
Thermal Power Calibration of the TRIGA Mark II Reactor
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ABSTRACT

The reactor ex-core nuclear instrumentation provides information on the reactor power level,
which is essential for the safe operation of the reactor. In addition, information on exact reactor
power level is used for the normalization of reactor calculations. At the JSI TRIGA Mark II reactor
the instrumentation is periodically calibrated using the calorimetric method. Though relatively simple
and reliable it can be burdened with up to 30 % uncertainty. In the paper a new calibration process
using electrical heaters is presented, with which the heat capacity constant of the reactor pool is
calculated to be C = 19.6 kWh/K ± 0.3 kWh/K and the uncertainty of the thermal power value is
significantly reduced to approximately 2 %.

1 INTRODUCTION

Since the reconstruction of the TRIGA Mark II reactor in 1991, the ex-core nuclear instrumenta-
tion was calibrated using the thermal calibration process [1]. It is a calorimetric method where the
pool water is heated by the reactor core in steady-state operation. The temperature of the pool is
measured in constant time intervals and thus the temperature rise rate ∆T/∆t is determined. Upon
knowing the heat capacity constant C of the reactor, the thermal power P can be obtained by:

P = C
∆T

∆t
. (1)

The calorimetric method must be performed under specific and controlled conditions. In order to
reduce heat losses from the reactor pool, the temperatures of the surrounding concrete and air have
to be as equal as possible. In addition, to ensure that the convective water flow is as stationary as
possible, the operating power of the reactor needs to be relatively low, i.e. around 40 – 60 kW.
This way the natural convection itself is capable of creating good mixing conditions and no exter-
nal stirring mechanism is required. However, in most cases these conditions are not ideally fulfilled
and thus some level of uncertainty is introduced to the calibration results. Although the calorimetric
calibration method is relatively simple and is not time consuming, it can be burdened with up to 30
% uncertainty. The source of these uncertainties can be the heat capacity value or the temperature
rise rate measurements, if the reactor pool and its surroundings are not in thermal equilibrium. An
additional uncertainty source is the neutron flux redistribution effect, which occurs because of non
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symmetrical control rod insertion. This can cause the local neutron flux to be lower which results in
the “shadowing” of the neutron detectors response. Therefore an ex-core detector, which is located
near a control rod, can measure different flux values, which are dependent on the rod position. The
deviations of the flux measurements caused by the redistribution can amount up to 20 % and could
thus represent the biggest uncertainty contribution. However, the effect is taken into account by
applying a calculational correction factor to the readings of the detectors [1, 2]. It is of prime impor-
tance to optimize the calibration method and reduce any plausible uncertainties since the calibration
results are directly linked to the nuclear detector output, which represents the basis for the opera-
tors reactor power reading. This mostly affects the fuel element burn-up and neutron calculations,
where the results are commonly normalized to the reactor power level. The purpose of this paper is
to present a new innovative approach of performing the thermal power calibration and significantly
reducing its uncertainty.

2 HEAT CAPACITY

The level of uncertainty of the power value obtained through Eq. (1) can be reduced by ei-
ther minimizing the estimated error of the heat capacity constant C or the temperature rise rate
∆T/∆t. Measurements of the latter can be optimized by increasing the number of thermometers
placed throughout the reactor tank and their quality (sensitivity and accuracy). The reference value
of constant C = 19.05 kWh/K on the other hand has remained unchanged since the last reconstruc-
tion of the reactor, when it was provided by the manufacturer company General Atomics (GA) [3].
The composition of the reactor has changed significantly in the last decades, which consequently
means the alteration of the heat capacity constant. In addition, the derivation of the value given by
GA is not well documented – hence one can question its reliability.

In this paper the effort of better defining the heat capacity constant C of the reactor – and conse-
quently minimizing the calibration uncertainty – is presented. In general, the constant can be deter-
mined either by calculation or experimentally. The calculational value can be estimated by combining
the capacity constants for specific components of the reactor. The quality of the calculational result
strongly depends on the number of reactor components taken into account. In this manner the first
approximation would simply be equal to the heat capacity of the pool water because of the large
volume share compared to other components in the reactor tank [4]. Of course, the uncertainty of the
calculational estimation is greater for larger systems with more complex heterogeneous geometry.

In September 2012, a new power calibration process of the TRIGA reactor was tested. The
principal idea behind the method remained the same, e.g. measuring the temperature rise rate of the
heated pool water, but the heat source was replaced. Instead of exploiting the heat released by the
fuel elements in steady-state operation, electrical heaters were placed in the reactor core. This was
done by inserting 9 waterproof heater elements in the empty fuel element positions in the reactor
core. In order to accurately measure the temperature changes of the pool water and monitor the
temperature of the surrounding system, 12 thermometers were employed in various positions in the
reactor. The power of the electrical heaters can be precisely measured and by obtaining the ∆T/∆t
ratio one can calculate the experimental value of the heat capacity by reversing Eq. (1). The main
advantage of using electrical heaters as a heat source is the possibility of accurate power output
measurement. Accurate knowledge of the amount of generated heat enables a good estimate of the
heat capacity of the reactor pool. The heaters have an individual electrical power output in the order
of several kWs, so the installation of multiple heaters in the core amounts to P0 ∼ 40 kW. P0 is
also in the reactor power range where the thermal hydraulic conditions are suitable for executing the
standard calibration process. Hence with the knowledge of the heat capacity value for a specific heat
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power output P0 the routine calibration method at a steady-state reactor operation of the same power
value can be performed. As a result the ex-core nuclear detectors are calibrated using a precisely
determined heat capacity constant and with a large set of thermometers that enable constant and
accurate monitoring of temperature change rates.

2.1 Experiment overview

The experiments took place at the Jožef Stefan Institute TRIGA Mark II research reactor. The
JSI TRIGA core has an annual configuration and consists of concentrically arranged fuel elements.
The lower and upper supporting grid of the core serve the purpose of supporting and fixing the fuel
elements, control rods and other auxiliary instrumentation in place. The core is submerged in an
aluminium water tank approximately 6 m high and 2 m wide, that is surrounded by heavy concrete.
The side view of the reactor and a simplified view of the reactor core with electrical heaters are shown
in Fig. 1.
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Figure 1: Side view of the TRIGA reactor with the positions of the temperature sensors and a view
of the reactor core with both supporting grids, fuel elements and electrical heaters.

9 electrical heaters were inserted in the generally empty outer F ring of the reactor core as shown
in Fig. 1. Because of the specific and non homogeneous positioning of the electrical heaters the
speed and temperature of the rising convective currents differed over the cross section of the core.
In the effort of mapping the current temperatures as accurately as possible, 8 type PT100 resistance
thermometers denoted CH3 – CH10 were positioned throughout the reactor tank as shown in Fig.
1. To monitor plausible heat losses from the reactor pool, resistance thermometers denoted CH1
and CH2 were employed to measure the air temperature in the reactor hall and the heavy concrete
temperature.

2.2 Experimental results

Both experiments were divided into two parts, the first being the heating of the water in the reactor
tank using either the heaters or the reactor heat and the second the termination of the heat source and
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subsequent cooling of the water. The advantage of using electrical heaters in a calibration procedure
is the possibility of accurate power output determination. During the experiment the measurements
were made using a Siemens Sentron PAC3100 compact power monitoring device with an uncertainty
in power measurements of ± 1% [5]. The monitoring data of the electrical heater power output is
presented in Fig. 2. The heaters were on-line for approximately 4 hours with the average power of
P = 42.7 kW ± 0.7 kW. As can be seen in the graph the power measurements were deviating all
throughout the readings, which is most probably the result of small network voltage changes, but the
average gradients are within the measurement uncertainty which is graphically denoted by the red
error bar in the upper left corner.
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Figure 2: Measurements of power output during the operation of electrical heaters.

The gradual change of the pool water temperature was measured with 8 resistance thermometers, 7
of which where directly used to gather data for further analysis. The measurements were plotted on
a linear scale T (t) graph and fitted with a linear function by the least square method. The ∆T/∆t
coefficient was determined for each data set individually and thus the heat capacity constant C was
calculated by reversing Eq. (1). A fitted graph with calculated function parameters and heat capacity
constant is shown for a characteristic thermometer channel. The measurements are that of CH4
resistance thermometer, which was located 0.2 m beneath the surface of the water tank close to the
aluminium casing to the right hand side in reference to the pool center line. As can be seen in Fig.
3 the temperature rate measurements are very consistent with the linear fit with no larger deviations.
The gradient of the linear function is ∆T/∆t = 2.1784 K/h ± 0.0005 K/h. The measurements of
thermometers, that were located closer to the reactor core, like that of CH7 in Fig. 3, show larger
deviations in the temperature rise rate values. This occurs because of the thermometer proximity to
the heat source which increases the influence of convective water pockets that distort the temperature
measurements. Larger data deviation also results in larger uncertainty of the fitting parameters. With
the individual temperature gradients ∆T/∆t determined, it is possible to calculate the values of
heat capacity C. The temperature rise rates and calculated heat capacity constants for all channels
are presented in Tab. 1. The results show a relatively good consistency and the calculated heat
capacities are equal within the uncertainty intervals. The error of the calculated capacities amounts up
to approximately 1.7 %, which is mostly the consequence of the uncertainty in the average electrical
heaters power output P value. The relative difference between the measured heat capacity and the
manufacturer proposed one is calculated to be ∼ + 3 %.

The calibration procedure offers accurate and reliable results when the average temperature of the
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Figure 3: Temperature rise rates and fitted functions for channel 4 and 7 measurements.

Table 1: Results of the heating process using electrical heaters, including the calculated values of
temperature gradients and heat capacities.

Channel Position ∆T/∆t [K/h] C [kWh/K]

CH3 Top, left 2.1789± 0.0006 19.6± 0.3
CH4 Top, right wall 2.1784± 0.0005 19.6± 0.3
CH5 Top, center 2.1737± 0.0006 19.6± 0.3
CH6 Middle, center 2.167± 0.001 19.7± 0.3
CH7 Bottom, center 2.191± 0.002 19.5± 0.3
CH8 Middle, right wall 2.1727± 0.0005 19.7± 0.3
CH9 Bottom, right wall 2.1808± 0.0005 19.6± 0.3

pool water is approximately equal to that of the surrounding materials, e.g. concrete and air. These
conditions can not be fulfilled at all times and some level of heat transfer in both directions must
be accounted for. The situation where the external environment temperatures are higher than pool
temperatures is discussed first. If the temperature of the air above the reactor pool is greater than the
water temperature, the heat transfer occurs only by convection through air. Because the effects of
this mechanism are relatively small it can be neglected [1]. But when the concrete wall temperature
is higher than pool temperature the effects are more complex. In this case heat transfer is not the
prevailing effect but rather the reduction in effective pool water mixing [1]. The formation of a non-
mixing boundary layer occurs and the effective volume of the circulating water decreases to such an
extent that the model of the analysis used above fails. Therefore such conditions must generally be
avoided and if they do occur, the temperature difference between concrete and pool water must be as
low as possible. In most cases the water temperature is higher than that of the surroundings and the
heat losses that arise have a non-negligible effect on the calibration measurements. The losses can
be estimated by either a calculational or experimental approach. An assessment was performed in
[1] using a simple thermodynamic model with average water, air and concrete temperatures typically
measured in calibration procedures. The calculated temperature decrease rate was ∆T/∆t = − 0.12
K/h. The basic idea behind the experimental approach is to record the temperature changes of the
pool water after the heat source has been shut down. The water tank is cooling itself by heat transfer
through the concrete walls and the air at the surface of the water. The measurements of the losses

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 8  ̶  11, 2014

703.5



703.6

were made using the same number and positioning of resistance thermometers as in the heating part
of the experiment – this way the local temperature decrease rate was determined.

The analysis of the measured temperature changes was performed using the basic Newton’s law
of cooling, which is shown in Eq. (2). If the body of interest – pool water – is treated as a single solid
object with spatially non-dependent values of heat capacity C and temperature T , and by defining
T (0) as the initial body temperature, one can derive a temperature decrease rate equation:

dT

dt
= −hS

C
(T (t)− Tenv) → T (t) = Tenv + (T (0)− Tenv) · exp

(
−hS

C
· t

)
, (2)

where h is the heat transfer coefficient, S is the surface area through which the heat transfer occurs
[6]. The equation describes an exponential decrease of the body temperature that is converging to an
asymptotic value which equals the environmental equilibrium temperature Tenv. After the termination
of the heat source in the experiment, the pool water started to cool itself by heat convection through
the surface of surrounding materials, which includes components of the reactor core, the graphite
reflector, the concrete walls and the air at the pool surface. By measuring the temperature decrease
rate at multiple positions, the effect of the heat transfer through these reactor pool components is
being recorded. Of course Eq. (2) is not appropriate for the description of multi-body heat interaction
and therefore the thermal dynamical model of the reactor has to be simplified. First we neglect the
interactions between the pool water and the relatively smaller core components, e.g. fuel elements,
core supporting structure and graphite reflector, and focus on the air and concrete wall. To help assess
the heat losses, measurements of the temperature of heavy concrete and air in the reactor hall were
executed using CH2 and CH1 resistance thermometers and are presented in Fig. 4.
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Figure 4: Temperatures of the air in reactor hall and concrete during pool water cooling.

As can be seen on the left graph of Fig. 4 the temperature readings of the air in the reactor hall are
distorted and do not follow the expected trend, i.e. temperature rise because of the convection from
heated water. The explanation lies in the fact that the reactor hall itself thermally interacts with the
outside world and the measurements in the upper graph are actually proportionate to daily outside
air temperatures. In addition the presence of people on the reactor platform can significantly distort
the temperature measurements. On the other hand, readings of the heavy concrete wall temperatures
that are presented on the right graph of Fig. 4 show an asymptotic exponential behaviour which
corresponds to a water to concrete heat transfer. The asymptotic temperature, denoted in the graph
with a horizontal red line, represents an equilibrium temperature of the heat receiving concrete wall
and is in further analyses considered as the environmental temperature Tenv. With the concrete wall
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being postulated as the main heat exchanging surface and the value of Tenv determined, Eq. (2) can
now be used to analyse the measured cooling data. Through the fitting of the cooling function on
the measurements of all 7 channels one can assess the heat rate changes defined by the Newton’s
law, which in fact represent the absolute value of power loss due to heat leakage. A fitted graph for
the measurements of pool cooling with calculated function parameters and heat loss estimations is
shown for one thermometer channel. As can be seen in Fig. 5 the cooling measurements for channel
7 are relatively consistent with the exponential fit and no noticeable discrepancies can be seen.
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Figure 5: Temperature fall rate and fitted function for channel 7 measurements.

As stated before, the presumption in deriving the heat loss equation was that the environmental
temperature is constant. On the right graph of Fig. 4 one can see that the concrete temperature
- assumed to be the main heat exchange contributor - reaches a constant value at the absolute ex-
perimental time of ∼ 20 h. Hence, in order to assess the power losses due to heat leakage at a
constant environmental temperature, only data for experimental times ≥ 20 h is used. It is calcu-
lated that the average rate of heat loss is Q̇ = − 1.2 kW ± 0.1 kW and the average temperature
fall rate ∆T/∆t = − 0.06 K/h ± 0.01 K/h. With the average power of the electrical heaters being
P = 42.7 kW ± 0.7 kW, the heat losses represent approximately 3 % of the output.

After the determination of the heat capacity constant and the assessment of heat losses, the elec-
trical heaters were extracted from the core and a standard calibration process was executed. The
reactor was operating at a steady-state power of approximately 43.9 kW while measurements of the
temperature rise rate were performed using the same thermometer positioning as shown in Fig. 1.
Upon calculating the ∆T/∆t coefficients the actual reactor power by using the Eq. (1) can be deter-
mined. The correction due to heat losses was also taken into account by adding the estimated Q̇ to
the total power value. Results for all 7 measurement channels are shown in Tab. 2.

As can be seen in Tab. 2 the calculated thermal power values show good consistency and match
within the uncertainty interval, their average value being P = 43.4 kW ± 0.9 kW. The average
discrepancies between the nominal and calculated powers amount to approximately 0.5 kW, which
is smaller than the estimated error. In conclusion, the precise thermal calibration shows good con-
sistency between the average calculated power values and the nominal power values. The thermal
power was determined using a specifically calculated heat capacity constant and taking into account
heat losses at a constant environmental temperature. This enables a solid estimate of the uncertainty
in the power values, which is calculated to be 2 %.
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Table 2: Thermal power values determined by the calibration process at a nominal steady-state reactor
power of 43.9 kW with discrepancies ∆P between the calculated and nominal power.

Channel ∆T/∆t [K/h] Q̇ [kW] P [kW] ∆P [kW]

CH3 2.1594± 0.0007 − 1.2± 0.2 43.6± 0.9 − 0.3
CH4 2.1656± 0.0007 − 1.3± 0.1 43.7± 0.9 − 0.2
CH5 2.1502± 0.0007 − 1.2± 0.1 43.5± 0.9 − 0.4
CH6 2.1407± 0.0009 − 1.2± 0.2 43.4± 0.9 − 0.5
CH7 2.1562± 0.0006 − 1.2± 0.1 43.2± 0.9 − 0.7
CH8 2.1492± 0.0006 − 1.2± 0.2 43.5± 0.9 − 0.4
CH9 2.1516± 0.0005 − 1.2± 0.1 43.3± 0.9 − 0.6

3 CONCLUSION

In the paper the basic concept and the execution of the alternative calibration method at the
TRIGA Mark II has been introduced. It has been shown that by using electrical heaters with a
measurable power output the heat capacity constant of the reactor can be precisely determined, its
average value being C = 19.6 kWh/K±0.3 kWh/K. By employing 7 thermometers throughout the
reactor tank a comparison between the thermal-dynamic conditions of different positions was enabled
as well as a rough insight into the flow distribution of the heated water. The calculated temperature
rise rates and heat capacity values show good consistency within the uncertainty intervals which
indicates on the adequate mixing conditions in the water pool. The final calculated thermal power
of the reactor, including the effects of heat losses, matched with the operator power value within the
estimated error. The thermal power value can be used in further analyses and calculations with a
certain degree of trust and with the estimate of the calibration method uncertainty of 2 %.
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