
 

 
 

THERMAL POWER CALIBRATION OF THE TRIGA MARK I IPR-R1 REACTOR DURING THE 
UPGRADING TESTS TO 250 kW 

Amir Zacarias Mesquita, Fausto Maretti Júnior and Hugo Cesar Rezende 
Centro de Desenvolvimento da Tecnologia Nuclear - CDTN/CNEN 

Caixa Postal, 941 
30.161-970 – Belo Horizonte, MG, Brazil 

Emails: amir@cdtn.br, fmj@cdtn.br, hcr@cdtn.br 
 
 
 
 

ABSTRACT 
 

This paper presents the results and the methodology used to calibrate the thermal power of the 
TRIGA MARK I IPR-R1 Reactor in CDTN, Belo Horizonte, Brazil. This calibration was realized 
during the operation tests carried out to allow the reactor power upgrade from the current 100 kW to 
250 kW. The methodology consisted in the measurement of the inlet and outlet temperature and the 
water flow in the primary cooling loop. The thermal balance together with the thermal losses gave 
the thermal power. There were made three sequences of tests. The first rising of the thermal power 
was made with the usual configuration of the core (59 fuel elements). After the changing of the ion 
chambers position and the control rod and the increase of the number of fuels (63 fuel elements), a 
new evaluation of the thermal power was accomplished, having been obtained a thermal power of 
234 kW, for an indication of 250 kW in the lineal channel. After the return of the core to the initial 
configuration (59 fuel elements), it took place a new test, getting back the reactor to the power level 
of 100 kW. 

 
 

I. INTRODUCTION  
 

The monitoring of the reactor thermal power 
consisted in the measurement of the inlet and outlet 
temperature of the water flow in the primary cooling loop 
and the calculation of the heat losses to the environment. 
The power dissipated in the refrigeration will be closer to 
the power generated in the reactor, when accomplished in 
the best conditions for a thermal balance, that is, 
maintained the temperature of the water pool close to the 
temperatures of the environment, that is to say, of the 
atmospheric air in the room of the reactor and of the soil 
[1], [2] and [3]. The heat transfer are minimized between 
the pool and the soil, pool and the air sets and in the piping 
of the cooling circuit. This balance has been obtained after 
some hours of reactor operation at night, when the flotation 
of the involved temperature are smaller.  

Through the measurements of the temperatures at 
the entrance and exit of the water in the cooling circuit, as 
the flow in piping, the power dissipated by the cooling 
system, can be calculated. That added to the losses, gives 
the thermal power of the reactor. These losses correspond 
to a very small fraction of the total power.  

The TRIGA MARK I IPR-R1 Reactor power is 
usually shown in the console by three indicators that 
receive the signals from the nuclear channels (neutrons 
detectors). They are called logarithmic, lineal and percent 
power channels.  

 
 

II. THE POWER CALCULATION 

 
Dissipated power in the Primary Cooling Circuit. The 
cooling power is given by the equation:  
 
P cooling = qm . Cp . ΔT         [W]    (1) 

where;  

qm = water mass flow of the primary circuit, in [kg/s];  

 
Cp = specific heat of the fluid in [J/kg/ oC];the value is 
obtained of tables that supply the specific heat of the 
water in function of the temperature, (for 22oC, Cp is 
4180 [J/kg/ oC]);  
 
ΔΤ =  difference of the inlet/outlet primary cooling 
system temperature in oC, ( T in-T out ); 

 
The data acquisition software used for the 

measurement, registers all parameters every 5.7 seconds. 
The following parameters are monitored:  

− Temperatures at the reactor pool, soil and atmosphere;  
− the inlet and outlet temperatures of the water in the 

cooling loop; 
− water flow in the cooling system.  

With the collected data and the use of the Equation. 
(1), and with the qm value and Cp corrected in function of 
the fluid temperature, the software calculates the dissipated 
power in the cooling circuit.  
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The Figure 1 shows the cooling primary circuit of 
the reactor with the equipment used.  

 
 

 

 
 
Figure 1. Primary Cooling System and Instrumentation 

Distribution 
 
 

Losses between the Reactor tank and the environment. 
The heat change between the reactor tank and the 
environment are given by: conduction with the soil, by the 
lateral walls and by the bottom of the tank, and by 
convection and evaporation with the atmospheric air, by the 
tank surface. The TRIGA MARK I IPR-R1 Reactor [4] has 
the core placed below the floor, in the bottom of a 
cylindrical tank 6.625 m depth and with 1.92 m of 
diameter, whose top one finds 25 cm below the level of the 
room.  

The tank of the reactor is formed by three coaxial 
cylinders: two cylinders of steel foil separated by a layer of 
20 cm of concrete, and an internal cylinder of special alloy 
of aluminum (A-5052-H34), separate from the cylinder of 
steel by a layer of 7.1 cm of concrete.  

 

 
 

Figure 2. Revetments of the TRIGA MARK I IPR-R1 
Reactor Tank 

 
 

The Change of Heat between the Tank and the Soil. The 
change of heat for the lateral walls is given by the equation 
shown below [5]:  
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where,  

Tint is the medium temperature of the internal wall of the 
tank, in [ºC];  
Text is the medium temperature of the soil around the 
reactor, in [ºC];  
Ral is the thermal resistance to the conduction of 
heating the aluminum coating;  
Rci is the thermal resistance to the conduction of heat in 
the internal wall of concrete;  
Rac is the thermal resistance to the conduction of heat in 
the wall of stainless steel; and  
Rce is the thermal resistance to the conduction of heat in 
the external wall of concrete.  

The thermal resistances to the conduction heat 
transfer, in [W/K], are obtained from the following 
equation, for cylindrical walls [5]:  
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where,  
l is the depth of the tank (6,417 m);  
K is the thermal conductivity of the material, in 
[W/(m·K)];  
re and ri  are the internal and external rays of each wall 
layer, in [m].  

 



 
Thus, can be found the thermal resistances for 

values of k found in KREITH [5].  
The change of heat through the bottom of the tank is 

given for:  
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The values of the thermal resistances to the transfer 

of heat for conduction in the plane surface, are obtained of 
the following equation [5]:  

AK
LR =                                                                  (5) 

 
where  

L is the thickness of each wall layer, in [m], and A 
is the area of its medium section, in [m2].  

 
Change of Heat between the Tank and the Atmospheric 
Air. The change of heat due to the evaporation in the 
surface of the reactor tank was calculated by the expression 
[6]:  

λ⋅= mqev &                                                                (6) 
where:  

λ is the latent heat of vaporization of the water at the 
temperature of humid bulb of the atmospheric air, in 
[J/kg];  
 
m is the rate of mass transfer from the tank to the air, in 
[kg/s], given by:  
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being:  
 

A is the surface of the tank, in [m2];  
  ρar  is the density of the air, in [kg/m3];  
Csat is the concentration of vapor saturation in the air to 
the reactor room temperature, in [kg/kg of dry air];  
C∞ is the vapor concentration in the air in the reactor 
room, in [kg/kg of dry air];  
hD is the coefficient of mass transfer, in [m3/(m2·s)], 
given by:  

3
2

arar

c
D Sc

Pr
Cp

h
h ⎟

⎠
⎞

⎜
⎝
⎛

⋅
=

ρ
                                         (8) 

 
Pr is the Prandtl number (0,708 for the air to 25 ºC);  
Sc  is the Schmidt number (0,60 for water steam 
diffusing in the air to 25 ºC);  
Cpar is the specific heat of the air, in [J/(kg·K)];  
hc  is the coefficient of heat transfer by convection, in 
[W/(m2K)], given by:  

Nu
L
khc =                                                        (9) 

k is the thermal conductivity of the air, in [W/(m K)];  
L is the characteristic length of the surface of heat 
change, equivalent, in the case, to 0,9 times the 
diameter of the tank, that is, 1,728 m;  
Nu is the Nusselt number, given by:  

( ) 3/1PrGr14,0Nu ⋅=                                           (10) 

 
Gr is the Grashof number, given by:  
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g is the gravity acceleration, in [m/s2];  
β is the volume expansion coefficient of the air; in  
[K-1];  
Tsup is the water temperature in the tank at the surface, 
in [K];  
T∞ is the air temperature in the room of the reactor, in 
[K];  
ν is the cinematic viscosity of the air, in [m2/s].  

 
During these tests, the relative humidity of the air at 

the reactor room was measured and the values considered 
for the air properties.  

The heat transfer by convection in the surface of the 
reactor was calculated [6] by:  

 
( )∞−⋅⋅= TTAhq supcc                                           (12) 

 
 

III. INSTRUMENTATION 
 

A number of 15 thermocouples (type K and type T) 
with mineral isolation and shielding in stainless steel were 
used to measures the temperatures. Seven thermocouples 
were positioned in a vertical probe and spaced in such a 
way to cover all the depth of the tank. Three thermocouples 
were placed above the pool to measure the temperature of 
the atmospheric air and 3 thermocouples were distributed in 
the three holes of the floor of the reactor room to measure 
the temperature of the soil with a depth of about 3 m. Two 
thermocouples were positioned in the cooling piping of the 
tank, being one at the inlet and another at the outlet of this 
circuit. The lines of temperature measurements were 
calibrated in an integral way, including thermocouples, 
extension cables, acquisition card and computer, and the 
equations found for each thermocouple were added to the 
data acquisition software.  

The flow of the cooling primary circuit was 
measured by a hole plate and a differential pressure, 
transmitter. The differential pressure transmitter was 
calibrated and the equation adjusted was added to the data 
acquisition software.  



The signals of the 15 thermocouples and of the 
pressure transmitter were transferred to a conditioning card 
Advantech, model PCLD-789, that also makes the 
temperature compensation, and addresses the signals to an 
analog/digital converter card Advantech, model PCL-
818hd, installed in a computer, that calculates and records 
all data. Each registration corresponded to the average of 
50 readings and the standard deviations of these 50 
readings were also registered. . The acquisition data 
software registers the data at every 5.7 s, showing in the 
computer video monitor, the evolution of the temperatures 
and the pressure, and the value of the power that this being 
dissipated in the cooling system at the moment, calculated 
by Eq. (1). 

 
 
 

IV. RESULTS  
 

Power of the Reactor with the Configuration of the 
Nucleus for 100 kW. The first rising of the thermal power 
was accomplished on the November 30, 2000, with the 
usual configuration of the core (59 fuel elements), with the 
positioning ring of the neutrons measurement detectors 
having been changed already. The detectors were 
positioned the closest possible of its previous positions, in 
the old positioning ring. The power indicator of the lineal 
channel of the control console was changed, also, to reach 
the value of 250 kW.  

The Reactor was critical during about 9 hours, with 
the lineal indicator of the control console indicating 100 
kW. The Fig. 3 shows the evolution of the average 
temperature of the pool and the inlet and outlet 
temperatures of the refrigeration water during the 4 final 
hours of the test. The Fig. 4 shows this evolution in the 
period of 50 min where the temperature of the pool was 
stabled. Finally, the Fig. 5 shows the evolution of the total 
power (power dissipated in the cooling added with thermal 
losses) in this period of larger stability. 

As they were calculated in the software, the power 
dissipated in the reactor, in the period of 50 min of larger 
stability, were:  

 
 
 
 
 

Power dissipated in the primary circuit 103 kW 
Thermal losses  2 kW  
Total power of the reactor  105 kW  
Standard deviation of the readings  3 kW  
Uncertainty  18 kW  
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Figure 3. Temperature Evolution the in the Reactor 

Pool with the Configuration for 100 kW  
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Figure 4. Considered Interval of Temperature Stability 

of in the Test for 100 kW  
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Figure 5. Power Evolution in the Stabilization Range of 

(for 100 kW)  
 

Reactor Power with the Core Configuration for 250 
kW. On the December 3, 2000, after the changing of the 
place of the ion chambers and the positions of the control 
rods and the increase of 4 fuel elements (63 elements), a 
new evaluation of the thermal power was accomplished.  

The reactor was critical during approximately 8h, 
with indication in the lineal channel of the control console 
in 250 kW. The Fig. 6 shows the evolution of the average 
temperature of the pool and of the inlet and outlet 
temperatures of the cooling system, during the final 7 hours 
of the test. The Fig. 7 shows these data in an interval of 3.5 
hours, when the temperatures were stabled, the interval that 



was used for the thermal calculation of the reactor power. 
Fig. 8 shows the evolution of the total power of the core in 
the considered interval.  

As calculated, there were obtained the following 
powers dissipated in the reactor:  

 
Power dissipated in the primary circuit 230kW  
Thermal losses  4kW  
Total power of the reactor 

 

 234kW  
Standard deviation of the readings  3kW  
Uncertainty  16 kW  
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Figure 6. Reactor Pool Temperature Evolution in the 

Configuration for 250kW  
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Figure 7. Temperatures Evolution in the Stability 
Interval (for 250 kW)  
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Figure 8. Reactor Power Evolution in the Stabilization 
Interval (for 250 kW)  

 

Power of the Reactor with the Return of the Core for 
the Configuration of 100 kW. On the January 04, 2001, 
after the core return to the initial configuration (59 
elements), a new evaluation of the thermal power of the 
reactor took place.  

The reactor was critical during a period of about 
12h, with indication in the lineal channel of the control 
console in 100 kW. The Fig. 9 shows the evolution of the 
average temperatures of the tank and of the entrance and 
exit of the cooling loops, during the final 10 hours of the 
test. Fig. 10 shows these temperatures in the period of 
larger stability (1,6 hours), obtained between the period of 
4,4 h and 6,1h. Finally, Fig. 11 shows the evolution of the 
total power in this period of stabilization.  

As calculated, there were obtained the following 
powers dissipated in the reactor:  

 
Power dissipated in the primary  113 kW  
Thermal losses  2 kW  
Total power of the reactor  115 kW  
Standard deviation of the readings  2 kW  
Uncertainty  11 kW  
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Figure 9. Reactor Temperatures Evolution in the  

Return Test for 100 kW  
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Figure 10. Temperatures in the Stability Interval of 
Temperature (100 kW)  
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Figure 11. Reactor Power Evolution in the Interval of 

Stabilization (100 kW)  
 
 
V. ESTIMATE OF THE UNCERTAINTY.  
 
The power, as it was calculated by Eq. (1), is subject 

to the errors of the flow measures and temperature, the 
estimated specific heat of the water, obtained in function of 
its temperature, besides the errors due to the oscillation in 
the own measure of the power. Thus, the uncertainty in the 
power value is resulted of the combination of the 
uncertainty due to the flow ( m& ) [7], the uncertainty in the 
value of the specific heat (Cp) and of the uncertainty due to 
difference of the inlet and outlet temperature (ΔT), as 
shown in the equation below [8]:  
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The values of uncertainties showed previously in the 

results of the three tests, were calculated by the acquisition 
data software, considering all the parameters influencing 
this measurements  

In the future power calibrations, the operation team 
intends to use thermal resistors (PT-100), in the place of the 
thermocouples used to measure the inlet and outlet 
temperature of the primary cooling loop, that will permits 
to reduce the errors of these measurements.  
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