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ABSTRACT 

Reactivity worth of a control rod can be determined by various experimental methods. 

During such measurements by the rod-drop method or by the rod-insertion method kinetic 

effects play an important role. Flux spatial distribution may exhibit significant time dependence 

due to the effect of the delayed neutrons, so that the difference between static and dynamic 

reactivity values may exceed ten percent. Thus one cannot properly determine the reactivity 

worth using only static computer simulation – kinetic simulation code is needed. In this paper 

preliminary results from such kinetic simulation of a rod-drop experiment with a newly updated 

deterministic computer code GNOMER are presented. 

1 INTRODUCTION 

In nuclear reactors, the reactivity worth of a control rod is an important safety-related 

parameter. The time needed to perform reactivity worth measurements using various methods 

depends mostly on the type of reactivity compensation needed. The rod-insertion method has a 

specific advantage of requiring no such compensation, nevertheless yielding both total 

reactivity worth 𝑊, as well as integral and differential reactivity worth curves. 

Complementary to the (rod-insertion method’s) constant control-rod-insertion speed, one 

can regard the rod-drop method as a limiting case with the time of insertion defined by gravity 

and limited only by the drag in the coolant. Such fast changes in the reactor core geometry 

present a tough test for any kinetic model prediction. It is also expected that a nearly 

instantaneous drop would enhance any transient process that may occur. 
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In point-kinetics approximation the neutron flux is assumed to be separable into the 

spatial distribution (or shape) 𝑆, and the amplitude function 𝑇, according to the equation 

 𝜙(𝑟, 𝐸, 𝑡) = 𝑆(𝑟, 𝐸, 𝑡) ∙ 𝑇(𝑡) , (1) 

with the flux shape being normalised whilst retaining its weak time dependence [1]. When 

dealing with small reactivity changes this time dependence can be neglected. This is not our 

case. Shortly after reconfiguration of the reactor core (e.g. movement of a control rod) the 

neutron flux distribution begins to tilt towards regions of weaker absorption (e.g. without the 

presence of a control rod). In particular, the flux shape of prompt neutrons differs from the flux 

shape of delayed neutrons as their precursors’ decay introduces an inherent time delay. 

Static simulations yield neutron flux solutions in which the prompt and the delayed 

neutron populations are in equilibrium, regardless of the magnitude of deviation from 

criticality. Dynamic simulations follow the actual time evolution of both prompt and delayed 

neutrons and thus provide proper insight into the physical events during the experiments. The 

newly updated GNOMER computer code [2] possesses the capabilities for both static and 

dynamic simulations. 

2 MEASUREMENTS 

Experimental data were acquired in a sequence of two measurements on the TRIGA Mark 

II research reactor at the Jožef Stefan Institute [3]. In both measurements the core conditions 

and the flux detector were the same, but different data acquisition systems were used. The first 

measuring system (labelled D) is a validated hardware and software junction known as the 

DMR-043 [4]; the second (labelled S) is a test implementation on a PC, which uses a newer 

and faster electrometer Keithley 6517. Each of the two systems has its own level of background 

noise 𝑇𝑏, that has to be subtracted from the measured flux signal 𝑇𝑚: 

 𝑇𝑚 = 𝑇𝑛 + 𝑇𝑏 + 𝑇𝑞. (2) 

Here 𝑇𝑞 represents the contribution of the independent neutron source in the measured signal 

and needs not to be subtracted from it (the source neutrons contribute to the multiplication). It 

can be accounted for explicitly and determined using a dedicated subroutine in the DMR-043 

code [4]. 𝑇𝑛 is the signal of fission neutrons, excluding spontaneous fissions. 

In order to compare the results from the two measuring systems on an equal basis, the 

signal from the faster electrometer was averaged to yield time intervals similar to those of the 

slower electrometer. The original data on a denser time grid can be used to check the 

dependence on the sampling frequency. 

Note that the flux signal is taken from an uncompensated ionisation chamber which lies 

well outside the reactor core. During repositioning of a control rod the flux shape redistribution 

prevents the raw signal to be representative of the true core average flux amplitude 𝑇(𝑡). To 

overcome this, a well-tested procedure of applying the flux redistribution correction is used [5]: 

 
𝑇(𝑡) = [𝑇𝑚(𝑡) − 𝑇𝑏(𝑡)] ∙ ℎ(𝑡) ;        ℎ(𝑡) =  {1 + (𝑓𝑌 − 1) ∙ |

𝜌(𝑡)

𝑊𝑌
|}

−1

 
(3) 

The neutron flux signal with subtracted background is multiplied by the redistribution factor 

ℎ(𝑡) for given positions of the detector and the control rod 𝑌. 𝑊𝑌 is the total reactivity worth 

and 𝑓𝑌 the amplitude of the signal change due to the redistribution; other quantities were defined 

previously. In our case 𝑓 < 1 and thus ℎ(𝑡) > 1. 
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3 KINETIC SIMULATION 

Having obtained the true neutron amplitude signal of the core from the measurements, 

the simulation took place. From the derivation of the point-kinetics equations we know that 

equations are valid if the amplitude function is proportional to the average neutron density. To 

calculate the neutron density a minimalistic geometrical model was used, comprising seven 

radially homogeneous fuel slices with top and bottom axial reflectors (Figure 1). To meet 

GNOMER’s needs, the cylindrical TRIGA geometry was transformed into the Cartesian 

geometry, while preserving the cross sectional area. Homogenised incident neutron cross 

sections were obtained with the WIMSD5 lattice code [6], [7]. Furthermore, reflective radial 

boundary conditions were used. Such geometry is essentially a 1D model, but confirms that 

kinetic simulations can be run in full 3D. 

 
Figure 1: Visualization of the geometrical model. Seven fuel slices of equal heights are put 

between two axial reflector slices. Reflective radial boundary conditions are applied on the 

vertical surfaces. 

The kinetic simulation implemented in GNOMER uses a simple Euler (explicit) 

propagation scheme. Therefore it is highly susceptible to errors emerging from too large time 

steps (i.e. it is only conditionally stable). We are limited upwards with the value of the largest 

delayed neutron decay constant 𝜆, so that it holds 

 (1 − 𝜆Δ𝑡) > 0. (4) 

A value of 0.01 s is considered to be generally acceptable [8][7]. 

4 RESULTS 

The inserted negative reactivity is the parameter to be determined and is not known a 

priori. Furthermore, the model simplifications add another component of uncertainty. Therefore 

the time-dependent flux attenuation was chosen as our reference parameter. By adjusting the 

buckling it was possible to reproduce the measured signal very well (Figure 2; left). The signal 

after about 100 s should be ignored, since at that time the experiment was completed and the 

reactor operator started to withdraw the control rod. Following the usual post processing of the 

flux signal with the DMR-043 system, the calculated reactivity using the fluxes from the 

simulation closely resembles the reactivity obtained by analysing the measured values (Figure 

2; right). Conversely, by adjusting the reactivity change the simulated flux was found matching 

the measured one. Altogether this validates the GNOMER’s new kinetic modules and justifies 

the approximations used. 

Note that the reactivity time evolution for the measurements and the calculation was 

obtained through post-processing of the flux signal with the same system (i.e. DMR-043). 
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Consequently for any two similar neutron flux time evolutions we ought to get equivalent 

results. The kinetic simulations can then be further tested by implementing the reactivity 

calculation directly into GNOMER code (e.g. in the form of point-kinetic definition [1]), which 

is left for future work. 

 
Figure 2: Comparison between calculated and two measured flux signals of the core (left) and 

their respective reactivity (right). After about 100 s the experiment was completed and the 

reactor operator started to withdraw the control rod. 

A closer look at Figure 3 reveals some notable features. Clearly seen on the left graph is 

the effect of the finite drop time in the measurements versus truly instantaneous buckling 

change in the calculation (rod-drop started at time 𝑡 = 0). On the right graph a slow paced 

undershoot is observed for the simulated reactivity. The strong undershoot in the measured 

reactivity, evident from the right graph on Figure 2, is believed to originate from numerical 

algorithms and approximations in calculating the reactivity from the measured signal [4]. 

 
Figure 3: Details from the Figure 2. 

The estimation of the measured control rod reactivity worth within post processing was 

repeated several times in order to eliminate the dependence on certain post-processing 

parameters associated with signal smoothing (graphs above show results of only one such 

estimation). This allowed us to deduce the best-estimate values and their accompanying 
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uncertainties as presented in Table 1. Values with the label GD can be reproduced from the 

right graph of Figure 3. Two ordinary (i.e. static) GNOMER calculations with critical and 

subcritical buckling, respectively, yielded static reactivity worth 𝑊𝐺𝑆 by equation 

 
Δ𝜌 = 𝜌2 − 𝜌1 =

𝑘2 − 𝑘1

𝑘2𝑘1
 

(5) 

to be 𝑊𝐺𝑆 = 2258 pcm. 

 

Table 1: Measured and calculated control rod reactivity worth values and uncertainties. 

Case Label Worth [pcm] Uncertainty [pcm] 

Experiment  – S ES 2617 40 

Experiment  – DMR  ED 2703 125 

GNOMER  – dynamic GD 2593 9 

GNOMER  – static GS 2258 N/A 

 

Lastly the difference between static and dynamic reactivity worth can now be quantified: 

 𝑊𝐺𝑆 − 𝑊𝐺𝐷

𝑊𝐺𝐷
= −12.9 % ± 0.3 % 

(6) 

This shows that kinetic effects indeed play an important role in control rod worth 

measurements. Furthermore, the difference is of the same order of magnitude as previously 

observed in a comparison of measured and calculated reactivity worth for the rod-insertion 

method [9]. 

5 CONCLUSION 

The deterministic neutron diffusion code GNOMER has been successfully updated to 

possess the capability of performing kinetic (i.e. time dependent) simulations. The simulation 

of a rod-drop experiment exhibited good agreement with experimental data. The calculated 

neutron flux has the same qualitative behaviour as the measured one, with calculated reactivity 

being within statistical uncertainties from experiments. 

The difference between the static and dynamic reactivity worth for the rod-drop method 

exceeds ten percent, thus confirming the importance of the kinetic effects. On the contrary, no 

new reactivity transient effect following the insertion of a control rod could be identified with 

sufficient clarity. 

Future plans involve the implementation of the reactivity calculation directly into 

GNOMER code, the precision improvements and, even more importantly, the kinetic 

simulation of the control rod reactivity worth measurement by the rod-insertion method with 

full 3D geometrical model. Flux redistribution and its effects are then expected to be clearly 

observable. 
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