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ABSTRACT 
 
Considering that the power of the IPR-R1 TRIGA reactor, located at the Nuclear Technology Development 
Center, Brazil, will be increased from 100 kW to 250 kW, some experiments were done in order to evaluate the 
magnitude of the reactivity effects associated with the reactor operation.  The core excess of reactivity obtained 
was 1.99 $, and the shutdown margin was 0.87 $.  The reactivity needed to operate the IPR-R1 reactor at 
100 kW was 0.72 $, mainly due to the prompt negative temperature coefficient.  A significant amount of 
reactivity is needed to overcome temperature and allow the reactor to operate at the higher power levels.  The 
loss of reactivity due to xenon poisoning after eight hours of operation at 100 kW was around 0.20 $, and the 
highest reactivity loss value caused by a void inserted in the central thimble was 0.22 $.  From the results 
obtained, it was possible to balance all the determined reactivity losses with the reactivity excess available in the 
reactor, considering the present and the future reactor power operation.  It was concluded that it will be 
necessary to increase the reactivity excess by adding fuel elements in the core to operate the reactor at 250 kW. 

 
 

1. INTRODUCTION 
 
The thermal power operation of the IPR-R1 TRIGA reactor, at the Nuclear Technology 
Development Center - CDTN, Belo Horizonte, Brazil, is 100 kW. Its power will be upgraded 
to 250 kW, and it only depends on the CNEN license to operate the reactor at this power.  
The current 250 kW core configuration has 63 fuel elements composed of 59 aluminum clad 
elements and 4 stainless-steel clad fuel elements.  The reactor reactivity is controlled by three 
control rods.  
 
This paper reports the results of a set of experiments which were performed to: calibrate the 
control rods; determine the reactivity excess and the shutdown margin; evaluate the losses of 
reactivity due to simulated voids inserted in the core; determine the reactivity needed to 
operate the IPR-R1 reactor at 100 kW; and investigate the effect of the xenon poisoning 
during eight hours of operation at a steady-state power level of 100 kW.  From the analysis of 
these results, it is possible to conclude that the reactivity excess should be increased by 
loading fuel elements in the core to operate the reactor at the new power. 
 

2. REACTOR DESCRIPTION 
 
The IPR-R1 TRIGA reactor is a pool light water reactor cooled by natural convection.  The 
fuel is a solid, homogeneous mixture of uranium-zirconium hydride alloy containing about 
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8.5% and 8% by weight of uranium enriched to 20% in 235U, for stainless-steel and aluminum 
clad elements, respectively [1, 2, 3].  The core has cylindrical configuration with an annular 
graphite reflector.  There are 91 locations in the core altogether, which can be filled by fuel 
elements, graphite elements or other components.  The elements are arranged in five 
concentric rings.  The 250 kW core configuration has 63 fuel elements composed of 59 
original Al-clad elements and 4 fresh SS-clad fuel elements [4].  The power level of the 
reactor is controlled by three control rods: Regulating, Shim and Safety.  The Shim and the 
Safety control rods are positioned at different locations of C-ring, and the Regulating rod at 
F-ring.  Figure 1 shows the geometrical configuration of the fuel elements, graphite dummy 
elements and control rods loaded in the core. 

 
 

 

Figure 1.  IPR-R1 TRIGA reactor core. 
 

3. EXPERIMENTAL MEASUREMENTS 
 

3.1. Control Rod Worth 

 
The control rods were calibrated by the positive period method.  The Shim and Safety rods 
were intercalibrated.  The idea was to measure one control rod in presence of the other rod, 
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which is used for compensating the reactivity introduced by step withdrawal of the measure 
rod.  The reactivity measurements were performed at a power of less than 25 W, so the 
temperature increase during the experiment was negligible.  Figures 2, 3, and 4 show the 
calibration curves of integrated worth of the Regulating, Shim and Safety rods, respectively, 
where the values were plotted as a function of the rod positions.  The experimental values of 
the control rods reactivity for the present core are presented in Table 1. 
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Figure 2.  Integral curve of the Regulating control rod. 
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Figure 3.  Integral curve of the Shim control rod. 
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Figure 4.  Integral curve of the Safety control rod. 
 
 

3.2. Excess of Reactivity and Shutdown Margin 

 

The reactivity excess (ρexc) of the core was experimentally determined from control rod worth 
critical positions, at low power, and from their calibration curves.  The average value 
obtained was 1.99 $, or 1572 pcm. 
 
Shutdown margin applies to the reactivity margin by which the reactor core will be 
considered shutdown when the reactor is shutdown in a cold, xenon free condition.  The 
shutdown margin was evaluated from the difference between the total control rod worth and 
the combined worth of the total reactivity excess and the most reactive rod worth.  Based on 
this definition, a value of 0.87 $ (687 pcm) was calculated.  This value of the shutdown 
margin assures that the reactor can be shutdown from any operating condition even with the 
assumption that the highest worth control rod remains fully withdrawn (stuck rod condition).  
Table 1 shows the measured values of the control rods worth, the reactivity excess, and the 
shutdown margin for the current IPR-R1 core configuration.  The shutdown margin of 
687 pcm satisfies entirely since the minimum safety limit required for the IPR-R1 TRIGA 

research reactor is 200 pcm (0.20% δk/k) [1, 5]. 
 

Table 1.  Results of reactivity  (ββββeff of the IPR-R1 reactor is 0.0079) 

 
ρρρρ    

($) 
ρρρρ    

((((pcm)    
Regulating Worth 0.52 411 

Shim Worth 2.63 2078 

Safety Worth 2.34 1849 

Reactivity Excess  1.99 1572 

Shutdown Margin – Shim rod out 0.87 687 
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3.3. Loss of Reactivity with Power Increase 

 
Because of the prompt negative temperature coefficient, a significant amount of reactivity is 
needed to overcome temperature and allow the reactor to operate at high power levels.  The 
experiment was performed by increasing the reactor power, and, consequently, the fuel 
temperature by withdrawing the Shim rod in a number of steps.  Initially, the reactor was 
critical at 20 W.  The reactivity was determined from the calibrated curves, considering each 
critical rod position.  Figure 5 shows the relationship between the reactor power level, raised 
in steps of 10 kW, and the associated reactivity loss to achieve a given power level.  All the 
numerical values are given in Table 2.  The reactivity needed to operate the IPR-R1 reactor at 
100 kW, or the power defect, is 72 cents (569 pcm). 
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Figure 5.  Reactivity loss versus power level. 
 
 

Table 2.  Loss of reactivity for the power intervals measured 

Power 
(kW) 

Shim 
(pos.) 

Reg. 
(pos.) 

ρρρρ1 

(Shim) 
(¢) 

ρρρρ2 

(Reg) 
(¢) 

∆∆∆∆ρρρρ 
(¢) 

∑∆∆∆∆ρρρρ 
(¢) 

0.02  472 536 24.5 26.0     0 0 

10 490 541 35.5 26.6 11.6 11.6 

20 500 560 42.0 28.9 8.8 20.4 

30 510 575 47.5 31.0 7.6 28.0 

40 521 575 55.0 31.0 7.5 35.5 

50 532 575 62.5 31.0 7.5 43.0 

60 542 575 69.0 31.0 6.5 49.5 

70 552 575 75.0 31.0 6.0 55.5 

80 562 575 80.5 31.0 5.5 61.0 

90 572 575 86.5 31.0 6.0 67.0 

100 582 575 91.0 31.0 4.5 71.5 
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3.4. Xenon Poisoning 

 
Captures of neutrons in 135Xe result in a negative reactivity effect in thermal reactors, because 
of the large capture cross section of this fission product [6].  In addition to the power raising 
experiments, the effect of the xenon poisoning during eight hours of operation at a steady- 
state power level of 100 kW was investigated.  The reactivity loss versus the running time is 
plotted in Figure 6.  After eight hours, the estimated value of the negative reactivity 
introduced in the reactor was around 20 cents (158 pcm). 
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Figure 6.  Reactivity loss due to the 135Xe buildup versus time at 100 kW. 
 

3.5. Loss of Reactivity Due to Void  

 
The presence of voids in a reactor has a significant effect on the reactivity, thus being of 
primary importance for the reactor safety and controllability.  The voids can be produced 
either inherently, such as in cases of subcooled boiling, or they may be introduced on 
purpose, as for material irradiation. 
 
The reactivity changes induced by the void were measured by introducing in a critical core a 
simulated void, i.e., a closed aluminum tube which contained atmospheric air.  Thus, the 
reactor was brought back to the critical state with the help of a calibrated control rod, and the 
change in the reactivity was determined by the change in the position of the control rod.  The 
insertions were made in the numbered positions between some fuel elements, and also in the 
central thimble.  These insertions substituted water.  After, the void was introduced in the F24 
position replacing a graphite element.  The tube was inserted in the whole active core depth, 
at once.  All these positions are shown in Figure 1. 
 
The insertion of the same volume of void in the central thimble (higher flux) induces a larger 
reactivity loss, 22.0 cents (174 pcm) compared to its 17.2 cents (136 pcm) value when 
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inserting the void in the F24 position.  A small simulated void introduced in the holes 
between the fuel elements induces small loss of reactivity.  It was calculated the average 
value of the reactivity loss per ring, and the results are presented in Figure 7.  The farther the 
core center the smaller the reactivity loss is. 
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Figure 7.  Reactivity loss due to void introduced in the core rings versus radial position. 
 
 

4. REACTIVITY BALANCE EVALUATION 
 
Although the reactivity effects associated with the insertion and removal of experiments in 
the core are difficult to predict, Table 3 provides a guide to the magnitude of the reactivity 
effects associated with the IPR-R1 TRIGA reactor operation.  The last column shows the 
results that were obtained in the experiments performed at 250 kW [4].  The measurements 
done at this power were used as a benchmark for validation of different computer codes and 
reactor calculations [4].  Considering that the present reactivity excess of the core is 1.99 $, 
the results in the table show that if the reactor were operated during a period of about eight 
hours at 250 kW, with a void inserted in the central tube, this excess of reactivity would not 
be enough, but if the reactor operates in the same conditions at 100 kW, 0.85 $ is left to 
compensate other reactivity negative effects. 
 
 

Table 3.  Reactivity specifications for IPR-R1 TRIGA reactor 

100 kW 250 kW [4] 
Loss Specification 

Reactivity Requirements ($) 

Power - 0.72 - 1.60 

Xenon - 0.20 - 0.27 

Central Thimble: Void x Water (P = 25 W) - 0.22 

TOTAL - 1.14 - 2.09 

Reactivity Excess                      1.99 
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In addition to considering the losses due to temperature, fuel depletion, voids, and fission 
product poisoning, some reactivity excess must also be included for operation and for any 
other effects.  A certain amount of reactivity excess, i.e., additional fuel must therefore be 
included in the reactor to overcome the negative effects of reactivity during operation. 
 
Experimental values of the fuel element reactivity worth in different rings of the IPR-R1 
reactor are presented in [7].  Those values were determined from the difference in the critical 
position of the control rods when the measured element was inserted in and withdrawn from 
the core. 
 
The design maximum excess reactivity in the core, above a cold, clean, critical, and compact 
core condition is 3 $ for either type of fuel [1, 2, 5].  Thus, the maximum reactivity transient 
which can occur would be that produced by the accidental insertion of the entire available 
amount of excess reactivity. 
 
 

5. CONCLUSIONS  
 
As the power of the IPR-R1 TRIGA reactor will be upgraded to 250 kW, it was necessary not 
only to evaluate the magnitude of the reactivity effects associated with the reactor operation 
due to the power increase, the xenon buildup, and voids inserted in the core, but also to 
compare them with the current excess of reactivity of the reactor. 
 
The reactivity excess obtained for the current core was 1.99 $, and the shutdown margin with 
the most reactive rod stuck out of the core was 687 pcm, hence, higher than the minimum 
safety limit required (200 pcm).  The reactivity worth of the control rods is adequate to allow 
complete control of the reactor during operation from a shutdown condition to full power, 
and it also satisfies the condition that at least two control rods should independently have 
sufficient reactivity worth to shutdown the reactor.  The reactivity needed to overcome the 
temperature and allow the IPR-R1 reactor to operate at 100 kW was 72 cents.  The negative 
reactivity introduced by the xenon in the reactor, after eight hours of operation at 100 kW, 
was approximately 20 cents.  The highest negative value of the reactivity introduced by the 
void was 22 cents in the central thimble. 
 
From the analysis of the results obtained in this work it was concluded that it will be 
necessary to increase the excess of reactivity of the core by adding fuel elements to it in order 
to overcome the negative effects of reactivity during operation at the new power.  
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