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ABSTRACT 

The ASTRA Critical Facility at the Kurchatov Institute in Moscow was used to perform 

critical experiments to simulate the PBMR reactor core deslgn as being developed by 

PBMR (Pty) Ltd. The aim of these benchmarks is to validate the code system VSOP, 

currently used for PBMR core neutronics 'calculations. In this work these benchmark 

calculations are discussed and invesagated. 

Experiments performed at the facility include criticality expeliments, control rod worth 

measurements and reactivity measurements. To aid in the verification, the Monte Carlo 

code MCNP was used to calculate some of the experiments and compared to the VSOP 

results. 

The flux solver in VSOP uses the iinite difference dtffusion method to determine the 

neutron dismbution in the core. The problem of modeling a highly absorbing region, such 

as control rods, in diffusion calculations is well known and many methods have been 

developed to accommodate the transport effects in diffusion theory. This problem is 

compounded in the case of the ASTRA facility (and PBMR) due to the positioning of the 

control rods in the side reflector and the associated directional dependence of the flux. 

One of the methods that can be used for the control rod model is that of equivalent cross 

sections. This method has been shown in the past to yield acceptable results for pebble bed 

type reactors. In this work the method of equivalent cross-sections is evaluated by applying 

it to calculations of control rod experiments performed at the ASTRA facility. It is shown 

that results are favorable for control rods situated within the &st ring of reflector blocks, 

with larger error obtained for control rods situated further from the core. Additionally, a 

method in which an equivalent boron concentration is used to represent the absorber 

region is invesagated. This is shown to be useful if applied correctly and with care, 

especially in the case of differend control rod worth. 
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1 Introduction 

1.1 Overview 

Validation of any code system used in the design of a nuclear reactor, especially when 

p&g to the neuttonics of the core, is of utmost importance in any project. Though 

often the codes have been validated for exisdng designs, new innovations and changes 

necessitate additional validation to capture these new features. 7111s is the case for the 

pebble bed modular reactor (PBMR 268 MWt) [I] currently being designed by PBMR (Pty) 

Ltd, where the code package used for core neutronics calculations, VSOP [2] needs to be 

validated for the envisaged core design. 

As part of the validation, a critical facility named ASTRA was set up at the Russian 

Research Center, Kurchatov Institute, Moscow [3], under contract from PBMR (Pty) Ltd 

to simulate the neutronics of the PBMR design. Various benchmark experiments were 

performed at the facility, and it is these experiments that are the basis of the validation 

under inve~~gation in h s  thesis. A picture of the ASTRA facility is shown in Figure 1.1. 
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Figure t -t: The ASTRA critical facility at the Russian Research
Center, Kurchatov Institute Moscow

The PBMR is a high temperature gas cooled reactor type, which uses spherical fuel

elements containing coated particle kernels of uranium. The core is cylindrical in shape and

surrounded by a graphite reflector. Figure 1-2 shows a graphical representation of the

PBMR 268 MWt core.

Two main features of the PBMR design distinguish it &om previous high temperature

pebble bed type designs, namely the presence of a dynamic central column of graphite



spheres in the center of the core, and, secondly the positioning of the control rods in the 

side reflector while still maintaining a relatively large core diameter. Previously 

implemented reactor deslgns had either noses that protmded into the core (AVR [4]) or in- 

core control rods (THTR [5]). The central column is included to flatten the flux profde and 

thereby ensure a more even distribution of the flux in the radial direction. This also 

provides increased leakage into the side reflector of the core, resulting in the possibility to 

position the control rods in the side reflector and still obtain sufficient control rod worth 

for reactor control. 

The new features included in the PBMR design increase the importance of performing 

benchmark calculations to validate the usage of VSOP. The aim of this work is to provide 

such a benchmark in the form of comparisons between the experimental results and results 

calculated with the code system. Experiments inveshgated include critical experiments, 

control rod worth measurements (including integral and total worth measurements) and 

reactivity effects. 

The flux solver in VSOP, namely CITATION [8], is based on finite difference diffusion 

methods. As discussed in Section 3.5, diffusion theory breaks down in the presence of a 

strong absorber, such as control rods. In the PBMR design this problem is compounded 

by the fact that there is a directional dependence in the flux at the control rod position due 

to the streaming of neutrons out of the core: another property that diffusion theory can 

not account for. The validation of current methods for control rod worth calculations is 

therefore one of the most pressing needs in the validation of VSOP and the main focus of 

this work. 



Fyire  1-2 PBMR 268 MWt core layouts 

In order to extend the investigation, verification of some of the results was also performed 

using Monte Carlo methods via the computer code MCNP [6]. Being a full 3-dimensional 

code, it allows for more detailed modeling of the geometry of the reactor, and, since the 

stochastic method used does not have the same shoacomings as the diffusion method, it 

provides an efficient tool for verification of the calculations. 

1.2 Introduction to Core Neutronics Calculations 

The design of nuclear reactors requires extensive use of computational code packages for 

the analysis of the core in terms of such factors as safety and economic consideration, 

among others. In determining these values, the most important factor is the distribution of 

neutrons in the core. It is the neutron dtstribution that determines the rate at which various 



nuclear reactions occur within the reactor. Furthermore by studying the behavior of the 

neutron population it is possible to infer the stability of the system (i.e. the criticality). To 

determine the neutron dsmbution in the core it is required to invesngate the process of 

neutron transport. 

The roots of transport theory go back to the Boltzmam equation, hrst formulated in the 

study of the kinetic theory of gases. With the advent of the nuclear chain reaction, interest 

arose in its application to neutron transport. 

The neutron transport equation is a rather complicated integro-differential equation, an 

analytical solution for which can be found only for the simplest geometries. For modem 

reactor designs such as the PBMR, this is certainly not possible and numerical models are 

required. Though direct solution methods of the neutron transport equation exist, they are 

restricted to rather simple geometries (often 1-D or 2-D representations). Other methods 

such as for example Monte Carlo [6] require long computational times that make them 

unsuitable for day to day design calculations. The most commonly used approximation to 

the neutron transport equation that is accurate and fast enough to be viable for design 

calculations is the diffusion approximation, in which a direct relationship between the 

neutron current and the neutron flux is postulated. Such a condition, however, necessitates 

several assumptions: a linearly isotropic angular flux, isotropic neutron sources, and a 

slowly h e  varying neutron current density as compared to the mean collision time. 

Considehg this it is clear that diffusion theory is violated near boundaries or where 

material properties change dramatically over mean free path type distances, near localized 

sources and in strongly absorbing me&. 

1.3 General Definitions 

This section provides deftnitions for some of the commonly used terms in this dissertation. 



1.3.1 Criticality 

In order to obtain a stable chain reaction it is required that the number of neutrons in the 

system remains constant from one generation to another. The ratio between the number of 

neutrons in one generation to the number of neutrons in the next generation is referred to 

as the multiplication factor k, or k-effective. If k is one, the system is referred to as critical. 

For a k greater than one, the system is called supercritical, and subcritical when k is less 

than 1. 

In terms of the neutron transport equation, the k refers to the factor adjusting the fission 

source to obtain a solution to the steady state form of the equation. 

1.3.2 Reactivity 

The reactivity, p , of a system is a measure of the system's deviation from a multiplication 

factor of one. 

Reactivity is often quoted in the unit of "pcm". 1 pcm is equivalent to a reactivity of 10~5. 



1.3.3 Control Rod Worth 

The function of the control rods in a nuclear reactor core is to control the chain reaction 

trough absorption of neutrons. As such, the most important criterion of a control rod is its 

effect on the criticality value of the core. Control rod effectiveness, referred to as the 

control rod worth, is therefore measured in terms of its reactivity effect on the core. 

Since control rod worth represents reactivity, it is often given in units of pcm or 

percentage. Another commonly used unit is the dollars ($). Thts unit introduces a measure 

of the prompt criticality of the system as a result of the reactivity change. With Pefl being 

the effective fraction of delayed neutrons, the system approaches prompt criticality when 

the reactivity p =,Be*. One dollar represents a reactivity equal to the effective fraction of 

delayed neutrons. 

1.4 Introduction to Equivalence Theory 

In the past, many methods have been developed to include corrections due to transport 

effects in the diffusion theory by combined diffusion and transport calculations. They 

differ d y  in the parameter that is preserved between these two calculations and the 

method in which they are introduced into the dtffusion calculation. 

The most common method used is the inner boundary condttion method. In this method, 

the ratio of the neutron net current to the neutron flux at the boundary of the absorber 

region is transferred &om a transport calculation to the dffusion code (see Chapter 3). 

Azimuthal asymmetry is not taken into account and the difference between the transport 

and diffusion flux is ignored. Additionally, the mesh structure of the finite difference 

diffusion code often raises problems related to disrecdzation errors. Calculations and 



comparisons with experiment have shown that the method is inadequate in many cases m, 
but e s p e d y  when used in combination with mesh centered diffusion codes. 

Two methods have been developed that aim to overcome the problems associated with the 

inner boundary method. They are those based on response matrix methods ([9] [lo] [Ill) 

and those that employ equivalent parameters ([q [12]) for the regon under consideration. 

Response matrix methods are based on the use of nonhnear boundary conditions in the 

diffusion calculation on the surface of regions of great absorption. These boundary 

conditions are the response mattices prepared by a code, based on solving the transport 

equation, using a 2-D transport method. Though response matrix methods have been 

extensively used and shown to yield good results [12], they are difficult to incorporate into 

a diffusion solution. 

The method of equivalent cross-sections (MECS) has been applied with success in some 

HTR applications [12]. The principle is to model the absorber and its environment in a 

transport theory method (such as S, [13]) and then extract cross-sections and diffusion 

parameters ftom the solution that will represent the absorber region accurately in the 

subsequent dffusion calculation. Due to the use of equivalent parameters in the diffusion 

solution, the method is easily incorporated into a htllte dtfference code system. Since 

MECS is the method implemented in VSOP, and currently used for PBMR design 

calculations, it is the method that is to be validated for the design. 

Another commonly used method is that of equivalent boron (MEB). In this method the 

worth of a control rod is determined by some means, such as, for example, equivalent 

cross-section calculations or Monte Carlo calculations. Boron is then inserted into the 

control rod region at such a concentration that the affusion model will yield the previously 

determined control rod reacti+ worth. Since VSOP has several restrictions in the use of 

equivalent parameters when it comes to the movement of the control rods, the equivalent 



boron method is often used for the determination of differential worth or other problems 

that make the VSOP calculations unnecessarily difficult if MECS were employed. MEB is 

therefore another method validated in h s  work. 

As part of the work, a code called TOTNEW [14] was developed to calculate equivalent 

parameters for the control rods in VSOP. The theory that is applied is discussed in Section 

3.7. This code is discussed further in Section 4.6. 

1.5 Motivation for this Work and Thesis Objectives 

The validation of the code system used for the design of the PBMR is of vital importance 

to the project as a whole and forms a requirement as part of the licensing proceedings. Tnis 

thesis aims to vahdate the flux solver of the VSOP system, using experiments performed at 

the ASTRA critical facility. These experiments include criticality experiments, reactivity 

effects of spheres added into the core, as well as control rod worths. 

The most important feature that has to be validated is the effectiveness (both considering 

speed and accuracy) of the current methods of control-rod worth calculations, especially 

due to the safety implication of such calculations. The position of the control-rods in the 

side reflector of the reactor introduces addttional uncertainties to any method that attempts 

to adjust the diffusion approximation for transport effects due to the directional 

dependence of the flux in this area. Due to these uncertainties, the validation of VSOP 

and, in particular, the methods used to model the contlol-rods in the diffusion calculations, 

is the main emphasis of this thesis. 



1.6 Thesis Outlay 

The ASTRA critical fad ty  configmation is described in detail in Chapter 2. Chapter 3 

conveys some of the theory of reactor core calculations with a special emphasis on 

equivalence theory and, in particular, the equivalence theory applied in the VSOP 

calculations. 

Chapter 4 discusses the numerical codes that are used in the calculations. This section also 

provides an oveMew of the calculational path that is to be followed to perform the 

benchmark calculations. Following this is Chapter 5, which &scusses the actual models that 

were set up for each of the codes. 

Chapter 6 evaluates the experimental and calculational uncertainty of results. This aims to 

be an indication of the accuracy of the results that are shown in Chapter 7. 

F d y ,  Chapter 8 concludes and provides recommendations for further work. This is 

followed by the references. An appendix gives a listing of the computer code TOTNEW, 

written by me for a numelical solution of the equivalent parameters for the control rod 

region. 



2 The ASTRA Critical Facility 

2.1 Introduction 

The ASTRA Critical Fachty at the Russian Research Center, Ihchatov  Institute in 

Moscow was set up to investgate the neutronic behaviour of the PBMR des~gn. With this 

in mind, particular care was taken that the physical configuration of the ASTRA facility 

allows experiments that simulate PBMR physics at the facility. 

This section describes the details of the facility with special emphasis on the factors 

important in produdng a VSOP model. 

2.2 General Configuration 

The ASTRA Ctitical Facility consists of an upright cylinder, the side reflector of 380 un in 

diameter and 460 cm in height. It contains an octagonal shaped core with a maximum 

extent of 175 cm. Figures 2-1 and 2-2 show a schematic of the core in both longitudinal 

and cross-sectional perspective. A general overview of the facility dimensions and design 

data is presented in Table 2-1. 
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Tabl Overall d . f ili

The fuel used in the facility consists of spheres 6 em in diameter. UOz kernels, 500 J..Lmin

diameter are encased in four coatings: three graphite coatings and one silicon carbide

coating. Approximately 4190 of these coated kernels are then distributed in a matrix of

graphite 5 cm in diameter, leading to a 2.44 g loading of Uranium at 21% enrichment. A

0.5 em thick graphite layer then covers this graphite matrix. A graphical representation of

the fuel sphere is given in Figure 2-3.

In addition to fuel spheres, two other types of spheres are used in the ASTRA facility,

namely moderator spheres and absorber spheres, both 6 cm in diameter. Absorber spheres

consist of graphite containing 0.1 g of Boron in the form of uniformly distributed B4C

particles in the central 4 cm diameter of the sphere. Moderator spheres consist of graphite

only. Table 2-2 summarizes the different sphere types.

--

- ---- --- ---- ------

Outer diameter cm 380

Side reflector height cm 460

Fuelling zones Graphite / Mixed / Fuel

Equivalent diameter of core cm 181

Outer diameter of mixing zone cm 105.5

Outer diameter of inner reflector zone cm 72.5

Inner diameter of inner reflector zone cm 10.5

Ratio of fuel spheres (FS) to absorber spheres 95/5
(AS) in fuel zone
Ratio of FS to AS to graphite spheres 47.5/2.5/50
(moderator spheres - MS) in mixing zone
Pebble bed packing ratio 0.625

Number of control rods # 5

Number of shutdown rods # 8

Number of manual rods # 1
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Fuel Kernel Fuel Element

Uranium Dioxide Fuel Kernel

Porous Pyrolytic Caroon Buffer

Inne r Isotropic Pyrolytic Caroon

S ilic on Caroide Barrie r Coaling

Oute r Isotropic Pyrolytic Caroon

Graphite Cladding

Graphite Matrix + Fuel Kernels

Figure 2-3: An ASTRA fuel sphere

Table 2-2: S f soherical el

The core consists of three zones, each defined by a different ratio of sphere types.

Different colors in Figure 2-1 indicate these zones. The inner reflector zone, located at the

center of the core, is 72.5 cm in diameter and consists entirely of moderator spheres.

Following this is a ring of 16.5 cm in thickness, the mixing zone, consisting of fuel

absorber and moderator spheres, in the ratio 47.5 : 2.5 : 50 respectively. The outermost

part of the core is the fuel zone, filled with fuel spheres and absorber spheres in a ratio of

95 : 5 respectively. Since the enrichment of the PBMR fuel is lower than the ASTRA fuel

enrichment, the absorber spheres are added to the fuel zone in an effort to simulate the

PBMR flux spectrum more closely.The random mixture of spheres at the correct ratio was

obtained by mixing the appropriate quantities before loading them by hand into the

relevant region. The size of each zone was ensured with the aid of a filling rig. The

-- ----

------ ---------

Diameter Diameter Density of Density of

Sphere type of matrix of sphere
graphite graphite

Impurity Loading

(em) (em)
matrix shell (B(Nat) eq.] (g /

(g / em3) (g / em3) ppm by wt. sphere)

Fuel sphere 5.0 6.0 1.85 1.85 UraniumI

Moderator

2.44

sphere
- 6.0 1.68- 1 -

Absorber
sphere

4.0 6.0 1.75 1.75 Boron1 0.1
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measured and assumed packing ratio throughout this thesis was 0.625. The Table 2-3 lists

the main features of each core zone.

Table 2-3: ASTRA core zones

The side reflector is composed of graphite bocks 25 cm by 25 cm in cross-section with an

11.4 cm diameter central channel. This central channel is plugged for some of the blocks,

as indicated by the darker areas in the side reflector in Figure 2-1. The bottom reflector is

40 cm in height. The top reflector, as indicated in the longitudinal section in Figure 2-2, is

optional, and was not included in most of the experiments. Unless otherwise stated, it is

assumed that the ASTRA configuration used excluded the top reflector. Table 2-4 provides

general information on the reflector configuration and composition.

Table 2-4: Reflector confi

The control rod,s (CR) and shutdown rods (SR) are situated inside certain reflector blocks

as shown in Figure 2-1. Each control rod consists of a ring 76 mm in diameter, containing

15 steel rods filled with boron carbide as shown in Figure 2-4. A single manual rod (MR) is

Core zone Inner diameter Outer diameter Sphere mixture
(cm) (cm) (fuel: absorber: moderator)

Inner reflector 10.5 72.5 0:0:100
Mixing zone 72.5 105.5 47.5 : 2.5: 50

Fuel zone 105.5 - 95: 5: 0

Outer diameter of side reflector 380 cm

Equivalent inner diameter of side reflector 181 cm

Height of bottom reflector 40cm

Height of (optional) top reflector 60cm

Composition of reflectors High-Purity reactor grade graphite blocks

Average effective graphite density (taking 1.65g / cm3
gaps into account)
Equivalent natural boron concentrationof 0.55 ppm by weight
impurities
Square cross secti,onof graphite blocks 25 cm x 25 cm

Axial channel diameter (hole in graphite 11.4cm
block)
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situated in position L8. This rod does not contain any boron carbide and is present for fine

reactivity adjustment requirements only. Due to its small worth, the manual rod was not

considered in any of the VSOP calculations. Table 2-5 lists characteristic dimensions and

properties of the control rods in the ASTRA facility.

Several experimental tubes and channels are included in the facility.They are situated both

in the core region and in the side reflector (see Figure 2-1). The central experimental

channel is situated in the center of the inner reflector. Experimental samples, neutron

detectors and graphite plugs can be placed in this tube. Table 2-6 shows the composition

of the central experimental tube.

Figure 2-4: Control rod configuration



Table 2-5 Lontrul rod contigurauon 

Number of steel tubes 

Diameter of circle in which tubes are 
arranged (to mid-point) 
Tube wall composition 

15 

7.6 cm 

Stainless Steel (12X18HlOT) 
I 

Steel density 

Tube wall thickness 

Filling material composition (filling the 
volume of the steel tubes) 
Filling material density 

7.9 g 1 cm3 

0.12 cm 

Natural Boron Carbide 

1.53 g/cm3 
I 

Height of absorbing material 

Table 2-6: Central experimental tube cornpuslaon 

approx. 380 cm 

Outer diameter 
I 

A further five aluminium tubes are situated in the cote along the same axial line. These 

tubes extend the entire height of the pebble bed and are denoted 1 to 5 in Figure 2-1. 

10.5 cm 

Wall thickness 
I 

Four small-sized experimental c h a ~ e l s  are located in the side reflector along the same 

radial line as the aluminium tubes. The square section of these channels is 1.5 cm x 3 un 

and they are located (from the center of the core) at 88.2 cm, 113.2 cm, 138.2 cm and 163.2 

cm. These channels are denoted 6 to 9 in Figure 2-1. None of the experimental channels, 

except for the central experimental channel, were modeled in the VSOP model of the 

facility. They were however included in the MCNP model. Note also that the presence of 

an experimental channel in position D8 causes the position of the control rod CR1 to be 

0.25 cm 

Wall composition Aluminium (Al) 



shifted shghtly further away from the core than the rods at what would otherwise be similar 

positions. 7211s of course influences the worth measurement. Table 2-7 lists the distances 

from the core of each of the control rods. 

Table 2-7: Control rod distances from the corc 

D~stance from core (cm) 

13.0 

12.5 

12.5 

17.7 

Control rod 

CR 1 

CR 2 

CR 4 

CR 5 

Pos~tion 

D8 

h12 

K5 

H4 



3 Theory 

3.1 Introduction 

The primary aim of neutronics calculations for nuclear reactor cores is the prediction of the 

power distribution for various operating condtions [16]. Thls problem is strictly related to 

the determination of the neutron flux disbbution @(I, E), as a function of position r and 

energy E in the core of specified geometry, material composition and assumed boundary 

condition. The basic physical model of these calculations is contained in the neutron 

transport equation [16], discussed in Section 3.3. 

The complexity of the neutron transport equation necessitates the use of approximations 

to simplify the calculations. One of the most commonly used approximations is the 

diffusion approximation (see Section 3.5). Assumptions made here are, however, not met 

in and near htghly absorbing regons in the core, such as for example the control rods, and 

as a result extensions/adjustments to the methods have to be found to include these 

regions. This is where the method of equivalent cross-sections, as discussed in Section 3.6, 

is used. Another area that provides problems in the dtfhsion approximation is void regions 

(or regions with very low matekl density), since here the definition of the diffusion 

coefficient in terms of the transport cross-section, fails. The methods used to model these 

regions in VSOP are discussed in Section 3.9. 

3.2 Notation 

The standard mathematical notation used in reactor physics is employed throughout this 

thesis. Although the notation is quite straight forward, some of the conventions adopted in 

this work are described here briefly. 



Vector quantities are underlined (-) with u ~ t  vectors represented by a circumflex ("). The 

following quantities are often used: 

scalar neutron flux dtstribution [n.~m.~.s-'] 

diffusion coefficient [cm] 

macroscopic total cross-section [cm-'1 

macroscopic absorption cross-section [cm-'1 

macroscopic differential scattering cross-section [cm-'1 

position vector 

direction unit vector in spherical coordinates 

neutron energy 

3.3 The Neutron Transport Equation 

The main aim of any core neutronics calculation is to determine the &stribmion of 

neutrons in space, angle and energy. Thv d e d  can then yield important information such 

as power, reaction rates and criacdty of the system. The main tool used for such an 

evaluation is the neutron transport equation. 

The roots of transport theory go back to the Boltzmann equation, hrst formulated in the 

study of the h e t i c  theory of gases. The study of radiation transport in stellar atmospheres 

led to a number of analytical solutions of transport problems in the 1930s. Iniual interest 



was conhned to rather simple geometries, either semi-in6nite or one-dimensional. With the 

advent of the nuclear chain reaction, interest arose in the Boltzmam equation's application 

to neutron transport. Because of the complexity of reactor designs, interest was raised in 

the equation's solution in more complicated geometric configuations. 

The derivation of the neutron transport equation is based on the conservation of neutrons 

in the system. The following assumptions are made: 

1. Neutrons may be considered as points 

2. Neutrons travel in striught lines between collisions 

3. Neutron-neutron interactions map be neglected 

4. Cohsions may be considered instantaneous 

5. The material properties are assumed to be isotropic 

6. The properties of nuclei and the composition of materials under consideration are 

assumed to be known and time-independent unless stated otherwise 

7 .  Only the expected or mean value of the neutron density dstribution is considered. 

Fluctuations about the mean are not taken into account 

8. Neutrons are stable 

Assumption 1 is valid for all particles in which the quantum mechanical wavelength is small 

enough compared to the atomic diameter. This is only violated for neutrons with very low 

energy, of which there are very few in nuclear reactor cores. The second assumption is 

valid when considering neutral particle transport where there is no effect of long-range 

electric and magnetic forces. Since the neutron density in the reactor is small compared to 

the density of the atoms of the structural material, it is acceptable to assume that neutron- 

neutron interactions play a minor role. 



Taking these assumptions into account, the angular neutron flux distribution Y(r,E,h,t) 

in units of neutron~.cm~~.s' is governed by the neutron transport equation 

where Sk, E, h,t ) is a neutron source term, with the initial condition 

and boundary condition 

Y ( ~ , , E , ~ , ~ ) = o  for h.;, <0, cS E S  

where c, denotes a point on the surface S of the problem domain. 

For many reactor calculations the details of the angular dependence of the neutron flux is 

not necessary. Integrating the neutron transport equation over all angles and defining the 

neutron flux @@,E,t) as 



yields the neutron continuity equation 

where s(L,E,t) is the angular integrated source term and J is the neutron current density 

dehned by 

Thus an additional unknown variable has been introduced in the process of removing the 

an@ dependence. Since it is impossible to express J in terms of cD in a general and 

exact manner, this equation cannot be solved directly. 

As can be seen the neutron transport equation is an integro-differential equation. It 

depends on three spatial variables, two angular variables, energy and time. Spatial details in 

a reactor core can be very involved, with complex geometries and a large number of 

regions with different m a t e d  parameters. Typical neutron energies range £rom 20 MeV 

down to 0 MeV, and time in a typical reactor cycle can be several months. Direct analytical 



solutions are only possible for the simplest of problems. Instead, various other methods 

bave been devised to obtain a numerical solution of the equation. 

3.4 Numerical Solutions to the Neutron Transport Equation 

Numerical solutions of the neutron transport equation can broadly be divided into two 

groups: stochastic and deterministic methods. 

Stochastic or Monte Carlo methods are based on the simulation of a large but finite 

number of random neutrons and their motion through the system. Results such as the flux 

disaibution, reaction rates etc. are then determined through statistical averagmg of these 

particle histories. Monte Carlo methods bave the advantage of allowing for full 3- 

dimensional modeling of the geometric conhguration and the probabilistic nature allows 

for the use of continuous energy cross-section data. One of the best known Monte Carlo 

based codes available currently is MCNP, which is used in this work to add further 

verification to the VSOP results. 

The deterministic methods are based on the discretization of the independent variables of 

the transport equation in order to obtain a set of coupled equations that can easily be 

solved numerically by various methods such as, for example, finite difference schemes. 

Virtually all deterministic computational methods discretize the energy to obtain the multi- 

energy-g.oup.approximation [13]. Temporal variations are normally ignored, thus assuming 

a steady state solution validated by the use of an eigenvalue, most commonly the critical 

qenvalue. In terms of the position and an& variables, several methods exist such as S, 

and Collision Probability methods. 

When conside&g a relatively simple system in one or two dimensions, it is possible to 

solve the neutron transport equation for discrete angles and then to apply a compatible 



quadrature term to the integral. This method is commonly known as the discrete ordinates 

method or S, method, where the N denotes the number of ordinates used. It is 

characterized by simplicity of derivation, and it leads to algorithms of notable 

computational efficiency, especially where memory is considered. The two-dimensional 

transport code used in the evaluation of the equivalent cross-sections to be used in VSOP 

is based on this method of solution. 

3.5 Diffusion Theory Approximation 

Though numelical solutions of the transport equation are possible, they are too time 

consuming even on modem computers to make them viable for day-to-day design 

calculations of the full reactor core. This necessitated the introduction of an approximation 

that would allow for a faster solution of the problem, while stiu provicllng solutions to the 

required accuracy. 

The diffusion approximation is one of the approximations that has been developed to 

simplify the solution of the neutron transport equation. In this approximation a simple 

relationship between the current and the neutron flux is assumed. 

As a simplification, consider the single energy approximation. The continuity equation 3-6 

is then given by 

where 



If it is assumed that the angular neutron flux is only linearly anisotropic, equation 3-8 can 

be multiplied by h  and integrated over all angles to obtain 

where 

j& = average scattering angle cosine 

Equation 3-7 and equation 3-9 are known as the P, equations since the approximation of 

linear anisotropic angular dependence in the flux is equivalent to expanding the angular 

flux in Legendre polynomials and retaining the &st order terms. 

In principle, the P, equations could be used to describe the neutron behavior in the reactor. 

In practice two more assumptions are made to simpw the calculations. Firstly, the source 

term ~ k , ~ , h , t )  is assumed to be isottopic, an assumption usually of reasonable validity 



in nuclear reactor studies. The S, term then vanishes in equation 3-10 for the current 

density. Secondly, it is assumed that the time derivative of the neutron current is small 

compared to the other terms in the equation. ?his would imply for example that 

that is, that the rate of time variation of the current is much slower than the collision 

hequency vC,. Since vC, is typically of the order of lo5 i' or larger, only an extremely rapid 

time variation of the current would invalidate this assumption. With these assumptions 

equation 3-1 0 can be rewritten as 

Solving for the current density 

If we define the neutron diffusion coefficient D by 

~ k ) =  [3xtrk)T1 = [3(Tk)-  PO^^ k))T1 



then 

Hence, in certain situations the neutron current density is proportional to the spatial 

gradient of the flux. This very important relation arises quite frequently in other areas of 

physics, where it is known as Fick's Law. Physically, the law implies that a spatial variation 

in the neutron flux (or density) will give rise to a current of neutions flowing from regions 

of hlgh density to low density. 

By substituting equation 3-15 into equation 3-8 the one-speed diffusion equation is 

obtained 

In summary, the following assumptions had to be made to obtain the one-speed diffusion 

approximation: 

Angular flux is linearly anisotropic 

Isotropic sources 

The neutron current density changes slowly on a time scale compared to the 

mean collision time 



The question arises as to when the angular flux is sufficiently weakly dependent on angle 

for the diffusion approximation to apply. More detailed studies of the transport equation 

itself indicate that the assumption of weak angular dependence is violated in the following 

cases: 

Near boun&es or where the material properties change dramatically from 

point to point over distances comparable to the mean free path 

Near localized sources 

In strongly absorbing media 

In fact, strong angular dependence can be assodated with neutron fluxes having a stcong 

spatial variation. This is where equivalent methods have to be introduced to be able to 

model such regions inside the diffusion approximation. 

The above derivation can be extended to multiple energy groups, and it is in this form that 

it is implemented in VSOP, which uses mesh-centered finite difference methods to solve 

the multi-group diffusion equation. 

3.6 Equivalence Theory 

As is discussed in Section 3-5, diffusion theory assumes that the spatial neutron flux 

variation in any region is small. This is, however, not the case in and close to a strong 

absorber where there will be a sudden decrease in the flux. In most reactors such regions 

are small compared to the overall reactor sue, and since the dffusion theoty is valid at a 

distance from the absorber region, and transport methods are too time and memory 



consuming to be useful for full core calculations, diffusion codes are still generally used for 

core design calculations today. Additionally, for graphite-moderated systems like the 

PBMR and ASTRA, most of the transport codes show either very slow convergence (SJ 

or take an unacceptable amount of running time (Monte Carlo). Methods were therefore 

developed to accurately represent absorber regions in the diffusion calculations through 

the use of combined transport and diffusion methods. 

The basic aim of the combined transport and diffusion methods is to 1) desuibe the 

absorber region and, optionally, some of its surrounding and to solve the system using a 

transport code; 2) extracting some macroscopic data for this region from the transport 

calculation; and 3) to use these data in a subsequent 2-D or 3-D diffusion calculation for 

the whole reactor. Since in general some manipulation of the cross-section data is 

performed, based on the transport solution, these are known as equivalent parameters. 

Various methods exist for the determination of equivalent parameters. They differ mainly 

in the parameter that they try to preserve in moving between the transport and diffusion 

calculation, or alternatively, in the implementation of such parameters. One well-known 

and often used method is that of inner boundary conditions. Here the ratio of the net 

current to the flux at the boundary of the absorber region is determined from a transport 

calculation and passed to the diffusion code. This, in essence, preserves the leakage from 

the absorber region in the diffusion approximation. Since the method considers only the 

net current and average flux, no azimuthal asymmetry is taken into account. In addition, 

the difference between transport and diffusion flux is neglected, and the finite mesh 

structure of the diffusion code often raises problems related to discretization errors. It has 

been shown previously m that this method is inadequate in many cases, especially in mesh 

centered diffusion codes such as CITATION, the diffusion code used in VSOP, where 

major problems may h e .  

The method of equivalent cross-sections (PI [12]) aims to overcome some of the problems 

stated above. Instead of preserving the leakage out of the absorber region, it maintains the 



reaction rates between the transport and diffusion methods. In its current form, the 

method does not account for azimuthal effects for absorbers outside the core, however, 

this is a resmction due to the use of a 1-D transport code, rather than inherent in the 

method itself. This is the method used for VSOP calculations of control rods, and is 

discussed in more detail in Section 3-7. 

Similar to the method of equivalent cross-sections, the response ma& method ([9] [lo] 

[Ill [12]) aims to preserve the reaction rates in the transport and diffusion codes. Since a 

response matrix can easily be implemented to include azimuthal effects, this is taken into 

account, provided that a 2-D emsport method is used which retains the infoxnation on 

the non-isotropic flux shape relative to the absorber center. The calculational effort in this 

case is more involved than for the method of equivalent cross-sections and since it is 

currently not possible to include such a response matrix in VSOP calculations, this method 

was not investgated further. 

Both the method of equivalent cross-sections and that of response matlices have been 

validated to some extent for the use of lugh-temperature pebble bed reactors. An 

additional method that has been validated and proven useful is that of equivalent boron as 

discussed in Section 3-8. 

3.7 Method of Equivalent Cross Sections 

The method of equivalent cross-sections is based on preseMng the reaction rate of the 

absorber region for the diffusion solution by relaang the leakage to the reference transport 

solution. 

The following assumptions have to be made for the method: 



1. the volume of the control rod region is the same in the transport and diffusion 

calculation; 

2. equivalence between transport and diffusion flux at some point outside the absorber 

regon surface; 

3. flux equivalence at points of equal distance from the absorber region, independent of 

absorber geometry. 

Volume preservation is only necessary to maintain m a t e d  balance. Other methods such 

as surface-preserving ones may be possible. 

Assumption 2 asserts that the difference between the transport flux and the diffusion flux 

should be negbble. This means that the neighboring mesh has to be at a suitable distance 

and be of suitable sue. Should this not be the case, the method may produce negative 

values for the diffusion coefficients in the rodded area. 

Assumption 3 is necessary since anisotropic effects cannot be accounted for in a 1-D 

transport calculation. Should, at some stage, the 1-D transport code be replaced by a 2-D 

method, this assumption may be removed. This is an area of future invesbgations. 

Since we are attempting to equate leakage rates in the two methods, it is important to take 

into account the solution method implemented in the diffusion code. In the method 

described here, it is assumed that a single mesh point in the diffusion calculation that is 

based on a mesh-centered algorithm, as is the case in CITATION, must represent the 

absorber region. 



The ASTRA facility is modeled in cylindrical geometry @-Z-0) in VSOP and CITATION. 

However, the absorber regions, located in the outer reflector, can be approximated as a 

rectangular shape in R-0 meshes, located far &om the center (large R) and appropriately 

selected angles. The following derivation, given in Cartesian geometry (XY) is therefore 

applicable to the outer reflector positions of the ASTRA facility. 

In Figure 3-1 a geometrical representation of the equivalent absorber region (shaded 

region) and its immediate environment are given. Note that the absorber region is 

represented by a rectangle with dimensions (a, pa). The two neighbonng meshes in the x- 

direction (referred to as X ne@bors) both have a mesh size of @,a, pa) and distance 4 to 

the finite difference mesh center. The dimensions for the neighboring meshes in the y- 

direction (Y neighbors) are as indicated, 

Figurc 3-1: Geometric relahonci in CITATION 

Figure 3-2 represents the equivalent control rod model in the 1-D transport calculation. 

Note that the shaded region in both this representation and the absorber region in the 

diffusion calculation (shaded region in Figure 3-1) must have the same volume @a*a = 

rr*R,3. The transport calculation must also be subdivided m such a way that mesh points 

exist at distances fmm the absorber region that are equal to the neighbor sizes 4 and 4, 
indicated by 4 and in F i e  3-2 respectively. 
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Figure 3-2: Equivalent control rod model in the I-D transport
code

The leakage in the diffusion method, as implemented in CITATION in X-Y geometry, is

defined by

(3-17)

where

<I>x =<I> (x-neighbor)

<I>y =<I> (y-neighbor)



@, = @ (absorber region) 

@ = diffusion flux from CITATION 

F, = surface to x-neighbor = 2pa 

F, = surface to y-neighbor = 2a 

6 ,  = distance from absorber center to x-surface = a 

6,  = distance from absorber center to y-surface = % p a  

A, = distance from x-surface to x-neghbor center = ): p,a 

A, = distance from y-surface to y-neighbor center = ): pp, a 

a, p, p, , p, = parameters of CITATION mesh geometry (see Figure 3-1) 

D, = diffusion coefficient in the absorber region 

Do = diffusion coefficient in neighbors 

Making this leakage equal to the transport leakage and using assumption 2 at points R, 

and R , such that 

where 



Y = transport flux from 1-D S, calculation, 

R, , R, = radii in S-N calculation equivalent to distance of diffusion nqhboting 

mesh point to absorber mesh, 

leads to the equivalent diffusion coefficient 

where 

The macroscopic absorption and removal cross-sections for the equivalent absorber region 

are determined from flux-volume wqhung of the selected regions in the 1-D transport 

model. 

3.8 Method of Equivalent Boron Concentration 

The use of the equivalent boron concentration method is one of the simplest methods to 

model absorber regions in diffusion methods, and the most easily implement in any 

diffusion code. It assumes that the worth of the absorber region in terms of its effect on 

the system as a whole is known, or can be determined through the use of a wansport code. 



Boron is then added into the absorber region of the hffusion calculation at such a 

concentration as to preserve the same reactivity worth. By definition this method presenres 

the effectiveness of the absorber region; however the flux distribution and reaction rates 

from the diffusion calculation are not the correct ones. The advantage of this method over 

MECS however is that it is possible to have subdivisions of the control-rod region and that 

no restrictions are placed on the sizes of the neighboring meshes. 

3.9 Void Area Treatment by Diffusion Theory 

Similar to control-rod regions, void regions also provide a problem in diffusion 

calculations. The definition of the diffusion coefficient in terms of the inverse of the 

transport cross-section fails in the case where the transport cross-section is zero. It is, 

therefore, again necessary to iind a relation between a transport solution and the diffusion 

solution to model these regons. 

Several methods exist that can be used to model void areas. The simplest one is to model 

the void area as containing a material at very low density. The problem with this method is 

that there is a limit to how dilute the m a t e d  can be deiined before the diffusion method 

fails. An alternative to using a low-density m a t e d  is to use a response matrix as 

determined from a transport solution. The problem with thls method, as was the case for 

the response matrix method for the control rods, is that VSOP cannot handle the insemon 

of a response matrix into the calculation. This option, though found to be efficient in other 

investigations [12], can therefore not be implemented in VSOP without major changes to 

the code. Since VSOP can use manual input of cross-section data and diffusion 

coefficients, another method was developed that equates the transport and diffusion 

currents under certain very limiting circumstances [30]. This method is discussed in more 

detail in Section 3.9.1. The restrictions under which the aforementioned theory is valid 

include a relatively large void cavity and the fact that the void area must be completely 

surrounded by graphite. Since this is not the case in any of the void areas in the ASTRA 

facility, a different method had to be invesngated. Mdgam's method [17j of estimaang the 

axial diffusion coefficient by analog Monte Carlo methods, as discussed in Section 3.9.2 
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was therefore used. Note that this method is for now only applied to the axial diffusion 

coefficients 

3.9.1 Treatment of the Void Area by Diffusion Theory 

Consider a void cylindrical cavity delimited by the pebble bed core at the bottom an d by 

graphite on all other sides. Two dimensional transport calculations have shown that the 

flux in such an area is fairly uniform. The scattering and reaction cross-sections in the 

cavity are zero. Assuming that "diffusion coefficients" exist for the region, the diffusion 

equation in two-dimensional cylindlical geometry is 

where D, and D, are anisotropic diffusion coefficients to be determined. Considering a flat 

flux distribution, a Taylor expansion of the flux can be used, given to second order by 

where the constants O, can be determined by boundary conditions. They can be 

interpreted in terms of flux averaged values, axial current, axial in-streaming, radial leaving 

current, etc. 



It is now assumed that the transport and diffusion fluxes correspond to each other when 

the current directed into the cavity is the same at each point of the surface. In diffusion 

theory, the incormng current is dehned by 

where ~ ( r )  is the net current. In transport theory the dehition becomes more 

complicated, since the an& tlansport flux dismbution must also be considered. It is, 

however, possible to obtain an expression for the z-component of the current, provided it 

is assumed that the transport solution is rather isotropic, which is the case when the cavity 

is built up from a large amount of graphite. The diffusion incoming current (3-22) derived 

from the Taylor expansion (3-21) can then be inserted into this transport solution to obtain 

a complicated expression dependent on the Taylor expansion coefficients and on the 

position r. Similarly, the Taylor expansion of the flux can be used to determine the 

diffusion current. 

In general there is no agreement between these two solutions, and it is therefore necessary 

to optimize the agreement of both theories for the &st Di with respect to an integral goal 

value, which is taken to be the net current between the surface of the core and the cavity. 

Equality of the diffusion and transport value of this current for the linear component @, 

gives a determining equation for the z-directed diffusion constant. 

where R is the radius of the cavity and h is the ratio between its height H and radius R . 

Th~s expression depends only on the geomebic properties of the cavity. 
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Similarly, using the quadratic tenn <1>2

The values of D z / R and Dr / R for a range of h between 0.1 and 2.0 are shown in Figure

3-3.

0.6

0.5

0.4

~ 0.3C

0.2 - - -- ---.------.---------.

0.5 1.5 2 2.5

h

Figure 3-3: Radial and axial diffusion coefficients

The axial diffusion coefficient in this range is close to 0.5 and the radial coefficient has an

average value of around 0.1. It must be noted that the general trends observed here do not

apply once the ratio of height to radius increases well beyond 2.5.



3.9.2 Determination of Axial Diffusion Coefficients Using Analogue 
Monte Carlo Methods 

The method discussed in Section 3.9.1 only applies in very specific situations. If we 

consider the ASTRA fadty, a graphite reflector does not terminate the cavity above the 

core, except in the few cases when the top reflector is included in the configuration. The 

same applies for the control rod channels and central experimental channel, with the added 

difficulty that due to the height of these channels, the assumption of a 5 t  flux profile in 

the axial direction is incorrect. In the radial direction this problem is not as pronounced. 

As a result of the above-mentioned problems, the diffusion coefficient in the axial 

direction was determined by another method employing Monte Carlo techniques. 

Consider the diffusion approximation. The basic assumption is that there is a relationship 

between the current and the flux given by (3-14) 

where ~ k )  is defined by (3.13). Since D(I) is dependent only on m a t e d  composition at 

point r and only changes its value as a function of position to the extend that material 

changes occur at different positions, the above equation can be rewritten as 



where the subsclipt i refers to the ith homogeneous material region dehning the surface 

over which J i  and (v@), are evaluated and averaged, and Di becomes a constant over 

surface i. This can now be generalized to the union of many of many regions (area A,) of 

differing materials such that 

Considering only a single direction, the net current J is dehed  by 

A Monte Carlo method such as MCNP can now be used to determine the current and flux 

gradient in (for example) the axial direction for a region and hence determine the axial 

diffusion coefficient. 

There are two important points that have to be noted: 

1. The net current J is the difference between the opposing currents crossing a surface. 

As a result any determination of J will be subject to considerable error because of 

statistical fluctuations in the p d  currents. 

2. The gradient of the flux is not in general one of the results that can be obtained from a 

Monte Carlo code and must therefore be obtained from a 'best' fit to a model flux 

distribution. 



Thus, the determination of D requires a physical model that will generate both a set of 

currents crossing a surface such that a difference can be computed with a meaningful 

accuracy, and a flux that can be fitted with suffiaent accuracy to obtain a gradient 

The method described above provides a means to determine diffusion coefficients in void 

areas &out the assumptions and restrictions imposed by the previously described 

method (Section 3.9.1). In particular, it allows for the determination of diffusion 

coefficients in the voids of the control rod regions, which dearly do not meet the 

requirements of the previous method. 
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4 Numerical Codes 

4.1 Introduction 

In Chapter 3 the theory required to perform core neutronics calculations, and in particular 

to determine equivalent parameters for control rod models, was discussed. In this chapter 

the numerical codes used to perform such calculations are considered in more detail. In 

Chapter 5 the actual models used for each of the codes are discussed. 

4.2 Calculational Path 

Figure 4-1 shows the calculational path that is followed in general to perform a VSOP 

calculation without control rods included, as well as the calculational path required to 

follow when control rods are considered in the VSOP calculation. 

BirgitlFinitlTrigit 

Libmy Creation 

f-- TOTNEW 

Figure 4-1: Calculational path 



In performmg a general VSOP calculation, three codes have to be run prior to the main 

pa$ namely ZUT, BIRGIT/TRIGIT/FIRZIT and DATA2. The ZUT code generates a 

resonance integral library to be used in the spectrum calculations. BIRGIT, FIRZIT and 

TRIGIT set up the geometry specification. The code used wdl depend on whether the 

calculation involves cylindrical or Cartesian coordinates, and on the number of dimensions. 

Once these have been executed, the main VSOP program can be run, which has several 

internal subsections as discussed in detail in Section 4.3. 

In adding the data for the equivalent control rod cross-sections, further steps have to be 

taken. First, a working library has to be created using the SCALE system. Following this, 

the control rod model is calculated in the XSDRNRSP code. The results £tom the 

calculation are passed to TOTNEW, where the equivalent parameters are calculated. These 

are then manually entered into the VSOP input and the VSOP run is performed as 

discussed above. 

4.3 VSOP 

VSOP (Very Superior Old Programs) [2] is a system of computer codes for the numerical 

simulation of nuclear reactor physics performance. It has special featues that allow for the 

simulation of high temperature gas cooled reactors with spherical fuel elements. 

The version of VSOP used in this dissertation is VSOP (94), though it includes additions 

that were made by various conmbutors in order to model the PBMR core. 

As the name suggests, VSOP consists of several, relatively old, and as a result well-tested 

computer codes, which have been linked together to form a complete package. Figure 4-2 

gives an indication of the data flow in VSOP through these various codes. 



The main code in the package is itself called VSOP. VSOP combines several modules, 

including the finite difference diffusion code CITATION and the spectrum codes GAM 

and THERMOS. VSOP allows following the reactor life from its star-up through the 

running-in phase towards an equilibrium cycle. It handles the fuel shuffling through the use 

of so-called batches that are moved through the core and stored in storage bins to be either 

removed or to re-enter the system. From now on VSOP refers to the code itself, whereas 

the entire code system will be referred to as the "VSOP package". 

Figure 4-2: Data and pro- flow in VSOP 



The geomemc design of the reactor under consideration is set up using one of the codes 

BIRGIT (2-D cylindrical geometry), TRIGIT (3-D Cartesian geometry) or FIRZIT (3-D 

cylindrical geometry). These codes handle, for example, the evaluation of the flow 

channels, as well as the generation of a fme mesh over the specified user mesh for the flux 

calculation, which is then passed to VSOP. The difficulty in modeling a pebble bed reactor 

is twofold. For one, there is a mixture of pebbles of different burnup in the core at any 

particular time. Secondly, the pebbles are moving downward in a certain flow pattem, 

which will be reactor dependent at all times. Both these features place extra difficulties on 

the geometry spedication. In the VSOP package the core is modeled as consisting of 

channels which have a predefmed shape, depending on the flow pattem. Each channel is 

then subdivided into a given number of layers. The downward motion of each of these 

layers simulates fuel movement. Each layer in turn is made up of one or more hatches, 

each hatch having one particular composition. This allows for the mixing of fuel of 

different bumup inside the core. Note that the reflector region or any other none-core 

areas are also specified by what are known as layers. For the neutron flux calculation the 

material data for each layer is mixed and passed on Erom VSOP to the CITATION code. 

CITATION only allows for Cartesian or cylindrical geometry and can, as a result, not 

model the flow channels explicitly. BIRGIT/FIRZIT/TRIGIT is therefore responsible for 

providmg an interface between the actual reactor layout and the CITATION model in the 

form of a volume matriu. 



Ftgure 4-3: Volume matrix creation in VSOP 

FIRZIT initially generates the VSOP layers V(I) as shown in Figure 4-3, as well as the 

CITATION coarse mesh Wa). Note that this coarse mesh is further subdivided into a h e  

mesh for the actual fmite difference calculation. FIRZIT then 66 the VSOP layer mesh 

over the CITATION mesh to generate a volume matrix VWQJ) that allows for ma ted  

data to be transferred between VSOP md CITATION. Macroscopic cross-section data is 

generated for the VSOP batches and thereafter for the VSOP layers, CO. These are then 

converted to macroscopic cross-sections C(J) of the CITATION composition by 

Neutron fluxes @(J)  of the CITATION composition are transformed to fluxes @ ( I )  of 

the VSOP mesh by 



?his flux is then applied for burnup calculations of the VSOP batches. 

The fuel element design is set up using the code DATA-2. This code was specially 

designed for spherical fuel elements. Information from DATA-2 is passed to the ZUT 

code to obtain resonance integrals for the isotopes Zi2Th and "8U at various temperatures 

for all required fuel types. Due to the double heterogeneity of the fuel, s p e d  features had 

to be added to ZUT to correctly calculate these integrals. A standard resonance integral 

calculation, employing the Nordheim integral treatment [18] involves the solution for the 

energy dependence of the neutron in a m a t e d  region contammg a resonance absorber and 

a maximum of two admixed moderators. The presence of more than one absorber lump in 

the moderator medium is accounted for thtough the use of a Dancoff factor, related to the 

h s t  &gbt escape probability from the absorber region given by 

in which C is the Dancoff factor and P, (E )  is the probability for a neutron to escape the 

lump of its birth. Thls method has proven to be a good approximation for lumps of all 

degrees of grayness. In the case of the coated particle fuel however, due to the small size of 

the kernels, the &st-&ght escape probability P, ( E )  is close to 1 even for neutrons dose to 

the peak of a strong resonance. In addition, a neutron may travel through many coated 

particles without undergoing a collision. In fact, there are as many as 8 possibilities in 

which the neutron can escape from the coated particle, as indicated by W t  to W8 in Figure 

4-4. Note that the top diagram indicates escape probabilities from a single kernel to either 

the cladding of its own sphere or regions in surrounding spheres. The bottom dqrarn 



indicates how all these escape probabilities, as well as the ones inside a single kernel and its 

claddmg, can be represented in a single fuel sphere. 

Figure 4-4: Escape probabilities 



Under these circumstances equation 4-3 is no longer a reasonable approximation. A more 

rigorous numerical treatment [I91 is thus required, relating to these 8 escape probabilities, 

which need to be evaluated. The geometric escape probability as calculated in ZUT is given 

by 

The resonance integral calculations are performed at different temperatures for each fuel 

sphere type and stored. The dependence of cross-sections on temperature is achieved by 

linear interpolation between the respective resonance integral sets. 

Neutron spectrum calculations are performed by the codes GAM-I and THERMOS, 

which are included in the VSOP code. The basic libraries used for both these codes have 

been extracted &om ENDBF-V and JEF-I. Spectrum calculations are done for each 

spectral zone, consisting of a user-dehned number of layers. The resulting neutron fluxes 

are applied to form broad group cross-sections for the subsequent diffusion calculation. In 

general, between 2 and 8 broad groups are used for a VSOP calculation. Only one thermal 

group can be chosen however, since up-scattering is not included in the cross-section 

transfer. 

GAM-I performs epithermal spectrum calculations. It uses the materials homogeneously 

distributed and applies the P,-approximation [13]. Optionally, self-shielding factors, as 

calculated by other codes, can be included to allow for heterogeneous effects. Both 

resolved and unresolved resonance integrals are passed to GAM from the ZUT code. An 

adjustment to the iniinite homogeneous slowing-down spectrum is made by utilizing 

feedback from the core calculation. The CITATION module provides leakage terms k, 
for the different spectrum zones. For GAM these are converted into buckling terms 



which are needed for the P, approximation. The GAM library is given in 68 energy groups, 

rangmg from 10 MeV to 0.414 eV, and presently contains 181 materials. 

THERMOS performs 1-D cell calculations for thermal neutrons. The effect of the coated 

particle grain structure of the fuel is included in the code by evaluation of the collision 

probability for a neutron, which travels through the mated particle, analogousiy to ZUT. 

The neutron exchange aith the other spectrum zones is accounted for by fin% albedos 

at the surface of the spectrum zone out of leakage terms given by 

where the subscripts C and S refers to cell and spectnun zone respectively. 

The THERMOS library is a 30-group library in the energy range from 0 to 2.05 eV. This 

library is actually created from a 96-group library, the THERMALIZATION library. The 

collapsing is done in VSOP with a special input that takes into account a typical the& 

neutron spectnun for the reactor and fuel elements under consideration. 



As stated, VSOP is the main code of the VSOP package. It includes the flux solver as well 

as the spec- codes, and handles the intercommunication between the different 

modules. The flux solver used in VSOP, called CITATION, is a 2-D and 3-D Gnite 

difference neutron diffusion code in Cartesian and cylindrical geometry. 

CITATION uses a mesh cantered Gnite difference method for its solution of the neutron 

diffusion equation. The validation effort of this work is mainly focused on tkis part of the 

VSOP package. Since the ASTRA facility is described in cylindrical geometry, only the 

cylindrical geometry option is tested. In addition, only a full 3-D model was set up for the 

ASTRA facility. This is necessary since there is an asymmetry in the control rod positions. 

The reactor lifetime simulation for general cores is an alternation between bumup 

calculations and fuel shuffling, with one bumup cycle being placed between two shuffling 

steps. Each bumup cycle can be divided into a number of large bumup steps at which the 

diffusion calculation can be repeated. Optionally, spectrum calculations and control poison 

adjustment can also be repeated. A large time step can be subdivided into small time steps. 

In each small time step, the neutron fiux shape is kept unchanged, but its absolute value is 

adjusted to the requested power production of the core, thus compensating for the 

depletion of &side isotopes. Since no fuel shuffling or burnup was required in the ASTRA 

calculations, this option was not tested. 

Other codes are included in VSOP, such as the thermal hydraulics code THERMIX, fuel 

management and cost analysis codes FEVER and LBD amongst others, but none of these 

were considered in the validation. 



4.4 The SCALE System 

The SCALE system [15] was developed in answer to the need for a standardized method 

of analysis for the evaluation of nuclear fuel facility and package designs. In its present 

form, the system has the capability to perform criticality, shielding, and heat transfer 

analysis using well-established functional modules. In this benchmark, only the sequence 

that provides problem dependent cross sections for stand-alone codes, in the form of what 

is known as a working library, was used. This workmg library was then used in 

XSDRNRSP [24] (see Section 4.5) to create the input for TOTNEW [14] (see Section 4.6) 

to perform equivalent cross-section calculations. 

The parts of the system that were used in creating a problem-dependent working library 

were BONAMI [20], NITAWL-I1 [21], XSDRNPM [22] and ICE [23]. BONAMI and 

NITAWL-I1 perform resonance self-shielding of cross-sections with Bondarenko factors 

and resolved resonance data, respectively. XSDRNPM is a general 1-D discrete-ordinates 

code, in this case used for zone weighting of cross-sections. The utility module ICE is 

simply used for mixing cross-sections, 

4.5 XSDRNRSP 

The code XSDRNRSP [24] is a modified version of the one-dimensional discrete ordinates 

code XSDRNPM-S [25] of the SCALE-3 [26] calculational system. It solves the one- 

dimensional Boltzrnann transport equation in slab, cyhddcal or spherical coordinates. The 

difference to XSDRNPM-S is that is produces an interface 6le d e d  an RSP file, 

containing cross-section and flux data for the different zones in the calculation. It is this 

6le that is required as input for the subsequent TOTNEW calculation to determine the 

equivalent parameters. XSDRNRSP was used to perform 1-D spectral geometry 

calculations utilizing the ASTRA working library The specific model is discussed in 

Section 5.2. 



The input library for the spectral calculation is in 238 groups. Even though TOTNEW can 

handle the group collapsing that is required to reduce the equivalent parameters to the 6 

energy groups (1 thermal and 5 fast groups) used in the VSOP calculation, this was rather 

done in the XSDRNRSP calculation itself. Only the collapsed data was therefore passed to 

the TOTNEW code. 

Multi-group eigenvalue calculations were performed with a aght point-wise flux 

convergence criterion (10.1) and h~gh order flux expansion (S,d to ensure accurate 

reference transport results for the equivalent parameter calculation to follow. Anisotropic 

scattering was taken into account utilizing P, approximations. 

For each cell in the I-D spectral geometry model, group cross-sections, cell averaged 

fluxes, surface currents and volumes are written to the interface hle. Note that no spatial 

homogenization of the cells was performed in the XSDRNRSP calculation, but rather left 

for the TOTNEW code to handle. 

4.6 TOTNEW 

TOTNEW [14] was written to implement the method of equivalent cross-sections as 

discussed in Section 3.7. It uses the results of the S, code XSDRNRSP to determine the 

cross-sections and diffusion constants for the control rod geometry under invesagation. 

The TOTNEW program was written in FORTRAN-90 and a lisung of the source can be 

found in Appendix A. 

TOTNEW can perform group collapsing of the input data to the required number of 

energy groups in VSOP, though this feature was not used in the benchmark discussed. 



Spatial homogenization of the cells in the specid calculation is done to obtain 

homogenized cross-sections for the control rod region. 

TOINEW requires, as part of its input, the dimensions of the control rod in the 

CITATION geometry, as well as of the neighborhg meshes. It compares this to the input 

of the cells making up the control rod region and of the cells specifymg the distance to the 

neighboring mesh. A warning is given if these dimensions do not correspond. 

Diffusion coefficients for the neighboring mesh can be given in the input, or alternatively 

the diffusion coefficients as calculated from the transport code may be used. The &st 

option is the one recommended and used in this benchmark. 

4.7 MCNP 

MCNP [6] stands for Monte Carlo n-particle. It is a Monte Carlo based code that can 

handle neutron, photon and electron transport, including the capability to calculate 

eigenvalues for critical systems. The code can handle complex 3-D geometry with various 

material compositions, which makes it extremely versatile. MCNP provides a sufficiently 

different second method for the verification of the VSOP results. Details of the MCNP 

model of the ASTRA facility are given in Section 5-5. 



5 ASTRA Models 

5.1 Introduction 

This chapter discusses the various models that were set up to perform calculations for the 

ASTRA critical facility. 

The model used for the control rods in XSDRNRSP and TOTNEW is discussed in 

Section 5.2. Section 5.3 discusses the method of equivalent boron concentration. Section 

5.4 looks at the diffusion coefficients used in the void areas. The actual VSOP model is 

discussed in detail in Section 5.5, followed by a short discussion on the MCNP model in 

Section 5.6. 

5.2 The ASTRA Control Rod Model in XSDRNRSP and 

TOTNEW 

The control rods in the ASTRA facility are situated in the side reflector, inside the axial 

channels of the graphite blocks, as shown in F w e  2-1. All these rods have the same 

configuration, as shown in Figure 2-4. Since a 1-D transport code is used to determine the 

equivalent parameters, this geometly set-up has to be approximated in one-dimensional 

cylindrical co-ordinates. The diffusion calculation was set up m such a way as to conserve 

the diameter of 11.4 cm of the c h a ~ e l  in the reflector blocks into which the control rods 

are placed 



As discussed in Section 2.2 the ASTRA control rods consist of several hollow tubes of 

steel filled with boron carbide arranged in a circle. This cannot be modeled in a 1-D 

geometry. In order to perform a sensitivity study of the representation of the control rod 

in XSDRNRSP and TOTNEW, several models were set up for the CR2 control rod, 

equivalent parameters determined and used in VSOP calculations to calculate the resultant 

control rod worth. This worth was then compared to the experimental data. In each of the 

models the total mass of steel and boron carbide found in the control rods was preserved. 

The results are shown in Table 5-1. 

From Table 5-1 it is clear that the main factor of importance appears to be the surface area 

of boron exposed. The doser this is to the actual surface area of the boron in the control 

rods, the closer the worth comparison. Currently the restriction of the control rod hole size 

to 11.4 un in width in the VSOP calculation prevents the full surface area to be used in the 

TOTNEW calculation. However, increasing the absorber size will have other effects that 

may influence the calculation Shieldmg of the tubes from each other may have to be taken 

into account and the sparse spacing of the tubes may imply that the effective area is 

somewhat smaller than the total area exposed. This will be investgated in fume work. It is 

also evident that the steel plays an important role in the hnal result. Placing all of the steel 

in a ring on the outside drastically reduces the accuracy of the calculation as compared to a 

steel ring of the appropriate thickness (compare number 3 and number 8 in Table 5-1). 

This is most likely due to the effect of the steel on the neutron spectnun. 

The above calculations are by no means a full investigation into all the factors that can 

influence the calculation. However, it provides some indication of the representation that 

can be used All the models, except number 5 and number 8, fall within an 8% accuracy 

range and most have less that 2% difference from each other, which falls within the 

experimental and calculational uncertainty (see Section 6). 
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Figure 5-1 represents the control 'rod model in T01NEW that will be used in all

subsequent calculations. It corresponds to setup number 9 in Table 5-1, consisting of an

outer ring of steel, 11.4 cm in outer diameter and O.12cmin thickness followed by a boron

carbide ring and the remaining steel in a ring on the inside with void in the center. Two

rings of graphite and a fuel driver zone surround this control region. Note that the

neighbor size is taken to be 6.9 cm in width and height.

Absorber region
to be homogenised

Fuel Driver Zone

Figure 5-1: Control rod representation in XSDRNRSP /
TOTNEW

It must be noted that the above evaluation of the control-rod model used, only applies to

the ASTRA facility and can by no means be seen as a valid method to be used, for

example, for the control rods in PBMR. The optimal method is very much design related

and it is suggested that MCNP calculations be performed to determine the best model to

use.

A major problem that exists with this control rod model is the fact that there is an overlap

in the meshes between control rods at different positions. This is discussed further in

Section 5.5.



5.3 Applying the Method of Equivalent Boron Concentration 

When using the method of equivalent boron for the control rods, one would normally 

insert a boron concentration as to equal the worth of the transport calculation. However, 

since in the case of the ASTRA facility expejimental worths are known for the rods fully 

inserted, this was used to determine the number density of the boron. Further calculations, 

such as differential control rod worth, were then performed using this density. Table 5-2 

lists the equivalent boron concentradons used for each of the control rods. 

As expected the boron concentradon decreases with decreasing control rod worth (CR4 

having the smallest concentration of the four). The accuracy of the equivalent boron worth 

is restricted to the accuracy of the number density of boron that can be inserted (6 

su@icant figures). As a result CR5 and CR2 have the same concentration, which falls 

within the closest accuracy of the expenmental worth. 

Table 5-2: Equivalent boron concenuations for the diffelent 
conuol rods 

Equivalent boron ("B) 

concentration (lotZ4 atoms / cmZ) 

1.51057E-03 

2.48922E-03 

2.48922E-03 

4.09702E-04 

Conaol rod 

CR1 

CR2 

CR5 

CR4 

Experimental worth (5) 

-2.46 

-2.53 

-2.55 

-1.95 
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5.4 Diffusion Coefficients in Void Regions 

As discussed in Section 3.9, s p e d  methods have to be employed to model void areas in 

the diffusion approximation. In VSOP, approximate diffusion coefficients, as obtained 

from the method discussed in Section 3.9.1, are traditionally used. However, none of the 

void areas in the ASTRA facility comply with the requirement of this method, namely a 

cavity above the pebble bed core surrounded by graphite. Clearly the ASTRA control rod 

regions, being situated in the side reflector, cannot be model. Similarly, the void above the 

core does not form a cavity in the cases when the top reflector is not included in the 

configuration, as is usually the case. The central experimental channel runs through the 

center of the core and therefore does not meet the requirement either. 

In order to obtain diffusion coefficients for these void areas, the method discussed in 

Section 3.9.2 was used. Note that only the axial diffusion coefficients were adjusted since 

they were deemed to have a larger effect on the core. Radial diffusion coefficients will have 

to be investigated at a later stage. 

Table 5-3 shows the MCNP axial diffusion coeftidents obtained and compares them to the 

ones calculated in the traditional manor. It can be seen that the difference is substantial, 

especially in the case of the control rod r q o n  and central experimental channel. 

Considering that the area above the core, even without the top reflector in place, comes 

closest to resembling the situation assumed in the tra&tional method, it was to be expected 

that the difference between these two diffusion coefficients is less than for the other 

regions. 



Table 5-3: Axial difhsion coefficients comparison 
Region I MCNP axial diffusion / Traditional method 1 % difference 

I 
. 

I coefficient i R 1 axial diffusion I 1 
coefficient I R 

Area above core (top ( 0.708783 
reflector not present) 1 I I 
Control rod region (no 1 0.099444 
control rod inserted) 1 I I 

Since the determination of axial diffusion coefficients using analogue Monte Carlo 

methods does not suffer from the same resmctions as the tradtional method, these are the 

ones that were used in the VSOP model of the ASTRA facility. 

0.532155 

Central experimental 1 0.064362 0.660520 
channel 

5.5 VSOP Model of the ASTRA Critical Facility 

-29.122 

0.660003 

-98.564 
1 

The AS??IA facility was modeled in VSOP using full 3-D cylindrical geometry. As a result 

of the cylindrical geometry, the octagonal core had to be approximated by a volume 

preserving cylinder 181 cm in diameter. To evaluate the effect of this assumption, two 

MCNP models were set up, one with an octagonal and one with a cylindrical core. To 

avoid sphere-cutting effects at the edge of the core, homogenized m a t e d  was used in 

both cases. Under these conditions the MCNP showed a relatively s d  effect of 0.1% on 

the k-effective value in the case of no contlol rods inserted. With all control rods inserted 

the qlindetization effect was much larger at 0.5%. For the expeximental layouts considered 

with a maximum of 3 control rods inserted the effect should be considerably smaller. 

-90.056 

An additional problem of the cylindrical model is the position of the control rods. 

Maintauung exact positions relative to the origin at the core center would lead to incorrect 

distances between the contlol rod and the core edge. As expected and confirmed by 

experiment, the core-to-control rod distance plays an important role in the worth of the 

control rod (see Section 7.3). The rods were therefore modeled in positions conespondmg 

to their equivalent distance from the core edge, i.e. the distance into the reflector. As 

discussed in Section 3.7, the method of equivalent c~oss-sections imposes a restriction on 



the mesh structure of any control rod region. Since control rods in ASTRA are positioned 

at ddfering distances from the core, an exact model of the rods at the required position is 

not possible without having overlapping control rod regions (see Figure 5-2) 

F i r e  5-2: Representation of problem of overlapping control- 
cod regions 

The control rods were therefore placed either at the position of the rod under 

consideration, or at an average position from the core in the case where more than one 

control rod is considered. 

In the axial direction the model consists of 14 layers, one for the bottom reflector, three 

for the top reflector or void area, and 10 for the side reflector. The core is divided into 89 

angles, chosen in such a way as to obtain the absorber region volume for each control rod 

and a 6.9 cm neighbor mesh on both sides, and then subdividmg the regions in between. 

The model is represented in F w e  5-3. 



Eouivalent absorber 

voided control rod % Core 

Figure 5-3: A d  (right) and radial (left) representation of the 
VSOP model 

The core is modeled as three channels consisting of one layer of three batches, each 

chosen in such a way as to equal the correct loadmg of fuel to absorber to moderator 

spheres in each channel. Each channel forms its own spectral zone. The central 

experimental channel, side reflector, bottom reflector and top void area, or top reflector, 

also form a spectral zone each. Unfilled control rods form one spectral zone with the side 

reflector with f led  control rods a separate one. Each filled control rod is surrounded by a 

separate spectrum zone to enable the determination of diffusion coefficients in the 

surroundmg area as an input to the method of equivalent cross-sections. In all, nine 

spectrum zones are used in the calculation. 



Calculations were performed in six energy groups, one thennal group and 5 fast groups 

with the group boundaries shown in Table 5-4. 

Table 5-4: Energy s o u p  smcture far the VSOP madel 

The convergence for the CITATION calculation was set to 0.00001 (1 pcm) in k-effective 

and 0.0001 for the normalized flux. 

Group 

number 

1 

2 

Upper energy limit 

10 MeV 

1 MeV 

Lower energy limit 

1 MeV 

4 keV 
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5.6 MCNP Model of the ASTRA Critical Facility

One of the important features to be taken into account in pebble bed type reactors is the

heterogeneity of the fuel, with its internal micro-kernels. In the MCNP model of ASTRA,

the micro kernels were modeled explicidy, and placed on a square lattice structure, which

was then used to fill a fuel sphere. The B4C kernels of the absorber spheres used in

ASTRA were modeled in a similar fashion.

The spheres used in ASTRA (fuel, absorber and moderator) were then filled into the

geometric MCNP model of ASTRA by placing them on a body centered tetragonal lattice

(see Figure 5-4) with which the core is filled. Grouping several body-centered tetragonal

structures together into a lattice with the correct ratios ensured the correct ratio of fuel,

absorber and moderator spheres. It has been shown [27] that this method of modeling the

ASTRA facilityprovides good results.

Figure 5-4: The body-cantered tetragonal structure

A cross-section through the core of the MCNP model is shown in Figure 5-5.
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Figure 5-5: Cross-section of the MCNP model at a height of
100 cm
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6 Evaluation of the Experimental and 

Calculational Uncertainties 

6.1 Introduction 

An evaluation of the uncertainty inherent in the results obtained for both the experimental 

benchmark and the results of the calculation foms an important part of an evaluation of 

the validity of a computational code. Should the calculated results fall outside the expected 

error margm, a more detailed invesagation is required as to why this is the case. However, 

it is very difficult, if not impossible, to asslgn an error margin to the results of an extensive 

code like VSOP, or to most experiments. 

6.2 Experimental Uncertainty 

A thorough experimental uncertainty evaluation was not supplied from the Russian 

Research Institute where the experiments were performed. Such an evaluation would have 

provided a clearer framework from which to perform a validation. 

From the documentation [28] it is merely stated that the uncertainty in the control rod 

worth is experimentally determined as %2.5%. This tigure is therefore used in all control 

rod calculations. 



In terms of criticality experiments, the uncertainty is associated with the actual height of 

the pebble bed. Before any height measurement, the surface of the bed was padded down 

to level it as best possible. However, the very name of the stochastic hlling of the pebbles 

implies that any measured value will be but an indication of the average height. Since 

experiments have shown that a single layer of pebbles can have a reactivity worth of as 

much as $0.54 it can be expected that the uncertainty in the height will cause an uncertainty 

of at least half this on the calculated result, or in other words, a difference in k of about 

0.19%. 

6.3 Caiculational Uncertainty 

To determine an accurate measure of the calculational uncertainty is an almost impossible 

task because of the number of possible influences, from uncertainty in the cross-section 

libraries to approximations made in the solution method. Several approximations were 

made in the model of the ASTRA facility, and the inherent approximations of the diffusion 

theory must also be considered. 

In terms of the method of calculation, the convergence in the k was set to 0.00001, semng 

the lowest limit of the accuracy. 

As discussed in Section 5.5 the approximation of the core of the facility as a cylinder 

instead of an octagon introduces a difference in the k from between 0.1% in the case of no 

control rods inserted and no control rod positions modeled, to 0.5% for all control rods 

inserted at core-to-control distance conserved. It can therefore be assumed that the best 

accuracy that can be obtained must lie somewhere between these two extreme values at 

about 0.35% in the k value. 



The modeled control rod positions, compared to the actual positions is another point that 

has to be considered because of the problem in modehg overlapping control rods in the 

method of equivalent cross-sections. Comparing the value in the k-effective between using 

empty control rod positions at an average distance, closest distance, and furthest distance 

showed a maximum change of 0.06% in the value of k 

Cons idhg  all the uncertainties and assumptions, it can be concluded that the uncertainty 

in the calculational result should be in the region of 0.60% in the value of k. This falls well 

within the accepted norms of 1% in k for criticality calculations when compared to 

experiment. 



7 Results and Discussion of VSOP Benchmark 

7.1 Introduction 

The following describes and discusses the results obtained from VSOP calculations of the 

ASTRA experiments. Section 7.2 discusses results of calculation for experiments involving 

the uiticality of the facility. Section 7.3 discusses the control rod worth results. This is 

followed by an invesagation of reactivity effects of main components. 

The uncertainty for the calculational result is assumed to be approximately 0.6% in the 

value of k as discussed in Section 6.2. The reactivity worths are given in dollars where the 

experimentally measured effective delayed neutron fraction PQ of 0.0072 [29] was 

assumed 

7.2 Initial Criticality and Investigation of Critical Parameters 

with Varying Height of the Critical Assembly Pebble Bed 

In the &st experiment performed at the ASTRA facility, the pebble bed height was built 

up slowly and the height at which criticality was reached noted. In Further experiments the 

heght of the pebble bed was built up further and various critical parameters recorded. 



7.2.1 Attainment of Criticality 

The hrst experiment performed at the fadty was attainment of criticality. In the VSOP 

calculations, a full 3-D model of the ASTRA fadty  was set up, and the height set to the 

height at which criticality was attained. The k calculated was 1.0053M.6%, a difference of 

530 pcm to the experimental result and within the given uncertainty. The full detail MCNP 

calculation resulted in a k value of 1.00400f0.00175, and thus in very good agreement with 

the VSOP result. 

7.2.2 Variation in Pebble Bed Height 

In this experiment the pebble bed height was increased in layers, and the reactivity margin 

noted by using the CR5 control rod. The results of the calculation as well as the 

experiment are shown in Table 7-1. In the VSOP model the height of the pebble bed was 

increased and the mesh structure adjusted where appropriate, to maintain the number of 

meshes in the axial direction, 

Table 7-1: Vanation in the assembly reactivity marein [$I with - -  
increasing height of tl;e pebble bed 

I Layer 1 Pebble 1 Reactivity 1 Reactivity I Percentas 1 Reactivity 1 Reactivity 1 Percentage 1 

The calculational results compare well with experiment However, no consistency seems to 

exist in the percentage error obtained, though vatiations between experiment and VSOP 

results are small and well within the uncertainty, so that the possibility exists of 

experimental uncertainty causing the fluctuations. 



7.2.3 Various Critical Configurations 

While bddmg up the pebble bed to different heights, various conwat ions  were 

determined at which the facility reaches criticality. These configurations, as well as the 

associated VSOP results in k are shown in Table 7-2. Again, VSOP agrees very well with 

expeziment 

The results for all configurations without a top reflector fall well within the 0.6% 

uncertainty. The configuration with the top reflector shows a slightly larger ddference and 

in adhtion, it is the only one for which the calculated reactivity was less than one thus 

showing deviation from the general trend of the VSOP calculations providing a too high k 

value. 

For these calculations, equivalent boron was used for the control rods as determined £tom 

the control rod worth at fully inserted, as discussed in Section 5.3. The manual rod is not 

modeled. Its reactivity worth at fully inserted for the pebble bed at 268.9 un height is, 



according to experiment, only 4.1578. Considering the uncertainty that is associated with 

the experiment, as well as the assumptions made in the calculations, this is a vety small 

effect. 

The use of equivalent boron may imply that the spectrum is different enough in the case 

with the top reflector present so that the calculated boron concentration no longer applies. 

Spectnun effects on the boron concentration are discussed further in Section 7.3.3. 

It must be noted that in order to model the control rods at the correct positions, the mesh 

structure as used in VSOP had to be changed for each case through chngmg the size of 

one or more of the axial meshes. This, together with experimental uncertainty, may explain 

the spread of 0.4O/o observed in the results for the cases without the top reflector. 

7.3 Control Rod Worths and Validation of the Method of 

Equivalent CrossSections 

The control rod experiments performed at the ASTRA facility, and used for comparison, 

can be classified into three groups namely (1) the reactivity worth of a single control rod 

fully inserted, (2) the interference effects of two or more control rods inserted 

simultaneously, and (3) the differential reactivity worth of a control rod. In the VSOP 

calculations the control rod reactivity worths were calculated by performing k calculations, 

with control totally inserted and totally extracted. In the differential worth calculation the 

insertion depths were restricted to the finite difference axial mesh boundaries. 





Although the results with the method of equivalent cross-sections 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 5.5, this presents a demma 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 cunent PBMR design, all 

the control and shutdown system positions can be accommodated within a single set of 

radial meshes so that method of equivalent cross-sections is applicable. 

7.3.2 Method of Equivalent Cross-sections: Parameters and 
Sensitivities 

When MECS is applied, three sets of parameters are calculated and used in VSOP to 

represent the equivalent absorber region. The calculated absorption and removal (defined 

as total out-scatter) cross sections, as well as the equivalent diffusion coefficients are given 

and compared for all the cases listed in Table 7-4, within the 6-group structure. In Tables 

7-5 and 7-6 the values for the four control rod cases in dose proximity to the core (CR2, 

CR1 and CR4) are given Note that the values (or differences) for CR5 are not included, 

since they are identical to that of CR2. This is expected since the two control rods (CR5, 

CR2) are both located 12.5 cm from the core and therefore the same I-D transport model 

and CITATION meshes were used in both cases. In all cases the calculated CR-2 control 

rod values are used as the reference result. 

Table 7-4: Absarpdon cross-sections [ c d ]  and differences for 
CR2, CRI and CR4 

Group Control rod 
CR2 (reference) I CR1 I CR4 

1 6.25E-04 ( -0.4% 1 -1.7% 
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Table 7-5: Removal cross-sections Icm~ll and differences for 
CR2, CRY and k 3 4 '  

Table 7-6: Diffusion coefficients lcml and differences for CR2. 
CRl and'CRk 

The variation in the absorption cross sections is quite small with a maximum change of 

4.5% in the thermal group (< 1.86 eV). The differences in the removal cross sections are 

considerably larger, with differences up to 16.5% seen for CR4. Since the absorption and 

removal cross sections are only a function of the 1-D transport model, and since the same 

absorber volume was used in all calculations, the differences can only be attributed to the 

h e  group spectra variations of the representative 1-D transport models. This explains why 

the largest effects are noticed for CR4 positioned 17.7 un from the core, compared to the 

12.5 cm for the selected reference CR2. This is confirmed below, when the v h t i o n  in the 

MECS parameters for CR2 for various distances are compared. 

The equivalent diffusion parameters presented in Table 7-6 show a much larger variation in 

values with the group one value for CR4 nearly a factor four larger than the selected 

reference CR2. The diffusion coefficient is, of course, an adjusted or equivalent value 

dependent not only on the flux spectra, but also on the leakage, mesh sizes and diffusion 

coefficients of the neighboring regions. 



In Table 7-8 and Table 7-9, the values for CR2 at fout control-rod-to-core distances are 

given. Similar to the previous discussion, the values for CR2 in position h12 (12.5 an) were 

selected as reference, and only differences are given for the other three cases, h13 at 

37.5 cm, h14 at 62.5 cm and h15 at 87.5 cm. For these cases the differences in the cross 

sections are considerably larger. The large variation in the control-rod-to-core distances 

and the conespondmg larger variation in the spectrum is the reason for this. In most cases 

the hfferences, compared to the reference position h12, become systematically larger as 

the distance increases and as the spectrum softened (see Table 7-10). It must be kept in 

mind that the h e  group spectrum changes in the absorber region of the 1-D transport 

calculation cause the six group cross section variations and not the six-group specttum 

variations presented here for comparison. 

Table 7-7: Vadadon in absomtion cross-section lcm-ll from 

Table 7-8: Variation in removal cross-section lcm-ll from 

~. 
MECS wth mcreasmg dstance fmm the core 

Group 
Control rod 

h12 I h13 I h14 I h15 

. . 
MECS with increasing distance from the core 

Group Control rod 
h12 I h13 I h14 / h15 



Table 7-9: Variation in diffusion cwffrcients [cm] from MECS 
with increasing distance from the core 

Control rod 
h12 I h13 I h14 / h15 

Table 7-10: Neutron energy spectrum (lethargy 
[dimensionlessl) in absorber re&ion from the 1-D transport 

The equivalent diffusion coefficients show large vadations for the various cases, with 

differences up to 155 %. Compared to the results presented in Table 7-9, the larger 

differences are not only resmcted to the fast groups, with large differences also seen in the 

thermal group. Since these differences could be due to vkous factors, no further attempt 

was made to analyze the specific reasons for these effects. A sensitivity study was 

performed to determine how sensitive the reactivity worth of a control rod is on the 

selected method of equivalent cross-sections parameters. To test this, the method of 

equivalent cross-sections parameters of cases h12 to h15 were substituted in VSOP 

calculations for cases h12 to h14. These results are given in Table 7-11 and show the 

differences compared to the reference result obtained when the appropriate method of 

equivalent cross-section set was used @I2 method of equivalent cross-section parameters 

in case h12 and so on). 
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Table 7-1 1: Sensitivity of reactivity worth to method of 

position 

h12 
h13 -8.0% 
h14 -7.6% 

The effects on the reactivity worth are surprisingly small, e s p e d y  since such large 

differences in the MECS parameters were found. This provides some comfort since the 

MECS diffusion coefficients in particular were found to be sensitive to changes in the I-D 

transport model and mesh size selection. 

7.3.3 Usage of the Equivalent Boron Concentration Method 

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 the method of equivalent cross-sections for incremental control rod VSOP 

calculations. Extraction to a distance not on a mesh interval is also not possible with the 

MECS. Therefore, an equivalent Boron concentration (EBC) often replaces the equivalent 

cross sections. In this case the rod movement can be defined in a single VSOP run and no 

restarts are required. 

A slngle equivalent Boron concentration was determined to conserve the experimentally 

obtained worth of CR2 m position h12. The control rod was then moved away from the 

core to positions h13, h14 and h15. In the VSOP model the same equivalent boron 

concentration was used to represent the rod when moved to the other positions further 

from the core edge, as indicated in Table 7-12, The calculated VSOP results are compared 

to measurements. 



Table 7-12: Reactivity woah of CR2 at different positions 
represented by a single EBC 

I Block ~osition I Distance from 1 Measured l$l I VSOP 1$1 I Percenta~e I 

It is immediately apparent that the reference calculated boron concentration of position 

h12 cannot be applied to other control regions. A similar effect was seen when control rod 

CR4 was moved from position W to 14. A possible reason is that the diffusion error 

increases for increased distances from the core, or simply that the relative error becomes 

larger as the reactivity worth value decreases. Also, since the calculated boron 

concentration was determined to reproduce the reference values, any deficiencies in the 

diffusion calculation, such as transport or self-shieldmg effects, are also taken into account 

when determining the reference boron concentration. In other words, the EBC is sensitive 

to the neutron spectrum in which it is determined. These effects will 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. 

(see ~ & e  1) 
h13 
h14 
h15 

7.3.4 Interference of Control Rods 

In another set of calculations, 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 7-13 are therefore due to the combined control rod effects, also called the 

interference effects. The results obtained are satisfactory and it can be concluded 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). 

core (cm) 
37.5 
62.5 
87.5 

- .  

-0.88 
-0.22 
-0.03 

. . 
Boron equivalent 

-0.77 
-0.19 

-0.008 

- 
difference 
-12.1 % 
-14.1 % 
-72.5 % 



Table 7-13: Reactiviv worth of combinstion of conuol rods 

7.3.5 Differential Control Rod Worth 

As a final example, the differential worth of the CR5 control rod (s-curve) was determined. 

In the experiments, the worth of the control rod was measured at various heghts of 

extraction. In the VSOP calculations the EBC for the control rod at full insertion was 

determined and then used for the subsequent differentid worth calculations. As a 

validation, MCNP calculations were also performed. The results obtained, as shown in 

Figure 7-1, are satisfactory, and it can be concluded that EBC can be used for differential 

control rod worth calculations. 

1 

F i r e  7-1: Differential reactivity comparison of the CR5 
conuol rod behveen VSOP making use of EBC, MCNI' and 

experiment 

0 . 5 -  

wom ., . 
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7.4 Reactivity Effects of Main Components and Materials 

Reactivity effects of single spheres of all types, as well as of groups of spheres, were 

measured at the ASTRA fadlity in the central experimental channel of the core. Only the 

combinations of spheres were calculated using VSOP. The results are shown in Table 7-14. 

VSOP does not allow for sphere data (from DATA-2) to be inserted in a region that is not 

specified as core. As a result, the materials were inserted into the region by setdng the 

appropriate number densities of the relevant isotopes. The grain suucture is, however, 

taken into account in the spectrum calculation where the fuel sphere cell calculations is 

used. 

The experiment used a rod, which contained graphite plugs. In the VSOP model the entire 

channel was f l ed  with graphite, except for the region where the sphezes were placed. As a 

result, it is not possible to compare experimental worth of the experimental rod in its 

entirety with the VSOP result, but only the relative worths of the sphere combinations. In 

addition, there is more graphite in the core than there was in the experiment, which can be 

a possible explanation for the large percentage difference in the calculated worth of the 

moderator spheres, compared to the experimental value. 

For the different sphere combinations care was taken to adjust the THERMOS 

calculations accordingly. This seemed to have an especially large effect in case of the fuel 

spheres and the absorber spheres. The moderator spheres were not as strongly affected. 



Table 7-14: Reactiviry effects for poups of spheres 

Group / Reactivity Effect I Experimental / Percentage Difference 1 

. MS - Moderator Sphms .. 
AS - Absorber Spheres ... 
FS -Fuel Spheres 
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8 Conclusions and Recommendations 

8.1 Conclusions 

The results of these calculaaons have shown that VSOP is indeed able to model the 

ASTRA facility. 

In terms of critical parameters, in Section 7.2 it is shown that for the initial criticality of the 

facility the calculated k differed from the experimental value of one by 530 pun, within the 

expected 0.6% uncertainty level. It is also shown that VSOP provides accurate results on 

the reactivity effects of adding layers of spheres, with all reactivity margins falling within 

22% of the experimental values. However, there appears to be no consistency in the 

difference between experiment and calculation, lea- to the conclusion that this is caused 

by experimental uncertainty, e s p e d y  in the cases where the reactivity margin is relatively 

small. Vadous cridcal configurations are also shown to produce VSOP results in the k, 

which are within the 0.60% uncertainty margin for all configurations that do not include 

the top reflector. Once this reflector is included, the k effective value differs from the 

experiment by 0.826%. The reason for this is the influence of the top reflector on the 

neutron spectrum, thus influenang the EBC of the control rods modeled. 

For the control rod calculations as discussed in Section 7.3, it is shown that the MECS can 

calculate the control rod worth to within 1.9% of the experimental value for control rods 

close to the core. This falls within the experimental uncertainty of 2.5%. However, as the 

distance between the control rod and the core is increased, the difference between 

e x p e b n t  and calculation increases to as much as 34.2%. This can be attributed to a 

number of effects, most notably the increase in the error made in diffusion theory with 

increasing distance from the core. It must also be noted that the restriction of the mesh 

structure in MECS restricts the control rod placement in the model due to the overlap of 



control rod regions. This can have a difference of as large as 0.5% in the k. In the usage of 

EBC it is shown that the method can yield very good results when considering such effects 

as interference of control rods (calculational results were within 2.5% of experiment) and 

differential control rod worth. However, EBC becomes ineffective in cases when there is a 

large spectrum change as compared to the spectrum in which the EBC was calculated. 

Most notably, EBC cannot be used when the control rod is moved further away from the 

core. In this case, the difference between the calculated and experimental worth increased 

to as much as 73% for the most distant position. 

Reactivity effects of different sphere types introduced into the central experimental channel 

are shown in Section 7.4 to be within 27% of experiment. Because of the resmctions of 

VSOP, several assumptions had to be made here, such as the inclusion of more graphite, 

which contribute to the larger calculational difference. 

Overall, VSOP has been shown to provide acceptable answers to the experiments, 

provided care is taken in several aspects, e s p e d y  concerning the control rod model with 

EBC. It has been shown that the method of equivalent cross sections can be applied lughly 

successfully for this type of configuration. Control rod worths calculated were well within 

the uncertainty margin of 2.5% in worth, when compared to experiment The inability to 

have overlapping control rod regions does however limit the accuracy that can be modeled 

with VSOP for the ASTRA facility. The method of equivalent boron has been shown to be 

lughly effective and useful for calculations provided that care is taken in theit. use. It must 

be assured that the spectrum at which the boron concentration was calculated does not 

differ substantially from that in which the concenttation is to be used. 
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8.2 Recommendations for Future Work 

The MECS has been shown to yield favorable results for the ASXRA facility. Since it was 

found that the limitation of a single mesh in the rodded regions can cause modelmg 

problems due to overlaps, it will be of an advantage to investigate changes to the method 

to overcome this deficiency. Future improvement may also include the extension of the 

transport code to two dimensions, and the assodated introduction of asymmetry in the 

method. This, coupled with directionally dependent diffusion coefficients in CITATION 

in the radial and azimuthal direction, will provide greater accuracy in the calculation. 

As more experiments are bang performed at the ASTRA facility, it is recommended that 

work proceed in comparing experimental results to VSOP calculations as a highly efficient 

means to validate the code and ultimately provide validation for PBMR calculations. 
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10 Appendices 

APPENDIX A: TOTNEW SOURCE 

! 
! Main for TOTNEW program 
1 

PROGRAM totnew 

! Modules Used 
USE versio-mod ! Version Information 
USE error-mod ! Error handling routines 
USE readinp-mod ! Routines for reading the totmos input file 
USE readrsp-mod ! Routines for readin the rsp file 
USE mixdata-mod ! Routines for mix type 
USE collaps-mod ! Routines for collapsing xsection 
USE xsec-mod ! Routines for determining xsecs in rod region 
USE diff-mod ! Routines for calculating diffusion coefficients 

IMPLICIT NONE 

WRITE(*,*) 
WRITE(*,100) VERSIO 

W E ( * , * )  

CALL CPU-TIME(cpu_start) 

! 
! Read input 
! 
CALL readinf~le 

WRITE(OUTFILE,*) 
WRITE(OUTFILE, 100) VERSIO 
WRITE(OUTFILE,*) 



WRITE(OUTFILE,*) '000000000000000000000000000000000000000000000000000000~000~0000' 
WRITE(OUTFILE,*) 
WRITE(OUTFILE,*) 'FILE DATA:' 
wRITE(OUTFILE,*) 
WRITE(OUTFILE,*) 'Input Filename : ', inm(mputf11e) 
WRITE(OUTFILE,*) 'Output Filename: ', mm(outputf11e) 
WRITE(OUTFILE,*) 'RSP Filename : : tnm(rspfi1e) 
rnE(OUTFILE,*)  
WRITE(OUTFILE,*) '00000000000000000000000000MHXHHMOO000000000~00~o~OOM)(MO00' 
WRITE(OUTFILE,*) 

WRITE(*,*) 
WRITE(*,*) W00000000000000000000000000000000000000M)00000~0000000000~~~ 
WRITE(*,*) 
WRITE(*,*) 'FILE DATA:' 
WRITE(*,*) 
WRITE(*,*) 'Input Filename : ',  inputf file) 
WRITE(*,*) 'Output Filename: ', mm(outputfi1e) 
WRITE(*,*) 'RSP Filename : ', tnm(rspfi1e) 

WRITE(*,*) 
WRITE(*,*) '000000000000000000000000000000000000000000000000000000000000000000' 

WRITE(*,*) 

! 
! Read rsp file - already done in readinfile 
! 
! CALL readrspfile 

WRITE(OUTFILE,*) 
WRITE(OUTFILE,*) 'MIXTURE DATA ON RSP FILE' 
WRITE(OUTFILE,*) 

CALL show-all-mixtures( 1 ) 

! 
! Collaps the Cross Sections to broad groups 
! 
CALL coUaps(ngb,ngbfng) 

IF (ngb > 0) THEN 

WRITE(OUTFILE,*) 
WIUTE(OUTFILE,*) 'COLLAPSED MIXTURE DATA' 
WRITE(OUTFILE,*) 

! Show the basic data 
I 

CALL show-all-mixtures( 1 ) 

END IF 



! 
! Reduce to zone data 
! 
CALL create-zone-data 

! Show Zone data 
! 

WRITE(OUTFILE,*) 
WRITE(OUTRLE,*) 'ZONE DATA' 
WRITE(OUTFILE,*) 

CALL show-all-zones( 1 ) 

! 
! Calculate siga and sigr for control rod region 
! 
CALL rod-set( cnumz, czones ) 

! 
! Calculate diffusion constant 
! 
CALL rod-d 

! 
! Show results 
! 
CALL show-xsecs 

! 
! Deallocate Ev-g before program termination 

CALL deallocate-mixtures 
CALL deallocate-mnes 
CALL deallocate-input 

! 
! Write completion comment 
1 

CALL CPU-TIME(cpu-end) 

WRITE(OUTFILE,*) 
WRITE(OUTFILE.101) (cpu-end - cpu-start) 
WRITE(OUTFILE,*) 

WRITE(*,*) 
WRITE(*,lOl) (cpu-end - cpu-start) 
WRITE(*,*) 



! FORMATS 
100 FORMAT(T0TNEW (VERSION=',F4.2,')') 
101 FORMAT(T0TNEW COMPLETED SUCESSFULLY ( CPU Time = ', F6.2, ' s )') 

END PROGRAM totnew 

MODULE versio-mod 

IMPLICIT NONE 

REAL, PARAMETER :: VERSIO = 1.01DO 

END MODULE versio-mod 

MODULE error-mod 
! module for error handling inside totnew 

IMPLICIT NONE 

CHARACTER(LEN=256), PRIVATE :: emnsg 
REAL :: cpu-start, cpu-end 
INTEGERPARAMETER : : OUTFILE=84 ! Output File Unit 

CONTAINS 

SUBROUTINE errset( msg ) 

IMPLICIT NONE 
CHARACTER(*), INTENT(1N) :: msg 

CALL enter-%( 'errset' ) 

emnsg = msg 

CALL leave_%( 'errset' ) 



END SUBROUTINE m e t  

SUBROUTINE warning( msg ) 

IMPLICIT NONE 
CHARACTER(*), INTENT(M), OPTIONAL :: msg 
LOGICAL :: isopen 

CALL enter-sr( 'warning' ) 

IF (PRESENT(msg)) THEN 
emnsg = msg 

END IF 

~QURE~N~T=OUTFILE,OPENED=~~O~~~) 
IF (isopen) THEN 
WRITE(OUTFILE,*) 
WRITE(OUTLE,*) 'WARNING: ', enm% 

ELSE 
WRITE(*,*) 
WRITE(*,*) WARNING: ', emnsg 

ENDIF 

CALL leave_%( 'warning' ) 

END SUBROUTWE warning 

SUBROUTINE error( msg ) 

IMPLICIT NONE 
cxARACTER(*), INTENT(M), OPTIONAL :: msg 
LOGICAL :: isopen 

CALL enter_sr( 'error' ) 

IF (PRESENT(mg)) THEN 
emnsg = msg 

END IF 

IF (isopen) THEN 
WRITE(OUTFILE,*) 
wRITE(OUTFILE,*) 'ERROR: ',emnsg 
WRITE(OUTFILE,*) 'Aborting TOTNEW' 

ELSE 



WRITE(*,*) 
WRITE(*,*) 'ERROR: ',enmsg 
WRITE(*,*) ' A b o h g  TOTNEW' 

ENDIF 

CALL leave-sr( 'error' ) 

STOP 

END SUBROUTINE error 

SUBROUTINE enter_%( name ) 

CHARACTER(LEN=*) :: NAME 
LOGICAL :: isopen 

RETURN 

CALL CPU-TIME(cpu-end) 

IF (isopen) THEN 
WRITE(OUTFILE;(A21 ,A,A,F10.2,A)') 'ENTERING SUBROUTINE: ', name, & 

' (CPU Time = ', & 
(cpu-end - cpu-start), ' s )' 

ELSE 
WRITE(*,'(AZl,A,A,F10.2fi)') ENTERING SUBROUTINE: ', name, & 

' (CPU Time = ', & 
(cpu-end - cptstart), ' s )' 

ENDIF 

END SUBROUTINE enter-sr 

SUBROUTINE leave_sr( name ) 

CHARACTER(LEN=*) :: NAME 
LOGICAL :: isopen 

RETURN 

IF (isopen) THEN 
WRITE(OUTFILE,'(A21 ,A,A,F10.2,A)') 'LEAVING SUBROUTINE. ', name, & 

' (CPU Time = ', & 
(cpu-end - cpu-start), ' s )' 

ELSE 
WRITE(*,'(A21,A,A,Fl0.2.A)') 'LEAVING SUBROUTINE: ', name, & 



' (CPU Time = ', & 
(cpcend - cpustart), ' s )' 

ENDIF 

END SUBROUTINE leave-sr 

END MODULE error-mod 

MODULE readiq-mod 
! Module to read the totrnos input file 

USE error_mod 
USE readrsp-mod 
USE mixdatatarnod 

IMPLICIT NONE 

CHARACTER(LEN=256) :: inpu+&le='in.dat' ! Input Filename 
CHARACTER(LEN=256) :: outputfile ! Output tilename 
INTEGERPARAMETER :: INFILE=80 ! Input File Unit 
INTEGER :: c n m  ! Number of zones in CR 
INTEGERDIMENSION(:),ALLOCATABLE :: czones ! Array of zone numbers 
INTEGER :: ngb ! Number of broad goups 
INTEGER,DIMENSION(:),ALLOCATABLE :: ngbhg ! Broad group structure 
INTEGER :: wry  ! Zone numbers for wry 
REAL :: a,pa,pxa,ppya ! Geometruc Dimensions 
LOGICAL :: ownd=.FALSE. ! D's give in input 
REAL,DIMENSION(:),ALLOCATABLE :: ds ! input D's 
LOGICAL :: totx=.FALSE. ! rx as in tohnos? 
LOGICAL :: toty=.FALSE. ! ry as in totmos? 

CONTAINS 

! 
! 
SUBROUTINE deallocate-input 

! 

! Deallocates any memory created in the input reading 
! 

CALL enter-sr( 'deallocate-input' ) 

IF (ALLOCATED(czones)) THEN 



DEALLOCATE(czones) 
END IF 

IF (ALLOCATED(ngbfng)) THEN 
DEALLOCATE(ngbfng) 

END IF 

CALL leave-sr( 'deallocate-input' ) 

END SUBROUTINE deallocate-input 

! 
t 

SUBROUTME getfilename( comment, filename, argnum ) 
! 
! Requests and reads the input filename if not give on the command line 
! 

CHARACTER(LEN=*) :: comment 
CHARACTER(LEN=256) :: fdename 
INTEGER :: argnum 
INTEGER :: numargs=O 
INTEGER :: IARGC 

! 
! Get command line 
! 

numargs = IARGC() 

IF (numargs >= argnum) THEN 

CALL GETARG(argnum,filename) 

ELSE 

CALL enter_%( 'getfilename' ) 

WRITE(*,*) comment 

READ(*,*) filename 

END IF 

CALL leave-sr( 'getfilename' ) 

END SUBROUTINE getfilename 



! 
SUBROUTINE readinfile 

! 
! Reads the input file 
I 

INTEGER :: i,nonQ,k 
REAL :: nd 
CHARACTER(LEN=256) :: s !~  

CALL enter-sr( 'readinfde' ) 
! 
! Get the input filename 

CALL getfilename( 'Please enter input fdename: ', inputfile, 1) 
! 

! Open File for reading 

! Read output filename 
! 

READ(INFILE,*,ERR=998) outputfile 
! 
! Open outputfile for writing 
! 

O P E N ( O U T F ~ ~ F I L E = o u t p u ~ 1 e , S T A T U S = ~ W ' , A N =  & 
ACCESS='SEQuENTIAL',FORM='FORMA~D',ER97) 

! 
! Read rsp filename 
! 

READ(INFILE,*,ERR=998) rspfde 
! 
! Read rsp file 
! 

CALL readrspfde 
! 
! Read number of broad groups 
! 

WRITE(OUTFnE,*) 'Reading number of energy groups ...' 
READ(INFILE,*,ERR=998) ngb 

! If we want collapsing, then read the group data 
! 

IF (ngb > 0) THEN 
IF (ngb > mixtures(l)%neg) THEN 
CALL error( 'NGB greater than number of energy p u p s  on RSP file' ) 

END IF 
ALLOCATE@gbfng(ngb),STAT=i) 
IF (i I= 0) THEN 
CALL enor( 'Can not allocate ngbfng' ) 



END IF 

! Read group data 
! 

WRITE(OUTFILE, *) 'Reading group data ...' 
READ(INFILE,*,ERR=998) (ngbfng(i),i=l,ngb) 

! 
END IF 

! 
! Read number of zones in control rod 

WRITE(OUTFILE, *) 'Reading number of zones in control rod ...' 
READ(INFILE,*,ERR=998) cnumz 

! Read the zone data 
! 

WRITE(OUTFILE, *) 'Reading zone data ..' 
ALLOCATE(czones(cnnmz),STAT=i) 
IF (i /= 0) THEN 
CALL error( 'Can not allocate czones' ) 

END IF 
READ(INFILE,*,ERR=998) (czones(i),i=l,cnumz) 

! 
! Sort the zones (just to be sure) 

CALL sort(czones, cnumz) 
! 
! Read the zone numbers for m and ry 

WRITE(OUTFILE, *) 'Reading zone numebrs for m and ry ...' 
READ(INFILE,*,ERR=998) rx,ry,to%toty 

! 
! Read dimension data 
! 

WRITE(OUTFILE, *) 'Reading dimension data ..! 
READ(INF'ILE,*,ERR=998) a,pa,pxa,ppya 

! Read wether or not to read D data 
! 

WRITE(OUTF'ILE, *) 'Reading wether or not toread D ...' 
READ(lNFILE,*,ERR=998) ownd 

! If yes, read own D's 
! 

IF (ownd) THEN 
WRITE(OUTFILE, *) 'Reading reading D ..' 
IF (ngb > 0) THEN 

!write write(*,*) ngb 
ALLOCATE(ds(ngb)) 
READ(INFILE,*,ERR=998) ds 

ELSE 



!write write(*,*) mixtures(l)%neg 
ALLOCATE(ds(mixtures(l)%neg)) 
READ(INFILE,*,ERR=998) ds 

END IF 
END IF 

! 
! Temporary - reading in number densities for each material 
! 

WRITE(OUTFILE, *) 'Reading number of materials ..' 
READ(INFILE,*,EFX=998) nond 
IF (nond I= imix) THEN 
WRITE(str,*) Number of mixtures on input f ie  (', nond, & 

')not equal to number on RSP file (', imix, ')' 
CALL error(str) 

END IF 

DO i=l,nond 
WRITE(OUTFlLE, *) 'Reading material data ..' 
READ(WnLE,*,ERR=998) j,nd 
DO kl,imix 
IF (mixtures(k)%isotop = j) THEN 
mixhlres(k)%ndens = nd 

END IF 
END DO 

END DO 
! 
! Everyhmg read OK - close tbe file and exit 
! 

CLOSE(INF1LE) 
CALL leave-sr( 'readinfie' ) 
RETURN 

! 
! Output File open error 
! 
997 CONTINUE 

CALL error( 'Can not open output file 'I1 outputfile ) 
CALL leave-sr( 'readfie' ) 
RETURN 

! 
! Reading error 
! 
998 CONTINLiE 

CALL error( 'Error r e a m  input file 'I1 inputf~le ) 
CALL leave-srt 'readfile' ) 
RETURN 

! 
! File open error 
! 

999 c o m  
CALL error( 'Can not open input file ' I 1  inputfile ) 
CALL leave-sr( 'readinfile' ) 



RETURN 

END SUBROUTINE readintile 

! 
SUBROUTINE sort( arr, sue ) 

! 
! Sorts an integer array 
! 

INTEGE~DIMENSION(:),INTENT(INOUT) :: a n  
INTEGERINTENT( IN ) :: sue 
INTEGER :: I,J,changed=l 
INTEGER :: temp 

CALL enter-( 'sort' ) 

DO WHILE(changed = 1) 
changed = 0 
DO I=l,size-l 
IF ( M I )  > arr(I+l)) THEN 

temp = d l )  
4 1 )  = alT(I+l) 
arT(I+l) =temp 

changed = 1 
END IF 

END DO 
END DO 

CALL leave-%'( 'sort' ) 

END SUBROUTINE sort 

END MODULE read@-mod 

MODULE ream-mod 
! Module to read the rsp file 

USE error-mod 
USE mixdata-mod 

IMPLICIT NONE 



CHARACTER(LEN=256) :: rspfile='rsp.dat' ! rrp filename 
INTEGERPARAMETER :: INRSP=8 1 ! rsp file unit 

CONTAINS 

SUBROUTME readrspfile 
! 
! Reads in data from rsp file 
I 

INTEGER :: istat-O,I 
INTEGER :: isotop, neg 
REAL(KIND4) :: keff 
CHARACTER(LEN=60) :: description 
REAL,DIMENSION(:),ALLOCATABLE :: d,siga,nufis,fis,chi 
REAL,DIMENSION(:,:),ALLOCATABLE :: scat-mai,di_mat 
INTEGER :: idum 
REAL :: vol,~ux,rflux,lc~~,rcur,avilux 

! 

! 
! 

CALL enter-%( 'readrspfile' ) 
! 
! Open the rsp file 

OPEN(INRSP, FILE=rspfde, STATUS='OLD',ACnON='READ',& 
FORM='UNFORMATTED~,ACCESS='SEQUENTIAL',IOSTAT=istat) 

! 
! Check opening 
! 
IF (istat I= 0) THEN 

CALL error( 'Error opening rsp file 'llrspfile ) 
ENDIF 

! 

! Read heading data 
I 

READ(INRSP) 
READ(INRSP) 
READ(1NRSP) 

! 
! Find out the total number of mixtures by reading through the whole file 
I 

READ(INRSP,IOSTAT=istat) isotop,neg,keff,description 
!write WRITE(*,*) isotop,neg,keff,description 
! 

IMD(=IMIX+l 
DO WHILE (istat = 0) 

READ(INRSP) 



READ(INRSP) 
READ(WRSP) 
READ(INRSP,IOSTAT=istat) isotop,neg,keff,deesription 

!write WRITE(*,*) isotop,neg,keff,descriphon 
IMIX=IMIX+l 

END DO 
I 

IMIX=IMD(-I 
!write write(*,*) IMIX 
! 
! Assign mixtures array 

CALL aIlocate_mixtures( imix ) 
! 
! Get back to beginning of file 
! 

REWlND INRSP 
! 
! Read headmg data 
! !!!!!!!!!!!! Why 3 ???? 
! 

READ(lNRSP) 
READ(WRSP) 
READ(INRSP) 

! 
! Allocate arrays 
! 
ALLOCATE(d(neg),STAT=istat) 
IF (istat I= 0) THEN 
CALL error( 'Can not allocate d memory' ) 

END IF 

ALLOCATE(siga(neg),STAT=istat) 
IF (istat I= 0) THEN 
CALL error( 'Can not allocate siga memory ) 

END IF 

ALLOCATE(nufis(neg).STAT=istat) 
IF (istat I= 0) THEN 

CALL error( 'Can not allocate nufis memory' ) 
END IF 

ALLOCATE(fis(neg),STAT=istat) 
IF (istat I= 0) THEN 
CALL error( 'Can not allocate fis memoly' ) 

END IF 

ALLOCATE(chi(neg),STAT=istat) 
IF (istat I= 0) THEN 

CALL enor( 'Can not allocate cbi memod ) 
END IF 



ALLOCATqscat-mat(neg,neg),STAT=istat) 
IF (istat I= 0) THEN 
CALL error( 'Can not allocate scat-mat memory' ) 

END IF 

ALLOCATE(di_mat(neg,neg),STAT=istat) 
IF (istat I= 0) THEN 
CALL error( 'Can not allocate di-mat memory' ) 

END IF 
! 
! Read information 
! 

DO I=l,IMD( 
READ(INRSP) isotop,neg,keff,description 
CALL add_mixture(a=isotop,&aeg,c=keff,d=desc~ 
READ(MRSP) 4siga,nufis,fis,chtscat-mat 
CALL add-mixture(e=d,I%iga,g=nufis,h=fis,i~ 
READ(INRSP) di-mat 
CALL add-mixture(H-mat,numumI) 
READ(1NRSP) idum,vobi,siga,nuIis,fis.chi 
CALL add-mixture(l=idwn,m=vol,n=d,o=siga,p=nufiS,& 

q=ii~,~hi,num=I) 
!write write(*,*) isotop, idum 

END DO 

! Deallocate Arrays 
! 

! Close File 
I 

CLOSE(INRsP) 
! 

CALL leave-sr( 'readrspfile' ) 
! 

RETURN 

END SUBR0LTII-E readrspfile 

END MODULE readrsp-mod 

!////// l / l / / /// l l / i i / l / / / INPUT RSP FORMAT ........................ 



! RECORD 1: ISOTOP,NEG,KEFF,DESCRIPTION (213,F12.6A60) 
! 

! RECORD 2: D,SIGA,NUFIS,FIS,CHI,SCA~-MATRD((C0LUMN-WISE : 
! => SCAT(I<-I), SCAT(2<-I), .... SCAT(NEG<-1), SCAT(I<-2), 
! SCAT(2<-2). SCAT(3<-2), ..., SCAT(NEG<-2), SCAT(I<-3), 
! ...................... .........., ...... SCAT(l<-NEG), 
! SCAT(2<-NEG), SCAT(3<-NEG) , ............. SCAT(NEG<-NEG) 
! 
! RECORD 3: ID-MATRIX(C0LUMN-WISE : 
! => l/D(I<-1), l/D(2<-I), ..., I/D(NEG<-I), l/D(I<-2), 
! 1/D(2<2), 1/D(3<-2), .... l/D(NEG<-2), lD(lC3), 
! .................... ..., ..........., I/D(l<-NEG), 
! l/D(2<-NEG), l/D(3<-NEG) . ............, l/D(NEG<-NEG) 
! 
! RECORD 4: IDUM ,VOL,LFLUX,RFLUX,LCuR,RCuR,AVFLUX 
! 
t 

MODULE mixdata-mod 
! Module for handling the mixwe data 

USE error-mod 

IMPLICIT NONE 

I t l l l t 1 t t t ~ l 1 t ~ l l l t l l l l t t t l l t t l t t t l l l l l ~ t t t t l l l t l l t l t l l t t l l l t  ............................................................. 
! MIX Type - contains all data for a certain mixture 
I l l l l t ~ 1 t l t l l l ~ l l l 1 l l I t 1 l l l t t ~ l 1 I l l l t l 1 ~ l t t t l l l t l l t t l l ~ l l l l t t  ............................................................. 

TYPE :: MIX 

INTEGER :: isotop,number,zone,neg ! General Data 
REAL :: keff ! General Data 
CHARACTER(LEN=60) :: description ! General Data 
REAL,DIMENSION(:),POINTER :: dsiga,nufis,fis,chi,downscat ! xsections 
REAL,DIMENSION(:,:),POINTER :: scat-mat, di-mat ! xsections 
INTEGER :: idum ! Same as Zone 
REAL :: vol ! Volume of zone 
REAL,DIMENSION(:),POINTER :: lflux, dw,lcw,rcw,avflux ! Fluxes + Cw 
REAL :: ndens ! Number density 

END TYPE MIX 



TYPE (mix),DIMENSION(:),POINTER :: mixtures, zones ! Arrays for data 
INTEGER :: imix=O ! Numbe~ of mixtures 
INTEGER :: izones ! Number of zones 

TypE(Mw ::rod ! Data for conaol rod 

CONTAINS 

SUBROUTWE allocate-mixtures( num ) 
I 

! Allocates the mixtures array 
! NOTE: Does not allocate each mix in the array 
I 

INTEGERINTENT(W) :: num ! Size of array to allocate 
INTEGER :: istat4 

CALL enter-sr( 'allocate-mixtures' ) 

! Check if already allocates 

IF (ASSOCIATED(mixtures)) THEN 
CALL warning( 'Mixtures array already allocated - will deallocate ' ) 
CALL deallocate_mixmes 

ENDIF 

! Allocate mixtures 

! Check if allocation successful 

IF (istat I= 0) THEN 
CALL error( 'Can not allocate mixture array' ) 

ENDIF 

! Assign the number of mixtures - imix 

CALL leave-%( 'allocate-mixtures' ) 

END SUBROUTINE allocate-mixtures 



SUBROUTINE allocate-mix( neg, ml ) 

! Allocates all arrays in type mix using neg 
! NOTE. Also initializes the arrays to 0 

INTEGERMTENT(1N) :: neg ! Size of arrays 
TYPE(MK),INTENT(OUT) :: ml ! MIX to allocate 
INTEGER :: istat.,I,J 

CALL enter-st( 'allocate-mix' ) 

! Set the number of groups in the mix 

ml%neg = neg 

! Allocate arrays, with error checking 

ALLOCATE( ml%d(neg), STAT=istat ) 
IF (istat I= 0) THEN 
CALL error( 'Can not allocate memory' ) 

ENDIF 

ALLOCATE( ml%siga(neg), STAT=istat ) 
IF (istat I= 0) THEN 
CALL error( 'Can not allocate memory' ) 

ENDIF 

ALLOCATE(ml%nufis(neg), STAT=istat ) 
IF (istat I= 0) THEN 
CALL error( 'Can not allocate memory' ) 

ENDIF 

ALLOCATE(ml%fis(neg), STAT=istat ) 
IF (istat I= 0) THEN 
CALL error( 'Can not allocate memory' ) 

ENDIF 

ALLOCATE( ml%chi(neg), STAT=istat ) 
IF (istat I= 0) THEN 
CALL error( 'Can not allocate memory' ) 

ENDIF 

ALLOCATW mlOAscat-mai(ne&neg), STAT=istat ) 
IF (istat I= 0) THEN 
CALL error( 'Can not allocate memory' ) 

ENDIF 

ALLOCATE( rnl%d-mat(neg,neg), STAT=istat ) 
IF (istat I= 0) THEN 
CALL error( 'Can not allocate memory' ) 



ALLOCATE( ml%lflux(neg), STAT=istat ) 
IF (istat /= 0) THEN 
CALL error( 'Can not allocate memoly' ) 

ENDIF 

ALLOCATE( ml%mux(neg), STAT=istat ) 
IF (istat /= 0) THEN 
CALL error( 'Can not allocate memoly' ) 

ENDIF 

ALLOCATE( ml%lcur(neg), STAT=istat ) 
IF (istat /= 0) THEN 
CALL error( 'Can not allocate memory' ) 

ENDIF 

ALLOCATE( ml%rcur(neg), STATzistat ) 
IF (istat I= 0) THEN 
CALL error( 'Can not allocate memory' ) 

ENDIF 

ALLOCATE( ml%avflux(neg), STAT=istat ) 
IF (istat I= 0) THEN 
CALL error( 'Can not allocate memory' ) 

ENDIF 

ALLOCATE( ml%domscat(neg), STATzistat ) 
IF (istat /= 0) THEN 
CALL error( 'Can not allocate memory' ) 

ENDIF 

! Initialize arrays 

DO J=lpeg 
ml%scat-mat(1,J) = OD0 
ml%di-mat(1,J) = OD0 

END DO 



END DO 

CALL leave-%( 'allocate_mixt ) 

END SUBROUTINE allocate-mix 

! 
! 
! 
SUBROUTWE deallocate_mix( p l  ) 

! Deallocates all memory associated with a mix 
I 

TYPE(MD() :: pl  ! MIX to deallocate 

CALL enter-sr( 'deallocate_mix' ) 

! Deallocate all axrays if allocated with error checking 

IF (ASSOCIATED@l%d)) THEN 
DEALMCATE@l%d) 

END IF 
IF (ASSOCIATED@l%siga)) THEN 
DEALLOCATE@l%siga) 

END IF 
IF (ASSOCIATED@l%nufis)) THEN 
DEALLOCATE@lOhnufis) 

END IF 
IF (ASSOCIATED@l%fis)) THEN 

DEALLOCATE@ 1 %fis) 
END IF 
IF (ASSOCIATED@lY'hi)) THEN 
DEALLOCATE(pl%chi) 

END IF 
IF (ASSOCIATED(pl%scat_mat)) THEN 
DEALLOCATE@l%scat-mat) 

END IF 
IF (ASSOCIATED(plo/odi-mat)) THEN 
DEALLoCATE(p1Yki-mat) 

END IF 
IF (ASSOCIATED@l%lflux)) THEN 

DEALLQCATE(pl%lflux) 
END IF 
IF (ASSOCIATED@I %mux)) THEN 
DEALLOCATE@ 1 %dux) 

END IF 
IF (ASSOCIATED(pl%lcur)) THEN 



DEALLOCATE(pl%lcur) 
END IF 
IF (ASSOCIATED@I %rcur)) THEN 
DEALLOCATE(pl%rcur) 

END IF 
IF (ASSOCIATED(pl%aVflux)) THEN 
DEALLOCATE@l%avflux) 

END IF 

CALL leave-sr( 'deall~cate~mix' ) 

END SUBROUTINE deallocate-mix 

! 
! 
! 
SUBROUTINE deallocate-mixtures 

! 
! Deallocates mixfmes array including each mix 
I 

INTEGER :: I 
TYF'E(MIX),POINTER :: pl 

CALL enter-n( 'deallocate-mixtures' ) 

! First check if associated, then deallocate each mix, 
! then deallocate mixtures 

IF (ASSOCIATED(mixtures)) THEN 
DO I=l,IMIX 
PI=> mixtureq) 
CALL deallocate-mix@l) 

END DO 
DEALLOCATE(mixtures) 

ENDIF 

CALL leave-sr( 'deallocate-mixtures' ) 

END SUBROUTINE deallocate-mixtures 

! 
! 
! 
SUBROUTINE deaIlocate_zones 

! 
! Deallocates zones array 
! 



INTEGER ::I 
TYF'E(MIX),POINTER :: p l  

CALL enter-sr( 'deallocate_wnes' ) 

! First check if associated, then deallocate each mix, 
! then deallocate zones 

IF (ASSOCIATED(zones)) THEN 
DO I=1 JZONES 
pl => zones(1) 
CALL deallocate-mix(p1) 

END DO 
DEALLOCATE(wnes) 

ENDIF 

CALL leave-sr( 'deallocate_zones' ) 

END SUBROUTINE deallocate-wnes 

I 

! 
! 
SUBROUTINE copy-mix( fromm, to_m neg ) 

! 
! Copies the data fiom MIX flom-m to MIX tc-m 
! 

TYPE(MIX),INTENT(IN) :: from-m ! Source MIX 
TYPE(MIX),INTENT(OUT) :: to-m ! Destination MM 
INTEGEQINTENT(IN) :: neg ! Sue 
INTEGER :: I,] 

CALL enter_sr( 'copy-mix' ) 

! Deallocate to-m oust to make sure) 

CALL deallocate-mix( to-m ) 

! Allocate to-m with correct size 

CALL allocate-mix( neg, to-m ) 

! Set sue 

to-m%neg = neg 
to-m%ndens = from-m%ndens 

! Copy everything 



DO J=l ,neg 
to-m%scat-mat(1,J) = from-m%scat-mat(I,J) 
to-m%di-mat(I,J) = &om-m%di-mat(1,J) 

END DO 

END DO 

CALL leave-sr( 'copy-mix' ) 

END SUBROUTINE copy-mix 

! 
SUBROUTINE calc-downscat( pl  ) 

! 
! Calculates the down scattering using the scat-mat matrix 
I 

TYPE (MIX),INTENT(INOUT) :: pl  ! MlX for which to calculate downscat 

INTEGER :: ij,istat 
REAL :: sum=ODO 

CALL enter-sr( 'calc-downscat' ) 

DO j=l,pl%neg 
DO i=j+l ,pl%neg 

sum=sum+p l %scat-mat(i j )  
END DO 
pl%downscat(i) = sum 
sum = OD0 

END DO 

CALL leave-sr( 'calc-downscat' ) 

END SUBROUTINE calc-downscat 



SUBROUTINE add-mixturd a,b,c,4e,f,g,hij,k~,rn~o,p~q~r,num ) 
! 
! Adds mixture data to a mixture in the mixtures array at position I 
! MIX is allocated if required 
! 

INTEGER,OPTIONAL :: a,b 
REAL,OPTIONAL :: c 
CHARACTER(LEN=60),OPTIONAL :: d 
REAL,DlMENSION(:),OPnONAL :: e,f,g,hi 
REAL,DlMENSION(:,:),OPTIONAL:: j,k 

INTEGEROPTTONAL :: 1 
REAL,OPTIONAL :: m 
REAL,DlMENSION(:),OPTIONAL :: n,o,p,q,r 
INTEGER :: n~istat,count,count2 
TYPE (mix),POINTER :: p l  

CALL enter-sr( 'add-mixhue' ) 

! Start setting data 

IF (PRESENT(a)) THEN 
p lohisotop = a 
pl%zone = d l 0  
pl%number = MOD(a,lO) 

ENDIF 

IF (PRESENT(b)) THEN 
pl%neg = b 

! allocate all arrays 

CALL al10cate-mix( b, p l  ) 

ENDIF 

IF (PRESENT(c)) THEN 
pl%keff = c 

ENDIF 

IF (PRESENT(d)) THEN 
pl%description = d 

ENDIF 

IF (PRESENTle)) THEN 



DO count=l,pl%neg 
pl%d(count)=e(couot) 

END DO 
ENDIF 

IF (PRESENT(f)) THEN 
DO count=l,pl%neg 
pl%siga(count)=f(count) 

END DO 
ENDIF 

IF (PRESENT(g)) THEN 
DO couni=l,pl%neg 
pl %nufis(count)=g(count) 

END DO 
ENDIF 

IF (PRESENT@)) THEN 
DO couni=l,pl %neg 
pl %fs(count)=h(count) 

END DO 
ENDIF 

IF (PRESENT(i)) THEN 
DO count=l,pl%neg 
p l%chi(count)=i(count) 

END DO 
ENDIF 

IF (PRESENTO)) THEN 
DO counl=l,pl%neg 
DO count2=l,pl%neg 
p l Y ~ ~ t ~ m t ( c o u n ~ c o u n t Z ) = j ( c o u n ~ c o ~ )  

END DO 
END DO 
CALL calc-downscat@l) 

ENDIF 

IF (PRESENT(k)) THEN 
DO couni=l,pl%neg 
DO count2=l,pl%neg 
plY~~mt(cow~count2)=k(coun~count2) 

END DO 
END DO 

ENDIF 

IF (PRESENT(1)) THEN 
pl0Aidun=l 
p l%zone=l 
IF ((plO/o~~ne < 10) AND. (pl%isotop > 100)) THEN 
pl%number = MOD@l%isotop,100) 



ENDIF 
ENDIF 

IF (PRESENT@)) THEN 
pl%vol = m 

ENDIF 

IF (PRESENT@)) THEN 
DO count=l,pl%neg 
p 1 %lflux(count)=n(count) 

END DO 
ENDIF 

IF (PRESENT(0)) THEN 
DO count= 1 ,p 1 %neg 
pl%rflux(count)=o(count) 

END DO 
ENDIF 

IF (PRESENT@)) THEN 
DO count=l,pl%neg 
pl%lcur(count)=p(count) 

END DO 
ENDIF 

IF (PRESENT(q)) THEN 
DO count=l,pl%neg 
pl%rcur(count)=q(count) 

END DO 
ENDIF 

IF (PRESENT@)) THEN 
DO counl=l,pl%neg 
pl %avflux(count)=r(count) 

END DO 
ENDIF 

! Just making sure of cleaning up by nullifymg pl 

CALL leave-sr( 'add-mixture' ) 

END SUBROUTINE add-mixture 

! 
! 
! 
SUBROUTINE show-mixture( pl, num , ioption ) 



! Shows data on a mixture given by pl 
1 

INTEGER :: ij,num ! num - number in mixtures array 
INTEGER :: ioption ! 1,O dqdayldo not display detail data 
TYPE (MIX) :: pl 

CALL enter-sr( 'show_mixture' ) 

WRITE(OUTFILE,*) 
WRITE(OUTFILE,*) 'Mixture Number: ', num 
WRITE(OUTFILE,*) ' 
WRITE(OUTFILE,104) 'ISOTOP: ', pl%isotop 
WRITE(OUTFILE, 104) 'Material Number: ', pl%number 
WRITE(OUTFILE,104) 'Zone Number: ', pl%zone 
WRITE(OUTFILE,lO5) X-Effective: ', pl%keff 
WRITE(OUTFILE,104) 'Number of Energy Groups: ', pl%neg 
WRITE(OUTFILE,105) 'Number Density: ', pl%ndem 
WRITE(OUTFILE,106) 'Description: ', pl%description 
WRITE(OUTFILE,*) 
WRITE(OUTFILE,lM) 'IDUM: ', pl%idum 
WRlTE(OUTFILE.105) 'Volume: ', pl%vol 
WRITE(OUTFILE,*) 

IF (ioption = 0) THEN 
RETURN 

ENDIF 

WRITE(OUTFILE, 100) 'DIF ','ABS ','NU*F','FISS',' CHI','SCAT' 
DO i=l,ploheg 
WRITE(OUTFILE,lOl) i,pl%d(i),pl%siga(i),pl%nufis(i), pl%fis(i), pl%chi(i),& 

p l%downscat(i) 
END DO 

DO i=l,pl%neg 
WRITE(OUTFILE, 103) i,(pl%scat-mat(lj) j=1 ,pl%neg) 
END DO 

~ ( O U T F U E . 1 0 7 )  'LFL ','RFL ','LCUR','RCUR','AVFL' 
DO i=l,pl%neg 
WRITE(OUTFILE,108) i,pl %lflux(i),p l%rflw(i),p l%lcur(i), p l%rcur(i),& 

p 1°/oavflux(i) 
END DO 

CALL leave_sr( 'show-mixture' ) 

RETURN 



END SUBROUTINE show-mixhue 

SUBROUTINE show-zone( pl, num , ioption) 
! 
! Show details on a zone pl with number num in zones may 
! 

INTEGER :: ijpum ! num - number of zone in zone may 
INTEGER :: ioption ! 1,O displayldo not display detail data 
TYPE (MIX) :: pl 

CALL enter-sr( 'show-zone' ) 

wRITE(OUTFJ.LE,*) 
WRITE(OUTFILE,*) 'Zone Number: ', num 
WRITE(OUTFILE,*) ' 
WRITE(OlJTF'ILE, 104) 'Zone Number: ', p 1 %zone 
WRITE(OUTFILE,104) 'Number of Energy Groups: ', pl%neg 
WRITE(OUTFILE,*) 
~ ( O U T F I L E , I O 5 )  'Volume: ', pl%vol 
WRITE(OUTFILE,*) 

IF (ioption = 0) THEN 
RETURN 

ENDIF 

WRITE(OUTFILE.100) ?)IF ','ABS ','NUaF','FISS',' CHI','SCAT' 
DO i=l,pl%neg 

WRITE(OUTFILE,lOl) i,pl%d(i),pl%siga(i),pl%nufis(i), pl%fis(i), pl%chi(i),& 
pl%downscat(i) 

END DO 

DO i=l ,pl0hneg 
WRITE(OUTFILE, 103) i,(pl%scat-rnaqij) j=1 ,pl%neg) 

END DO 



WRITE(OUTFILE,107) 'LFL ','RFL 'I'LCUR','RCUR','AVFL' 
DO i=l,pl%neg 

WRITE(OUTFILE, 108) i,p 1 %lflux(i),p 1 %Iflux(i),p 1 %lcur(i), pl%rcur(i),& 
pl?4avflux(i) 

END DO 

CALL leave_sr( 'show-mne' ) 

END SUBROUTINE show-zone 

! 
! 
! 
SUBROUTEiF show-dl-mixtures( ioption ) 

! 
! Show all mixtures in the mixtures array 
I 

INTEGERJNTENT(1N) :: ioption 
INTEGER :: I 

CALL enter_sr( 'show-al-mixtures' ) 

WRITlqOUTFILE *) 
WRITE(O~EE,*).'********************************************:*************~ 

WRIT!?.(OUTETLE,*) 
WRITE(OUTFILE,*) 'MIXTURE INFORMATION' 
WpJTE(OuTFEE,*) ' ....----------....-' 
WRITE(OUTFILE,*) 

DO I=l,imix 
CALL show-mixture( mixtures(I), I, ioption) 
WRITE(OUTFILE,*) 
WRITE(OUTFILE,*) 

END DO 

CALL leave-sr( 'show-dl-mixtures' ) 



END SUBROUTINE show-all-mixtures 

SUBROUTME showdall-zones( ioption ) 
I 

! Show all zones in the zones amy  
! 

MTEGERJNTENT(IN) :: ioption 
INTEGER :: I 

CALL enter-sr( 'show-all-zones' ) 

WRTTE(OUTFILE, *) 
WRJTE(OUTFILE,*) 'ZONE INFORMATION' 
WRJTE(OUTFEE,*) ' ..------------..' 
WRITE(OUTFILE,*) 
WRITE(OUTFILE,*) 'NOTE: Macroscopic Cross-Sections!' 
WRITE(OUTFILE,*) 

DO 1=1 ,izones 
CALL show-zone( zones(I), I, ioption ) 
WRITE(OUTFILE,*) 
WRITE(OUTFILE,*) 

END DO 

CALL Leave_sr( 'show-all-zones' ) 

END SUBROUTINE show-all-zones 

! 
! 
S U B R O ~  create-zone-data 

1 

! Create zone data from mixture data 

INTEGER :: I,J,K,L 

CALL enter-sr( 'create-zoneddatat ) 

! Find the number of zones and set izones 



CALL fd-nm_zwnes( izones ) 

!write WRITE(*,*) izones 

! Allocate the zones array 

IF (I I= 0) THEN 
CALL error( 'Can not allocate memory' ) 

END IF 

! Set data 

CALL allocate-mix( mixtures(l)%neg, zones(1)) 

IF (mixtures(J)%wne = I) THEN 

DO L= 1 ,mixtures(J)%neg 
zones(I)%scat-mat(K,L) = zones(I)%scat-mat(K,L) + & 

mixtures(J)%scat~mt(K,L)*mixtures(i)%ndms 
zones(I)%d-mat(K,L) = mnes(I~/di_mat(K,L) + & 

mixtures(J)"/di-mat(K,L) 
END DO 

END DO 

END IF 



END DO 

END DO 

CALL leave-sr( 'create-zone-data' ) 

END SUBROUTINE create-zone-data 

! 
! 
! 
SUBROUTINE find-nun-zones( izones ) 

! 
! Find the number of zones from the mixture data 
I 

lNTEGERINTENT(0UT) :: izones 
INTEGER :: I 

CALL enter-4 'fnddnumumwnes' ) 

izones = 1 
DO I=l,imix 
IF (mixtures(I)%zone > izones) THEN 

izones = mixtures(I)%zone 
END IF 

END DO 

CALL leave-sr( 'fnd-nun-zones' ) 

END SUBROUTINE fmd-nun-zones 

END MODULE mixdata-mod 

!/l/////l/ll//////ll/ll// INPUT RSP FORMAT / / / / / / / / / / / / / / / / / / / l i i i /  
! 

! RECORD 1: ISOTOP,NEG,KEFF,DESCRIPTION (213,F12.6,A60) 
! 
! RECORD 2: D,SIGA,NUFIS,FIS,CHI,SCATT-MATRD[(COLUMN-WISE : 

! => SCAT(l<-1). SCAT(2c-I), ..., SCAT(NEGcl), SCAT(l<-2), 
I SCAT(2<-2), SCAT(3<-2), ..., SCAT(NEC%-2). SCAT(l<-3), 

! ...................... .........., ...... SCAT(l<-NEG), 
! SCAT(2<-NEG), SCAT(3C-NEG) .............. SCAT(N3.3-NEG) 
! 
! RECORD 3: JiD-MATRD((C0LUMN-WISE : 
! => lD(l<-1), lD(2C-l), ..., lID(NEC%-l), lD(l<-2), 
! 1D(2<-2), lD(3<-2), .... lD(NEC%-2), lD(l<-3), 



I .......................... ........., I/D(l<-NEG), 
.............. ! 1iD(2<-NEG), 1/D(3<-NEG) l/D(NEG-GNEG) 

! 

! RECORD 4: IDUM ,VOL,LFLUX,RFLUX,LCuR,RCuR,AVFLUX 
! 
! 

MODULE xsec-mod 
! Module for calculating the xsections in the control rod region 

USE error-mod 
USE readrsp-mod 
USE ream-mod 
USE mixdata-mod 
USE diff-mod 

IMPLICIT NONE 

CONTAINS 

! 
SUBROUTINE rod-xsec( cnumz, czones ) 

I 

! Determines xsection data for control rod 
! 

lNTEGEIIINTENT(IN) :: cnumz ! Number of zones in rod 
INTEGEQDIMENSION(:),INTENT(TN) :: cwnes ! Zone numbers 
INTEGER :: I,J,YL,istat 
TYPE(MIX),POINTER ::PI 
REAL,POlNTEIIDIMENSION(:) :: avftvol 

CALL enter-sr( 'rod-xsec' ) 

! Allocate and initialize the rod 

CALL allocate-mix( zones(l)%neg,rod ) 
rod%vol = OD0 
rod%neg = zones(l)%neg 
ALLOCATE(avftvol(rod%neg),STAT=I) 
IF (I I= 0) THEN 

CALL error( 'Can not allocate avftvol' ) 
END IF 
DO I=l,rod%neg 

avftvol(I)=ODO 



END DO 

! Start combinig zone data 

DO I=l,cnumz 

DO J=l .izones 

IF (J = czones(1)) THEN ! In correct Zone 

pl => zones(J) 

! Set rod volume 

DO L=l ,rod%neg 
rod%scat_mat(K,L) = rod%scat-mat(K,L) + & 

pl%scat~mat(K,L)*pl%vol*pl%avflux(K) 
rod%di-mat(K,L) = rodYd-mat(K,L) + & 

plYd-mat(K,L)*pl%vol*pl%avflux(K) 
END DO 

END DO 

END IF 

END DO 

END DO 



DO L=l,rod%neg 
rod%scat_mat(K,L) = rod%scat-mat(K,L) I avftvol(K) 
rod%d-mat(K,L) = rod%di-mat(K,L) I avftvol(K) 

END DO 
END DO 

CALL calc-downscat( rod ) 

! Get the left current => lcur of the fmt zone 

DO K=l,rod%neg 
rod%lcur(K) = wnes(czones(l))%lcur(K) 
rod%lflux(K) = zones(czones( l))%lflux(K) 

END DO 

! Get the right current => rcur of the last zone 

DO K=l,zones(czones(cnumz))"/oneg 
rod%rcur(K) = mnes(czones(cnumz))"h~cur(K) 
rod%rilux(K) = zones(czones(cnumz))%rflux(K) 

END DO 

CALL leave-sr( 'rod-mc' ) 

END SUBROUTINE rod-xsec 

SUBROUTINE show-xsecs 
! 
! Show cross-section data, 
! 

INTEGER :: 1,J 
REAL :: d0,leakage,xfl~fluxUX~adius,xra4yrad 
CHARACTER(LEN=256) :: str 

CALL enter-s< 'show-xsecs' ) 

WRlTE(OUTFILE,*) 
WRITE(OUTFILE,*) 
WRITE(OUTFILE,*) ' -----.--------.-------..-------...---' 
WR!TE(OUTFILE,*) 'CROSS-SECTIONS FOR CONTROL ROD REGION' 
WpJTE(OUTFILE,*) ' 

WRITE(OUTFILE,*) 
WRITE(OUTFILE,*) 'Control Rod Data,:' 
WRITE(OUTF'ILE,*) ' 
WRITE(OUTFILE,*) 
WRlTE(OUTFILE,*) 'Number of Zones in Control rod:', cnumz 



WRITE(OUTFILE,*) 'Control Rod Zones:', (czones(I),I=l,cnnmz) 
WRlTE(OUTFILE,*) 
WRITE(OUTFILE,*) Width of control rod:', a 
WRITE(OUTFILE,*) 'Height of control rod:', pa 
WRITE(OUTFILE,*) 'Volume of control rod:', rod%vol 
WRITE(OUTFILE,*) 
radius = radii(czones(cnumz)) 
IF (tom) THEN 
xrad = (((radii(rx)-radii(rx-l))/2)+radii(rx-])-radius) 

ELSE 
xrad = radii(rx) - radius 

END IF 

IF (W) THEN 
pad = (((radii(ry)-radii(ly-l))/Z)+radii(ry-1)-radius) 

ELSE 
yrad = radii(ry) - radius 

END IF 
WRITE(OUTFILE,*) 'Distance fiom CR to center of x neighbour:', xrad 
WRITE(OUTFlLE,*) 'Distance &om CR to center of y neighbour:', yrad 
WRITE(OUTFILE,*) Width of x neighbour:', pxa 
WRITE(OUTFILE,*) 'Height of y neighbour:', ppya 
WRITE(OUTFILE,*) 
WRITE(OUTFILE,*) 'a:', a 
WRITE(OUTFILE,*) 'p:', pda 
WRITE(OUTFILE,*) 'px:', pxala 
WRITE(OUTFILE,*) 'py:', ppyd((pda)*a) 
WRITE(OUTFILE,*) 

WRITE(OUTFILE,lOO) 'DIF ','ABS :'NU*F',TISS',' CHI','SCAT 
DO i= 1 ,rod%neg 
WRITE(OUTFILE, 101) i,rod%d(i),rod%siga(i),rod%nufis(i), rod%fis(i),& 

rodO/'hi(i),& 
rod%downscat(i) 

END DO 

DO i=l,rod%neg 
WRITE(OUTFILE,103) i,(rod%scat-maqij) j=l,rod%neg) 

END DO 

WRITE(OUTFILE, 107) 'LFL ','RFL ','LCUR','RCUR','AVFL' 
DO i=l,rod%neg 
WRITE(OUTFILEJ08) i,rod%lflux(i),rod%rflux(i),rod%lcur(i), iod%rcur(i),& 

rod%avflux(i) 
END DO 

WRITE(OUTFILE,lll) TLX',TLY','LEAKAGEt,'DO' 
DO i=l,rod%neg 
CALL calc-dO(id0) 
CALL get-leakage(i,leakage) 



IF (totx) THEN 
xflux = zones(rx)%avflux(i) 

ELSE 
xflux = zones(rx)%rhx(i) 

END IF 

IF (toty) THEN 
flux = zones(ry)'%avflux(i) 

ELSE 
flux = wnes(ry)%rflux(i) 

END IF 
WRITE(OUTFILE,112) i,xflux,flux,leakage,dO 

END DO 

WRITE(OUTFILE,*) 
WRITE(OUTFILE,*) 
WRITE(OUTFILE,*) 'FINAL RESULTS FOR CITATION' 
M ( O U T F I L E , * )  ' ----------------.---------' 
WRITE(OUTFILE,*) 
WRITE(OUTFILE, 109) 'D 'JABS ',?1EM' 
DO I=l,rod%neg 
WFTE(OUTFILE, 1 10) I,rod%d(I),rod%siga(I),rod%downscat(I) 

END DO 

WRITE(OUTFILE,*) 
WRITE(OUTFILE,*) 'INPUT TO VSOP' 
rnE(OUTFILE,*)  ' ------.......' 
WRITE(OUTFILE,*) 
wruTE(se,*) '(lP',rod%neg,'E12.5)' 
WRITE(OUTFILE,str) rod%siga 
WRITE(OUTFIL.E,str) rod%downscat 
WRITE(OUTFILE,114) 1DO,lDO,1DO,1 
WRITE(OUTFILE,str) rod%d 

CALL leave-sr( 'show-xsecs' ) 

RE- 



END SUBROUTINE show-xsecs 

END MODULE xsec-mod 

MODULE diff-mod 
! Module for calculating difhsion constants 

USE error-mod 
USE mix&ta_mod 
USE ream-mod 

IMPLICIT NONE 

REAL,ALLOCATABLE,DIMENSION(:) :: radii ! radii of each zone 

REAL :: radius,irad ! radius of control rod region 
REAL,PARAMETER :: PI=3.14159 !PI 
REAL,PARAMETER :: accuracy = ID-3 ! Accuracy for volumeslradii 

CONTAINS 

I 

! 
SUBROUTINE calc-radii 

! 
! Calculates the radii of each zone 
! NOTE: assumes zones increase rda l ly  outward 
I 

INTEGER :: 1,J 
REAL :: volume 

CALL enter-sr( 'calc-radii' ) 

IF (I I= 0) THEN 
CALL error( 'Can not allocate momory' ) 



END IF 

IF (I = 1) THEN 
radii(1) = SQRT(wnes(I)%voliPI) 

ELSE 
radii(1) = SQRT((zones(I)%vol+PI*radii(I-l)*radii(I-1))iPI) 

END IF 

END DO 

CALL leave-sr( 'calc-radii' ) 

END SUBROUTINE calc-ra& 

I 

SUBROUTINE check-input 

WTEGER :: 1,J 
REAL :: volume,v=ODO,t 

CALL enter-sr( 'check-input' ) 

! Check if volume of control rod region is correct 

volume = a * pa 

DO I=l,cnumz 
J =  1 
DO WHILE(mixtures(J)%wne I= cwnes(1)) 
J=J+l 

END DO 
v = v + mixtures(J)%vol 

END DO 

WRITE(OUTFILE,*) 
wRITE(OmILE,*) ' 
WRITE(OUTFILE,*) 'CHECKING MPUT DATA' 
W R I T E ( O m E , * )  ' 
WRITE(OUTFILE,*) 

WRITE(OUTFILE,*) 'Control Rod Volume' 
WRITE(OUmLE,*) ' -----------------.' 
WRITE(OUTFILE,'(lX,A37,F12.5)') 'xsdmpm (Total Volume of cr wnes): ', rod%vol 



WRITE(OUTFILE,'(lX,A37,F12.5)') TOTNEW Input (a8pa): ', volume 

IF ( ABS(vo1urne - rod%vol) > accuracy) THEN 
CALL warning( 'Control rod volumes do not match' ) 

ENDIF 

IF (czones(1) = 1) THEN 
radius = radii(czones(cnumz)) 

ELSE 
radius = radii(czones(cnumz)) 
irad = radii(czones(1)) 

END IF 

WRITE(OUTFILE,*) 
WRITE(OUTFILE,*) 'Radius (xsdrnpm): ', radius 
WRITE(OUTFILE,*) 

! Check positions of rx and ly 

WFC!T(OUTFILE,*) ' S m  of Neighbowing Regions' 
=(OUTFILE,*) ' 

WRITE(OuTFILE,*) 
WRITE(OUTFILE,*) 'X Neighbour Width' 
IF (totx) THEN 
WRITE(OUTFILE,'(lX,A6,F12.5)') 'rx : ', & 

(2*(((radii(rx)-radii(rx- 1))12)+radii(rx- 1)-radius)) 
t = ABS@xa - (2*(((radii(rx)-radii(rx-l))l2)+radii(rx-l)-radius))) 

ELSE 
WrUTE(OuTFlLE,'(lX,A6,F12.5)~ 'rx : ', (2*(radii(rx)-radius)) 
t = ABS@xa - (2*(radii(rx)-rdus))) 

END IF 
WRITE(OUTFLE,'(lX,A6,F12.5)') 'pxa : ', pxa 
WRITE(OUTFILE,*) 

IF (t > accuracy) THEN 
CALL warningcx radii do not match') 

END IF 

WRITE(OUTFILE,*) Y Neighbour Height' 

IF (to@) THEN 
WRlTE(OUTFILE,'(IX,A6,F12.5)') 'ry : ', & 

(2*(((radii(rykradii(ry- l))R)+radii(ry-1)-radius)) 
t = ABS(ppya - (2*(((radii(ry)-radii(ry-l))l2)+radii(ry-l)-radius))) 

ELSE 
WRITE(OUTFILE,'(IX,A6,F12.5)') 'ry : ', (2*(1adii(ry)-radius)) 
t = ABS@pya - (2*(radii(ry)-radius))) 

END IF 
WRITE(OUTFILE,'(lX,A6,F12.5)'1 'ppya : ', ppya 
WRITE(OUTFILE,*) 



IF ( t > accuracy) THEN 
CALL warning('y radii do not match') 

END IF 

CALL leave-sr( 'check-input' ) 

END SUBROUTINE check-input 

! 
SUBROUTINE get-leakage( n u q  leakage ) 

INTEGEI/INTENT(W) :: num 
REAL,INTENT(OUT) :: leakage 

CALL enter-sr( 'get-leakage' ) 

!write mite(*,*) ~Rl',rod0/1cur(num)~odo/rcur(num) 
leakage = rod%lcw(num) - rod%rcw(num) 

CALL leave-sr( 'get-leakage' ) 

END SUBROUTWE get-leakage 

! 
SUBROUTINE calc_dO( n w  do ) 

INTEGER,INTENT(IN) :: num 
REAL,INTENT(OUT) :: do 
REAL ::dl,  d2 

CALL enter-sr( 'calc-dO' ) 

IF (ow@ THEN 
do = &(nun) 
RETURN 

END IF 



CALL leave-sr( 'calc-dO' ) 

END SUBROUTWE calc-d0 

SUBROUTINE calc-r( num, r ) 

INTEGERJNTENT(1N) :: nun 
REAL,INTENT(OUT) :: r 
REAL :: leakage 
REAL :: P,PX,PY 
REAL :: xflux, flux, aflux, do 

CALL enter-sr( 'calc-r' ) 

!write write(*,*) m, ry,num 
IF (totx) THEN 
xflux = zones(rx)%avflnx(num) 

ELSE 
xflux = zones(rx)??dux(num) 

END IF 

IF (toty) THEN 
yilux = wnes(ry)%avtlux((num) 

ELSE 
flux = wnes(ry)%rflux(num) 

END IF 
d u x  = rod%avflux(nurn) 

CALL calc-dO(num,dO) 

CALL get-leakage( num, leakage ) 



!write WRITE(*,*) xflux, flux, aflux 
!write WRITE(*,*) 'LEAKAGE= ',leakage, 'DO= ', do 

r = ((2*p)*((xfIu - aflux)fieakage)) + & 

((2Ip)*((flux - aflux)/leakage)) + & 

(@x - PY)/(~*~O)) 

!write WRITE(*,*) 'Group: ', n w  'r: ', r 

CALL leave_sr( 'calc-r' ) 

END SUBROUTINE calc-r 

SUBROUTINE calc-id( num, id ) 

mTEGEkINTENT(IN) :: nun  
REAL,INTENT(OLJT) ::id 
REAL ::I 
REAL :: leakage 
REAL :: P,P&PY 
REAL :: dux ,  flux, aflux, do 

CALL enter-sr( 'cal-id' ) 

CALL calc-r( nun, r ) 

IF (toe) THEN 
xflux = zones(rx)%avflux(num) 

ELSE 
xflux = wnes(rx)%rflux(nun) 

END IF 

IF (toty) THEN 
flux = zones(ry)0/dvflux(num) 



ELSE 
flux = zones(ry)%rflux(num) 

END IF 
a h  = rod%avflux(num) 

CALL calc_dO(num,dO) 

CALL get-leakage( num, leakage ) 

!write WRITE(*,*) 'Group: ', n u  'id: ', id, ((2*p)*((xflux-aflw()/leakage)), & 
!write ((2/p)*((flux - aflux)/leakage)), & 
!write ((px + pyM2*dW, 
!write SQRT(R), xflux, flux, aflux, & 

!w~ite leakage,dO 

CALL leave-sr( 'calc-id' ) 

END SUBROUTINE calc-id 

! 
! 
! 
SUBROUTME rod-d 

! 
! Calculates the diffision coefficient for the citation rod 
! 

INTEGER :: I,J 
REAL :: id 

CALL enter-sr( 'rod-d' ) 

! Get the radii for each zone 

CALL calc-radii 

! Check dimensions in input are correct 

CALL check-input 

! Calculate d 

DO I=l,rod%neg 
CALL calc-id( I, id ) 
rod%d(I) = liid 



END DO 

CALL leave-sr( 'rod-& ) 

END SUBROUTINE rod-d 

END MODULE diff-mod 




