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ABSTRACT 
 

The modelling of strong absorber regions in diffusion theory is a well-known problem and 
many methods have been developed to accommodate the transport effects in diffusion 
theory. In this work the method of equivalent cross sections is evaluated for the ASTRA 
critical facility at the Russian Research Centre – Kurchatov Institute in Moscow. The 
measured reactivity worths of the control rods situated in the side reflector, are compared 
with the calculated values making use of equivalent diffusion parameters in VSOP. 
Favourable results were obtained for the control rods positioned within the first ring of 
reflector blocks with larger errors obtained for control rods positioned further from the 
core. Furthermore, the use of an equivalent boron concentration to represent the absorber 
regions was also investigated and shown to be useful if applied correctly and with care. 
However, the practical difficulties and restrictions imposed by the two approaches make the 
investigation of an alternative method, which should remove these shortcomings, attractive. 

 
 
1. Introduction 
 
Experiments performed in the ASTRA facility at the Russian Research Centre – Kurchatov Institute in 
Moscow [1] have specifically been defined to simulate the characteristics of the Pebble Bed Modular 
Reactor (PBMR) design. The most important of these is the presence of the central column or inner 
reflector region that contains only graphite spheres. This increases the neutron leakage into the side 
reflector with the benefit of increased reactivity worth of the control rods that are situated within the 
side reflector. A detailed description of the facility is included in Section 2. 
 
The deficiencies of diffusion theory to model highly absorbing regions are well known and a lot of 
work has been performed to calculate the so-called equivalent diffusion parameters. In the PBMR 
design and also in the ASTRA critical facility, the positioning of these highly absorbing regions in the 
side reflector, where the leakage out of the core adds a directional dependence to the flux, further 
complicates the problem. Despite these problems, reasonable results have been reported using the 
Method of Equivalence Cross Sections [2, 3] that is based on the principle of combining transport and 
diffusion methods to calculate adjusted diffusion coefficients. 
 
VSOP (Very Superior Old Programs) [4,5] is used as the main design tool for the PBMR core and 
makes use of the finite difference diffusion code CITATION as its flux solver. The validation of the 
code and specifically its accuracy in control and shutdown margin calculations are of particular 
interest. The use of ASTRA as a tool for code validation, but also in particular to evaluate the control 
rod modelling approach, is therefore valuable. In this work the control rod models used in VSOP 
calculations at PBMR Pty Ltd are evaluated by comparing the calculated control rod worth to the 
measurements made on the ASTRA facility. In some cases geometrical approximations are quantified 
by comparisons with MCNP [6] calculations. 
 
A short description of the ASTRA models employed and the required approximations are given in 
Section 3. The detail of the control rod models used and some of the difficulties are discussed in 
Section 4, with the control rod worth comparison with results included in Section 5. This is followed 
by the conclusions and future work.  



2. The ASTRA critical facility 
 
The ASTRA facility represents an upright graphite cylinder (the side reflector) with an octagon shaped 
core. Figure 1 shows a schematic view of the critical assembly cross-section as well as the longitudinal 
section. The outer reflector diameter is 380 cm while the core equivalent diameter is 181 cm. The core 
contains fuel, graphite and absorber spheres, all having a 6 cm diameter. The core is divided into three 
zones. The inner reflector zone, filled only with graphite spheres, has an outer diameter of 72.5 cm and 
is surrounded by the mixing zone with a thickness of 16.5 cm. The fuel only zone surrounds the 
mixing zone. 
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Figure 1  Radial and axial representation of the ASTRA critical facility 
 
The fuel design is similar to that of the PBMR with UO2 fuel kernels that are encased in carbon and 
silicon based coatings. These fuel particles are uniformly distributed in a graphite matrix. The main 
difference is that the fuel spheres contains 2.44 g of uranium that is about 21% enriched in comparison 
to the 9 g uranium of about 8% enrichment considered in the PBMR design. In an effort to simulate 
the PBMR spectrum in ASTRA, absorber spheres, which contain 0.1 g of boron in the form of 
uniformly distributed 60 µm boron-carbide particles, were added in the ratio 5 : 95 to regions 
containing fuel. 
 
The mixing zone contains a mixture of fuel, absorber and graphite spheres in the ratio 47.5 : 2.5 : 50. 
The fuel only zone contains only fuel and absorber spheres in the ratio 47.5 : 2.5. A random mixture 
was obtained by mixing the appropriate quantities beforehand and then loading it by hand in the 
appropriate region. A packing ratio of 0.625 was measured and assumed throughout. The shutdown 
rods (SR) and control rods (CR) are positioned in the side reflector as shown. 
 
3. ASTRA core models 
 
ASTRA facility calculational models were created for MCNP and VSOP. The MCNP model contains 
as much geometrical detail as possible. This includes the holes in the side reflector and the detailed 
control rod design. In the core the different pebbles were also modelled in detail, for example, the 
coated particles with its three coatings are modelled explicitly. Details of the fuel model in MCNP and 
the ASTRA initial criticality MCNP results can be found in reference [7]. 



A cylindrical coordinate system was selected for the VSOP ASTRA model with the result that a 
cylindrical core, with an equivalent outer diameter of 181 cm, was defined to approximate the 
octagonal outer boundary of the core region. The effect of the approximation was quantified with the 
use of two MCNP calculations (a homogenised core representation without any control and which 
conserve masses were used) where the geometrical effect on k-eff was shown to be relatively small 
(~100 pcm). However, the cylindrical core approximation also leads to a further complication in the 
positioning of the control rods. The rods can no longer be positioned at their physical positions, but 
were placed such that the distance from the control to the core-edge was preserved. It has not been 
verified if the geometrical effect would be similar for cases where the rods are inserted.  
 
 
4. Method of Equivalent Cross Sections and the control rod model 
 
Diffusion methods are generally not valid inside or in the vicinity of regions of strong absorbers. To 
overcome these problems combined transport-diffusion methods have been developed. One of these, 
the Method of Equivalent Cross Sections (MECS), has been applied with success in some HTR 
applications [2,3]. The principle is to model the absorber and its environment in transport theory (S-N) 
and then extract cross sections and diffusion parameters from the transport solution that will represent 
the absorber region accurately in subsequent 3-D diffusion calculations. In this paper MECS was 
applied to the ASTRA control rods and the obtained equivalent diffusion parameters evaluated in full-
core VSOP reactivity calculations. 
 
The steps followed in MECS and in this work can be summarised as follow: 
-  perform a 1-D cylindrical unit cell transport calculation for a heterogeneous control rod model 

(fine-group, fine spatial discretization, S-8/P-3) 
- calculate the few-group equivalent macroscopic cross sections and equivalent diffusion constants 
- perform the 3-D ASTRA core calculations in VSOP in six groups making use of the equivalent 

macroscopic parameters in the absorber region. 
 
The following characteristics of MECS and their practical implications are of importance in support of 
the arguments presented in this paper: 
- the volume of the absorber region in the transport and diffusion calculation must be conserved 
- equivalence is assumed between transport and diffusion theory at some point outside the absorber 

region surface 
- the equivalent parameters are dependent on the diffusion code solution method 
- the practical implication that the diffusion mesh size of the absorber region and its immediate 

neighbours are prescribed, and also, that these meshes may not be subdivided (no additional inner 
mesh points allowed). 

These cause difficulties in practical applications as will be discussed as part of the results in Section 5.  
 
Lets now consider the ASTRA control rods and the associated 1-D cell calculation. The control rods 
(CR) in the ASTRA critical facility are situated in the side reflector inside the axial channels (with a 
diameter of 11.4 cm) in the graphite blocks with positions as indicated in Figure 1. All these rods have 
the same configuration, consisting of 15 steel tubes, filled with natural boron carbide, arranged in a 
circle as shown in Figure 2a. Since a 1-D transport super-cell calculation is used as part of the process 
to determine equivalent diffusion parameters, the control rod was approximated as an annulus of boron 
carbide that is surrounded by steel (see Figure 2b). The midpoint of the absorber annulus was 
positioned at the 76 mm diameter and all material masses were conserved. In auxiliary MCNP 
calculations the validity of the smeared 1-D approximation of the ASTRA control assembly (the 15 
absorber rods smeared into a ring) was evaluated. The approximate model over-predicted the total 
control rod worth of CR5 by 0.05$ (2%). Although this can be considered small, the 1-D ring model 
can be adjusted to reproduce the reference. This was left for future work. 
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Figure 2  Control rod configuration (a) and equivalent model used in the cell calculation (b) 
 
The rest of the cylindrical super-cell was defined to represent the environment surrounding the control 
rod (void and graphite reflector block) with a fuel driver zone defined as the outer region. The area to 
be “homogenised” is defined as the rodded region and is selected to correspond with the volume of the 
mesh in the CITATION model where the equivalent diffusion parameters will be applied. In practice a 
mesh size of about 11.4 cm was used that is similar to the diameter of the channel accommodating the 
control rods. In order to satisfy the assumed equivalence between transport and diffusion theory at 
some point outside the absorber region surface, the sizes of the neighbouring meshes were found to be 
at least 6.4 cm. 
 
The total distance of the three meshes (absorber region and two neighbours) is thus in the order of 
24 cm. In the radial direction these three meshes are defined for the total angular space and therefore 
prevent the accurate modelling of any other control rods that are at a different distance from the core 
and who’s meshes overlap that of the first control rod. This limits the usability of MECS for the 
ASTRA facility.  
 
 
5. Results and discussion 
 
The control rod worths were calculated by performing k-eff calculations in VSOP for the cases with 
control totally inserted and totally extracted. The convergence in CITATION was set to be 1pcm in 
k-eff and 0.0001 for the flux. In all cases the reactivity for each control rod is given in dollars where 
the experimentally measured β of 0.0072 [8] was assumed.  
 
In Table 1 the reactivity worth of individual control rods are given for both the measured and the 
VSOP calculation making use of MECS. In each case the shortest distance from the core edge to the 
centre of the control rod or equivalent rod region is also given.  
 
Table 1 Reactivity worth of individual control rods represented by MECS 

CR and block 
position  

Distance from 
core (cm) 

Measured [$] VSOP [$] 
(MECS)  

% difference 

CR5 h4 12.5 -2.53 -2.40 -5.2% 
CR2 h12 12.5 -2.55 -2.39 -6.2% 
CR1 d8 13.0 -2.46 -2.33 -5.2% 
CR4 k5 17.7 -1.95 -1.95  0.2% 
CR2 h13 37.5 -0.88 -0.75 -15.2% 
CR2 h14 62.5 -0.22 -0.20 -11.2% 
CR2 h15 87.5 -0.03 -0.022 -26.7% 

 



The calculated results compare favourably with the measured values for the control rods positioned in 
the closest reflector positions (results above the line). For the three rods positioned closest to the core, 
the reactivity worths are all under-predicted and lie within a small band (0.6%) around –5.7%. For 
CR4, positioned an additional 5cm away from the core, the predicted worth falls within the quoted 
experimental uncertainty of ± 2.5% [8]. When the results for increasing distances are considered 
(results below the line), the differences are generally larger and increased significantly to -26.7% as 
the control is moved to the outermost rod position. At larger distances from the core the error made by 
diffusion theory is expected to increase. Note that in the last case (h15) the absorber region was 
positioned so close to the VSOP outer boundary that the mesh size, prescribed by MECS could not be 
satisfied. The discrepancy seen in the result of CR4 / k5 can also possibly be attributed to the presence 
of the two shutdown rod positions in close proximity to the control rod and the approximation used to 
account for the streaming effects in these two void areas. This will be investigated further in future. 
  
Although the results with MECS are very promising it should be noted that for each core-to-control 
distance, a separate model with radial diffusion meshes corresponding to the distances of concern, was 
used. As explained in Section 4, this presents a dilemma if multi-rod reactivity worth calculations are 
to be performed, since the diffusion meshes required to accurately represent the individual control rods 
will overlap. In most HTR designs and also in the current PBMR design, all the control and shutdown 
system positions can be accommodated within a single set of radial meshes so that MECS is 
applicable.  
 
Since the manual input option is used to introduce the equivalent cross sections in VSOP, the stepping 
out of the control rods can only be performed with the help of restart calculations (one required for 
each control rod step). This adds a practical difficulty in using MECS for incremental control rod 
VSOP calculations. Therefore, the equivalent cross sections are often replaced by an Equivalent Boron 
Concentration (EBC) smeared throughout the control rod region. In this case the rod movement can be 
defined in a single VSOP run and no restarts are required. The EBC is obtained by adjusting the 
absorber region boron concentration in the diffusion calculation until the control rod worth obtained 
from MECS is conserved. Although this approach will always conserve the MECS case’s reactivity 
worth (by definition), it does not conserve the flux distribution and reaction rates in the absorber 
region. Also the EBC for each assembly position should, in principle, be calculated separately, 
especially if they are positioned at varying distances from the core. This is illustrated below. 
 
A single EBC was determined to conserve the experimentally obtained worth of CR2 in position h12. 
The control rod was then moved away from the core to positions h13, h14 and h15. In the VSOP 
model the same EBC was then used to represent the rod when moved to the other positions further 
from the core edge, as indicated in Table 2. The calculated VSOP results are compared to 
measurements.  
 
Table 2 Reactivity worth of CR5 at different positions represented by a single EBC. 

Block position 
(see Figure 1) 

Distance from 
core (cm)  

Measured [$] VSOP [$] 
Boron equivalent  

% difference 

h13 37.5 -0.88 -0.77 -12.1 % 
h14 62.5 -0.22 -0.19 -14.1 % 
h15 87.5 -0.03 -0.008 -72.5 % 

 
It is immediately apparent that the calculated boron concentration can not be applied to other control 
regions. A similar effect was seen when control rod CR4 was moved from position k5 to l4. A possible 
reason is that the diffusion error increases for increased distances from the core. Also, the calculated 
boron concentration corrects the diffusion calculation for transport and self-shielding effects. These 
can be expected to be different for each control position, especially when positioned further away from 
the core. The use of a single set of EBC for control rods of the same design and at equal distances 
from the core, should however be acceptable. 
 
As a last example, the combined reactivity worth of several combinations of rods inserted in ASTRA 
was compared with the measured result. In this case the EBC for each control rod was determined and 



applied in the VSOP calculations. The differences shown in Table 3 are therefore due to the combined 
control rod effects, also called the interference effects. The results obtained are satisfactory and we 
conclude that the EBC method can be used to represent the reactivity effects of control rods, provided 
that an EBC is calculated for each “type” of control rod (in the sense of design or placement in the 
core). 

 
Table 3  Reactivity worth of combination of control rods each represented by its equivalent boron 

concentration 
Control Rod Combination Measured [$] VSOP [$] 

Boron equivalent  
% difference 

CR1 + CR5 -5.16 -5.12 -0.9% 
CR2 + CR5 -5.57 -5.53 -0.7% 
CR4 + CR5 -4.31 -4.34 0.8% 

CR1 + CR2 + CR5 -8.42 -8.43 0.1% 
CR1 + CR4 + CR5 -7.15 -7.31 2.2% 
CR2 + CR4 + CR5 -7.57 -7.76 2.5% 

 
 
6. Conclusions and future work 
 
The Method of Equivalent Cross Sections (MECS) applied for a single control rod positioned close to 
the core yields acceptable results (within 6.2%). This compares favourably with the typical errors 
reported in literature [3]. In this reference a 5% difference in absorber reactivities was reported for 
MECS applied to a realistic HTR design. A core with a diameter of 280 cm and control rods 
positioned about 15cm from the core was considered. Since the ASTRA facility is smaller (diameter of 
181 cm) the slightly larger errors could be expected. 
 
The MECS has the restriction that only a single inner mesh point in the absorber diffusion mesh can be 
specified. This restriction prevents the accurate modelling of the combined effects of ASTRA control 
rods, positioned at different core-to-control distances. This is due to the overlap in the individual 
control rod radial meshes. Although the method can theoretically be extended to allow more inner 
mesh points, this adds difficulties to the analytic expressions used in the determination of appropriate 
diffusion constants. 
 
The use of Equivalent boron Concentration (EBC) was shown to be a valuable practical tool in 
calculating control rod worths, provided that the reference rod worth is known. This can be calculated 
by MECS (for individual rods) or by any other reference calculation (for example MCNP). It 
performed well when the control rod interferences or combinations of control rod movements were 
studied. Since the method does not conserve reaction rates or the flux distribution, it should be used 
with care.   
  
In the current PBMR design, where all control and shutdown channels are equidistant from the core, 
both the MECS and EBC should be valuable tools in estimating the rod worths. The restrictions of 
MECS, although they do not present an immediate problem, may influence the diffusion model 
negatively when mesh refinement may be required by external factors or if the equal distance 
approach may be discarded in future designs. 
 
Since the control rods are positioned in cylindrical channels in the side reflector the neutron flux has 
some gradient in these regions. This will lead to effects of asymmetry that were not taken into account. 
These effects should be quantified and the possibility to investigate new methods, based on MECS, 
could perhaps be of value. Finally, the availability of MCNP to perform benchmark calculations must 
be seen as an essential part of any control rod worth evaluation.  
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