindrical length (m); and T is

temperature (K).

Applying the general solution to Eq. (7) and using the

temperatures of the inner and outer surfaces as boundary

conditions will create an expression for the heat transfer rate.

qr ¼ 2pLkðTs;1 � Ts;2Þ
ln r2

r1

(8)

When using the thermal circuit model, the material prop-

erties and dimensions are separated out of Eq. (8) to calculate

the total thermal resistance. Eq. (9) is the cylindrical thermal

resistance for conduction

Rcond ¼ ln r2
r1

2pLk
(9)

where R is thermal resistance (K/W).

The insulating materials in NIRR-1 are arrayed in a serial

configuration so the thermal circuit takes the form as shown

in Fig. 4 with Eq. (10). In this form, the heat transfer to the

outer surface of the steel tank is given by knowing the tem-

perature of the core (in contact with the water) and temper-

ature of the outer stainless steel tank.

qr ¼ Tcore � Tss
�

1
2prcoreLcoreh

�
þ 2

 
ln

rss;2
rss;1

2pkssLss

!

þ
 

ln
rconc;2
rconc;1

2pkconcLconc

! (10)

where Tcore ¼ temperature of the core (in contact with H2O);

Tss ¼ temperature of the outer stainless steel tank; rcore ¼ core

radius; Lcore ¼ core height; h ¼ heat-transfer coefficient of

water; rconc,1 ¼ inner radius of concrete layer; rconc,2 ¼ outer

radius of concrete layer; kconc ¼ thermal conductivity of con-

crete; Lconc ¼ height of concrete layer; rSS,1 ¼ inner radius of

stainless steel tank; rSS,2 ¼ outer radius of stainless steel tank;

kSS ¼ thermal conductivity of stainless steel; LSS ¼ height of

stainless steel tank.

To use Eq. (10) and find the heat loss through the tank

walls, the convective heat-transfer coefficient (h) of the tank

water was first calculated. The Grashof number is given by

[20].

Gr ¼ gbðTcore � ToÞL3core
v2

(11)

where Gr is Grashof number, g is gravitational acceleration

(9.8 m/s2), To is bulk pool temperature (20 �C), b is volumetric

thermal expansion coefficient of water (207.71 � 10�6 1/K, at

20 �C) [21]; v is kinetic viscosity of water (1.0058� 10�6 m2/s, at

20 �C) [21]; and L is the characteristic length of the heat-

transfer surface, equivalent to 0.9 times the diameter of the

pool (i.e., 2.43 m).

The result from Eq. (11) was multiplied by the Prandtl

number which is 7 for water at 20 �C to get the Rayleigh

number. The Rayleigh number is given by [9,20].

Nu ¼ 0:15Ra
1
3
l (12)

After finding the Nusselt number (Nu), the heat transfer

coefficient (h) was then calculated through their relationship

derived from Newton's law of cooling

NuL ¼ hL
k

(13)

where k is thermal conductivity of water at

20 �C ¼ 5.984 � 10�3 W/m-K [21].

2.4.2. Heat loss by evaporation
The heat losses due to the evaporation in the upper surface of

the reactor pool were calculated using the following equation

[22]:

qe ¼ _ug (14)

where g is the difference between the specific enthalpy of

saturated water and the specific enthalpy of saturated steam

at thewet-bulb temperature of the air in the reactor room, and
_u is the rate of mass transfer from the pool to the air, given by

the equation

_u ¼ Irair ðCsat�C∞Þ (15)

whereA is the area of the upper surface of the reactor pool, rair
is the air density, Csat is the vapor concentration at saturation

conditions for the air at the reactor room temperature, C∞ is

the vapor concentration in the air in the reactor room, and hd
is the mass-transfer coefficient given by the following

equation:

Fig. 4 e Thermal circuit diagram for Nigeria Research Reactor-1.
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hd ¼ hc

rairCpair

�
Pr
Sc

�2=3

(16)

where Pr is the Prandtl number (0.713 for the air at 20 �C), Sc is

the Schmidt number (0.612 for water vapor diffusing in the air

at 20 �C), Cpair is the heat capacity of the air, hc is the convec-

tion heat-transfer coefficient, obtained in terms Nusselt

number Nu [Eq. (12)], where K is the thermal conductivity in

the air (0.0257W/m-K) [21]. The Nusselt number was obtained

from the following equation:

Nu ¼ 0:14ðGr� PrÞ1=3 (17)

In Eq. (17), Gr is the Grashof number, which is expressed in

the form

Gr ¼ gbðTsur � T∞ÞL3
v2

(18)

where g is gravitational acceleration (9.8m/s2), b is volumetric

thermal expansion coefficient of air, v is kinetic viscosity of air

(15.11 � 10�6 m2/s at 20 �C) [21], Tsur is the water pool tem-

perature at the surface, and T∞ is the air temperature in the

reactor room.

2.4.3. Heat loss by convection
The rate of heat convection from the pool surface to the air

was estimated according to Newton's law [9,20]:

q00 ¼ hðT0 � TairÞ (19)

The average convection heat-transfer coefficient h can be

expressed in terms of Nusselt number [Eq. (12)].

where k is the thermal conductivity of air (0.0257W/m-K) [21].

The Nusselt number for horizontal surface has been

expressed in Eq. (12).

Rayleigh number is product of Grashof number and Prandtl

number and can be expressed as follows:

Gr ¼ gbðT0 � TairÞL3
av2

(20)

where g is the acceleration due to gravity (9.8 m/s2), b is the

volumetric thermal expansion coefficient of the air (3.4 � 10�3

1/K at 20 �C) [21]; T0 is the bulk pool temperature, Tair is the air

temperature in the reactor room, and v is kinetic viscosity of

air (15.11 � 10�6 m2/s at 20 �C) [21], and a is air thermal

diffusivity (1.9 � 10�5 m2/s) [21].

3. Results

3.1. The slope method calibration

We calculated the reactor pool heat capacity constant. In the

first approximation, it was assumed that the reactor pool

temperature is constant throughout the pool, and thus, all

heat losses from the pool were neglected. The reactor pool

was approximated as an insulated “point” system; the reactor

pool was treated as insulated (because the water, air, and

concrete temperatures were approximately equal), and

therefore, the reactor heat capacity Kwas just calculated from

wet pool volumeusing Eq. (2). All thermophysical properties of

water in this calculation were evaluated at 20 �C. The average

volume of water calculated during the experiment was found

to be 29.0 m3. The heat capacity (K) calculated was 33.6 kWh/
�C. The point pool approximation was used and this approx-

imation was reported to be acceptable for low calibration

powers (e.g., 20 kW) [9]. Zagar et al. [9] reported that with low

calibration power, the water natural convection is enough to

promote mixing in the pool and as such there was no need for

external stirring.

At the neutron flux of 1.2 � 1011 n/cm2s corresponding to

3.6 kW, the reactor operated for 3 hours with the cooling sys-

tem switched off to avoid the cooling of the pool water. During

this period, the inlet, outlet, and pool temperatures were

recorded for every 12minutes. The average values of the inlet,

outlet, and pool temperatures during this test period were

26.82 �C, 33.79 �C, and 24.63 �C, respectively. The result as

presented in Table 1 shows that there is no significant rise in

pool temperature with time at this power level. It can be

noticed from Fig. 5 that the graph has a poor fitting with least-

square regression line. Some of the points have large space

from this line. The line is only a close fit but not a best fit

because therearemuchspacesbetween the line and thepoints

it is supposed to fit. In addition, the regression coefficient (R2)

was 0.713, which is moderate but not very accurate. The ac-

curacy of the result of power calibration from these data is

doubtful, and as such the linear fit (slope method) on average

temperature-rising rates during thermal power calibration at

this power level is not the best fit. Thismethod is therefore not

suitable for calibration at lower power for NIRR-1.

For calibration at half power, the reactor operated at 15 kW

for over 6 hours and the chiller system was isolated to avoid

cooling of the pool water. Temperature versus time was

recorded for every 12 minutes. There was a steady rise of pool

temperature with time as can be seen in Table 2. The average

inlet and outlet temperatures were found to be 34.0 �C and

45.8 �C, respectively. The average pool temperature was

calculated and found to be 30.6 �C. The average water

temperature-rising rate and its fitted equation are shown in

Fig. 6. Table 2 presents the result of the experiment and Table

3 presents some parameters calculated during this period

using data obtained from Table 2. The power dissipation was

calculated using Eq. (1). The thermal power obtained using

Table 1 e Time and temperature data for the slope
method calibration at low power (3.6 kW).

Time (h) Inlet
temperature

(�C)

Outlet
temperature

(�C)

Pool
temperature

(�C)

0.0 24.0 24.2 24.5

0.2 24.4 32.0 24.5

0.4 25.8 32.3 24.5

0.6 26.2 33.6 24.6

0.8 26.8 34.1 24.7

1.0 27.0 34.5 24.6

1.2 27.3 34.8 24.7

1.4 27.4 35.5 24.6

1.6 27.9 35.6 24.7

1.8 28.0 35.8 24.7

2.0 28.4 36.3 24.8

2.2 28.6 36.8 24.7
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this method was 15.8 kW (±4%). The heat losses calculated

using Eqs. (10), (14) and (19) were found to be 0.7 kW. The

uncertainty associated with this method as calculated using

Eq. (22) was ±4%.

The reactor neutron flux was preset at its licensed full

power value of 1 � 1012 n/cm2/s and the reactor operated for 3

hours and 50 minutes with the cooling system (chiller)

switched off. During this period, the reactor pool temperature

risewith timewas recorded for every 12minutes. A steady rise

in pool temperature was observed as can be seen in Table 4.

The average water-rising rate and its fitted equation for cali-

bration at this power level are shown in Fig. 7. Table 4 presents

the results of the experiment. Some parameters calculated in

this period are presented in Table 5. The heat loss was

calculated to be 1 kW. The value of the thermal power ob-

tained (30.2 kW, ±5%) compares well with the value (29.5 kW)

calculated using the fitting formula based on the stimulation

test data during initial startup as reported in the NIRR-1 Safety

Analysis Report [23].

3.2. Heat balance method calibration

At a neutron flux of 1.2� 1011 n/cm2s corresponding to 3.6 kW,

the results as presented in Table 6 show a steady rise in inlet

and outlet temperatures (although not a significant increase)

with time. The coolant temperature was observed to be fairly

constant with an average value of 7.36 �C. As can be seen in

Table 6, the measured temperatures were observed to be

stable for about 1 hour from 13:00 PM to 14:00 PM. The value of

the average core flow rate obtained at this power level as

shown in Table 7 was 0.117 ± 0.006 kg/s. The heat losses

calculated was added to the thermal power calculated using

Eq. (4) and that gives the total thermal power. The total ther-

mal power calculated at this neutron flux value was

3.7 ± 0.3 kW. The uncertainty associated with the calibration

at this power level as calculated using Eq. (25) was 0.2 kW

(±5%). The parameters calculated from the measured data are

presented in Table 7.

Fig. 5 e Average temperature-rising rate during the slope

method power calibration at low power (3.6 kW).

Table 2 e Time and temperature data for slope method
calibration at half power (15 kW).

Time (h) Inlet
temperature

(�C)

Outlet
temperature

(�C)

Pool
temperature

(�C)

0.0 27.4 27.5 29.5

0.2 28.2 40.5 29.3

0.4 29.6 42.2 29.3

0.6 30.6 43.4 29.4

0.8 31.8 44.0 29.4

1.0 32.1 44.2 29.6

1.2 32.7 44.3 29.7

1.4 33.1 44.8 29.9

1.6 33.5 45.0 29.9

1.8 33.8 45.4 30.0

2.0 34.5 45.7 30.0

2.2 34.4 45.9 30.0

2.4 34.7 46.2 30.2

2.6 35.2 46.4 30.4

2.8 35.3 46.5 30.4

3.0 35.4 46.7 30.6

3.2 35.1 46.8 30.6

3.4 35.8 47.1 30.7

3.6 35.7 47.2 30.8

3.8 35.3 47.5 30.9

4.0 35.4 47.1 31.1

4.2 35.1 47.0 31.1

4.4 35.5 47.0 31.2

4.6 35.8 47.1 31.2

4.8 35.7 47.2 31.3

5.0 35.4 47.4 31.5

5.2 35.7 47.3 31.6

5.4 35.7 47.3 31.6

5.6 35.6 47.5 31.6

5.8 35.7 47.6 31.8

6.0 36.3 48.3 31.9

6.2 35.8 48.5 32.0

Fig. 6 e Average temperature-rising rate during the slope

method power calibration at half power (15 kW).

Table 3 e Slope method result at half power (15 kW).

Parameters Values

Temperature-rise rate DT/Dt (�C/h) 0.45

Average water temperature rise (�C) 29.5e32.0

Average pool temperature (�C) 30.58

Power dissipated (kW) 15.1

Thermal losses from the reactor pool (kW) 0.7

Total reactor power (kW) 15.8

Uncertainty (kW) 0.7 (± 4%)
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For calibration at half power, the reactor was critical at

15 kW, which was indicated on the control console and

microcomputer system. The reactor operated for 5 hours. The

power dissipated wasmonitored during the whole test period.

The inlet and outlet temperatures were measured and recor-

ded for every 20minutes and the coolant temperature for each

of the interval was determined. The difference in coolant

temperature was observed to be fairly stable with time having

an average value of 12.36 �C. As can be seen in Table 8, the

measured temperatures were observed to be stable for over 40

minutes. The value of the average core flow rate

(0.2892 ± 0.0071 kg/s) at this power level is in good agreement

with the value obtained by Jonah et al. [10] using the PLTEMP/

ANL code version 4.1. The specific heat capacity (Cp) values

were corrected as a function of the coolant temperature. The

heat losses from the reactor pool at this power level were

0.26 kW. The thermal power obtained was 15.2 kW (±7.9%).

The data measured during the experiment at this power level

are presented in Table 8. The parameters calculated from the

measured data are presented in Table 9.

For calibration at full power (30 kW), the reactor neutron

flux was preset at its licensed full power value of 1 � 1012 n/

cm2/s and was operated for 2 hours (for the purpose of short

irradiation) with the cooling system off. After the cooling

systemwas switched on, the reactor operated for over 3 hours.

As can be seen in Table 10, the measured temperatures were

observed to be for 40 minutes. The value of the average core

flow rate was 0.3742 ± 0.0104 kg/s as shown in Table 11. The

value of the thermal power obtained [30.7 kW (±7.9%)] tallies

with the value (29.5 kW) calculated from fitting the formula

based on the stimulation test data during the initial startup as

reported in the NIRR-1 Safety Analysis Report [23].

3.3. Slope method uncertainty

The power dissipation was calculated using Eq. (1). The power

uncertainty was then calculated considering the uncertainties

of the water density (r), the water volume in the pool (VW), the

estimated water-specific heat capacity (cp) as function of

temperature, the water pool temperature rise (DT), and the

time interval Dt. The power uncertainty uq is given by the

following equation [5e8,24,25]:
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where Ur, Ucr , Uvw , UT, and Ut are the consolidated un-

certainties of the independent primary variables r, Cp, Vw, T,

and t. Solving the differential partial equation gives the

following relative uncertainty expression for the value for the

thermal power:
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3.4. Heat balance method uncertainty

The power dissipated was calculated using Eq. (3). The power

uncertainty was then calculated considering the uncertainties

of flow rate ð _mÞ; the inlet and outlet temperatures, and the

estimated water-specific heat capacity (Cp) as function of

temperature.

The power uncertainty uq is given by the following equa-

tion [5e8,24,25]:

Table 4 e Time and temperature data for the slope
method calibration at full power (30 kW).

Time (h) Inlet
temperature

(�C)

Outlet
temperature

(�C)

Pool
temperature

(�C)

0.0 24.5 25.5 27.0

0.2 26.7 46.1 26.8

0.4 29.9 48.8 26.9

0.6 31.9 50.1 26.7

0.8 33.5 51.9 27.1

1.0 34.1 53.0 27.5

1.2 34.9 54.0 27.7

1.4 35.6 54.2 27.7

1.6 36.5 54.3 28.0

1.8 36.7 55.4 28.1

2.0 36.9 55.4 28.2

2.2 37.2 55.5 28.4

2.4 37.3 55.7 28.6

2.6 38.0 56.0 28.8

2.8 38.3 56.6 29.0

3.0 38.5 56.9 29.2

3.2 39.0 57.0 29.4

3.4 39.2 57.2 29.6

3.5 39.2 57.2 29.6

Fig. 7 e Average temperature rising rate during the slope

method power calibration at full power (30 kW).

Table 5 e Slope method result at full power (30 kW).

Parameters Values

Temperature-rise rate DT/Dt (�C/h) 0.86

Average water temperature rise (�C) 26.8e29.6

Average pool temperature(�C) 28.12

Power dissipated (kW) 29.0

Thermal losses from the reactor pool (kW) 1.2

Total reactor power (kW) 30.2

Uncertainty (kW) 1.5 (± 5%)
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where U _m, Ucr , UTint
, and UTout are the consolidated un-

certainties of the independent primary variables _m , cp, Vw, T,

and t. Solving the differential partial Eq. (23) gives the

following relative uncertainty expression for the value of the

thermal power:
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Upon adding the standard deviation of readings (Sq) of the

average power to Eq. (24), the uncertainty can be expressed as

Uq

q
¼
2

4
 
U'

q

q

!2

þ
�
Sq

q

�2
3

5

1
2

(25)

Eq. (6) was used to calculate coolant density at various

temperatures. The thermal power during these experiments

was calculated using Eq. (1) for the slopemethod and using Eq.

(4) for the heat balance method considering all the necessary

parameters in Tables 2 and 4 for the slope method and Tables

6, 8 and 10 for the heat balance method. The heat losses from

the reactor pool during these experiments were calculated

using Eqs. (10), (14) and (19). The uncertainties associated with

the calibrations were calculated using Eqs. (22) and (25) for the

slope and heat balance methods, respectively, considering all

the necessary parameters in Tables 3, 5, 7, 9 and 11. From the

Table 6 e Data obtained for calibration at low power (3.6 kW) by the heat balance method.

Time (h) Inlet temperature (�C) Outlet temperature (�C) DT (�C) r (kg/m3) _m (kg/s)

11:00 25.8 32.3 6.5 998.48 0.132

11:20 26.2 33.6 7.4 999.82 0.116

11:40 26.8 34.1 7.3 999.83 0.118

12:00 27 34.1 7.1 999.84 0.121

12:20 27.2 34.5 7.3 999.83 0.118

12:40 27.3 34.8 7.5 999.82 0.115

13:00 27.5 35.2 7.7 999.8 0.112

13:20 27.8 35.4 7.6 999.81 0.113

13:40 27.9 35.5 7.6 999.81 0.113

14:00 27.9 35.5 7.6 999.81 0.113

Table 7 e Result of the heat balance method at low power
(3.6 kW).

Parameters Values

Average coolant flow rate (kg/s) 0.117 ± 0.006)

Average inlet temperature (�C) 27.14 ± 0.71

Average outlet temperature (�C) 34.50 ± 1.02

Average DT (�C) 7.36 ± 0.35�C
Power dissipated (kW) 3.6

Total heat losses from the reactor pool (kW) 0.12

Total reactor power (kW) 3.7

Standard deviation of the readings, Sq (kW) ± 0.001

Uncertainty 0.2 kW (± 5%)

Table 8 e Data obtained for calibration at half power (15 kW) by the heat balance method.

Time (h) Inlet temperature (�C) Outlet temperature (�C) DT (�C) r (kg/m3) _m (kg/s)

11:00 32.9 45.8 12.9 999.32 0.277

11:20 33 46 12.8 999.33 0.279

11:40 33.9 46.3 13 999.3 0.275

12:00 34 46.3 12.3 999.39 0.29

12:20 34.2 46.4 12.2 999.4 0.293

12:40 34.3 46.6 12.3 999.39 0.29

13:00 34.4 46.9 12.5 999.36 0.286

13:20 34.7 46.8 12.1 999.41 0.295

13:40 34.8 47.3 12.5 999.36 0.286

14:00 34.8 46.9 12.1 999.41 0.295

14:20 34.9 47.3 12.4 999.37 0.288

14:40 35.4 47.3 11.9 999.43 0.3

15:00 35.5 47.6 12.1 999.41 0.295

15:20 35.5 47.6 12.1 999.42 0.295

15:40 35.6 47.8 12.2 999.4 0.293

16:00 35.5 47.8 12.3 999.39 0.29

Table 9 e Heat balance method result at half power
(15 kW).

Parameters Values

Average coolant flow rate (kg/s) 0.2892 ± 0.0071)

Average inlet temperature (�C) 34.59 ± 0.85

Average outlet temperature (�C) 46.92 ± 0.64

Average DT ð�CÞk 12.36 ± 0.31

Power dissipated (kW) 14.9

Total heat losses from the reactor pool (kW) 0.26

Total reactor power (kW) 15.2

Standard deviation of the readings, Sq (kW) ± 0.001

Uncertainty (kW) 1.2 (± 7.9%)
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values of the calculated uncertainties, it can be concluded that

the slopemethod is more accurate although this method does

not support calibration at lower power as can be seen from the

calibration graph in Fig. 5.

The range within the region of uncertainty in these exper-

iments agrees with other nuclear reactor calibrations [5e9].

4. Discussion

The thermal power of NIRR-1, a low-power MNSR, has been

calibrated. To cover the whole range of the reactor, the cali-

bration was performed at three different power levels: low

power (3.6 kW), half power (15 kW), and full power (30 kW).

Twomethods were used for the calibration, namely, the slope

and heat balance methods. The accuracy of these methods

was also analyzed in this work. The thermal power obtained

by the slope method at half and full power was 15.8 ± 0.7 kW

and 30.2 ± 1.5 kW, respectively. For the heat balance method,

the values of the thermal power obtained at low (3.6 kW), half,

and full power were 3.7 ± 0.3 kW, 15.2 ± 1.2 kW, and

30.7 ± 2.5 kW, respectively. The results show that the heat

balance method presented a larger uncertainty than the slope

method. In addition, the result indicates that the slope

method is not suitable for calibration at the lower power level.

The range within the region of uncertainty in these experi-

ments agrees with other nuclear reactor calibrations [5e9].
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