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ABSTRACT 

Magnox graphite moderator bricks, and tiles, were extruded from Pile Grade A (PGA) graphite that can be assumed 
to have orthotropic material properties. An understanding of internal stress and deformation of core components is essential 
in assessing component integrity, core geometry and consequently core safety. The finite element code FEAT[l], is 
extensible using a specialised high level language. A suite of PGA graphite macros has been written in this language to 
enable two and three dimensional finite element modelling of graphite core components. The macros define the PGA 
graphite constitutive behaviour and are coupled with the existing finite element code. Under normal reactor operating 
conditions the graphite components are subject to fast neutron damage. The effects of irradiation dimensional change, 
thermal strain, irradiation creep and weight loss via oxidation are included in the constitutive model. 

An extensive program of verification has been completed that demonstrated excellent agreement with published 
analytic solutions. Further analyses have been performed to investigate the sensitivity of PGA graphite behaviour to changes 
in Poisson's ratio and to assess internal brick stresses during reactor normal operations. 

INTRODUCTION 

Frazer-Nash Consultancy Ltd (FNC) has a long and distinguished track record in the Nuclear power industry. In 
particular, FNC have built a strong and productive working partnership with BNFL Magnox Generation (Magnox) and 
British Energy Generation Limited (BEGL) providing support in the fields of structural analysis, fluid dynamics and heat 
transfer, design, testing and software development. One area in particular where FNC has demonstrated a long term 
commitment to Magnox and BEGL is the development of a team to use and develop the analysis code FEAT[ 1 ]. FEAT is an 
extremely powerful, coupled fluid-thermal-structural finite element tool, developed within the UK Nuclear industry. It takes 
the form of a finite element equation solver with a body of physics modules attached. FNC now has one of the largest FEAT 
capabilities outside of the UK Nuclear operating companies. This expertise originated in the area of thermal analysis and has 
been extended in recent years to consider structural issues, culminating in the appointment of FNC as the developer of the 
code for Structural applications on behalf of Magnox and BEGL. Recent enhancements to FEAT structural models 
developed by FNC include the capability to carry out welding simulations, the inclusion of creep and plasticity models, a 
contact algorithm for Advanced Gas-Cooled Reactor (AGR) core analyses and the constitutive modelling of Gilso-Carbon[2] 
and PGA graphite[3] and [4]. The latter development forms the subject of this paper. 

An understanding of internal stress and deformation of core components is essential in assessing component 
integrity, core geometry and consequently core safety. To enhance existing methods of core component assessment, a suite 
of PGA Graphite FEAT macros have been developed by FNC for Magnox and BEGL on behalf on the Industry Management 
Committee (IMC). The macros provide the capability to carry out two dimensional (plane stress, strain and generalised plane 
strain) and three dimensional finite element modelling of graphite core components. The macros define the PGA graphite 
constitutive behaviour and include effects of irradiation dimensional change, thermal strain, irradiation creep and weight loss 
via oxidation. 

PILE GRADE A GRAPHITE 

Magnox graphite moderator bricks, and tiles, were extruded from PGA graphite. The extrusion process tends to 
align the needle like crystallites with their basal planes parallel to the extrusion direction (along the bricks vertical axis). This 
alignment results in bricks and tiles that can be assumed to have orthotropic material properties, with an isotropic plane that is 
perpendicular to the extrusion direction. When PGA graphite is irradiated the changes in material properties are a primary 
function of irradiation damage to the graphite crystallites. The effect of irradiation damage and radiolytic oxidation on PGA 
graphite is discussed in depth in [5] which provides data related to the following material properties: 

• Coefficient of thermal expansion (CTE); 
• Dimensional change (shrinkage strain); 
• Young's Modulus; 
• Irradiation Creep; 
• Oxidation (weight loss). 



The data described in [5] is used as the default data set in the PGA graphite implementation, but the code has been 
written in a general form so as to allow the simple inclusion of alternative or modified sets of material properties when 
required. 

EQUIVALENT DOSE AND TEMPERATURE 

The fast neutron dose rate and energy spectrum differ from reactor to reactor. The carbon atom displacement rate, 
and thus the damage to the graphite, is dependent on the dose rate, spectrum and irradiation temperature. In the UK, these 
effects are accounted for using the concepts of Equivalent DIDO Nickel Dose and Equivalent DIDO Nickel Temperature 
(named from the materials testing reactor DIDO at Harwell). The DIDO equivalent temperature is defined as: 
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The meanings of symbols are given in the nomenclature. 

ASSUMPTIONS 

The main assumptions regarding PGA graphite material behaviour and the FEAT implementation are as follows: 
• PGA graphite is assumed to be orthotropic; 
• Poisson's ratio is assumed to be constant; 
• fractional change in Young's modulus[5] is assumed to be the pinning term; 
• shear modulus is assumed to vary with irradiation in the same way as the Young's modulus; 
• no account is taken of primary creep. 

FEAT SOLVERS 

The solution procedure is built around the standard FEAT solvers, which are both accurate and robust. The solvers 
are described in detail in [ 1] and summarised here for convenience. 

Steady State Solver 
The FEAT steady state solver[ 1 ] uses Newton-Raphson iteration to solve a non-linear system of equations, and uses 

the frontal algorithm to solve the linearised system at each iteration. An initial guess is required by the solver, and with a 
reasonable initial guess it will typically obtain a solution to a non-linear problem in between 5 and 8 iterations. 

Transient Solver 
The FEAT time stepping scheme[ 1 ] is an implicit predictor/corrector method with an automatically varying timestep 

and second order accuracy in time. The use of a predictor means that it can be solved using only one Newton-Raphson 
iteration. The predictor is the explicit second order accurate Adams-Bashforth method and the corrector is the implicit 
trapezoidal rule (also known as the Crank-Nicholson rule) which is non-dissipative, completely stable and second order 
accurate. 

SYSTEM OF EQUATIONS 

The system of equations to be solved consists of a force balance equation, a kinematic law relating strain to 
displacement and a constitutive law relating the stress to strain. The force balance equation and kinematic law are the same 
as for linear elastic problems but the constitutive law for PGA graphite is different since it must model both the anisotropy 
and the non-linear creep. 

Force Balance 
Assuming the system is inertia-less, the balance law at any time can be defined in rate form as: 
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where suitable displacement or traction boundary conditions are supplied. 



Kinematic Law 
This is taken as the definition of (total) mathematical strain emn, and can be written in rate form as: 

(3) 

Constitutive Laws 
The PGA graphite relationship between the stress and the elastic strain can be written as: 

d m n : F m  (~ "O__gs__gcs) npq pq ~ ~" pq pq pq (4) 

For an orthotropic solid[6] with the z axis parallel to the extrusion axis the elastic stress strain tensor (denoted by the 
superscript e) written in terms of mathematical shear strain (i.e. 0.5 x engineering shear strain) is given as: 

enp q = M o 
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1 1 M 3 0 0 0 
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where rows and columns 1 to 6 define properties in the xx, yy, zz, xz, xy and yz directions respectively. The matrix elements 
(Mo to M5) are given by: 
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In Eqs. (6) to (11) there are 5 independent material properties. El  and v I are the in-plane (perpendicular to the 
extrusion axis) Young's modulus and Poisson's ratio respectively, and E2, v2 and G2 are the out-of-plane (parallel to the 
extrusion axis) Young's modulus, Poisson's ratio and shear modulus respectively. The in-plane shear modulus can be 
determined from the in-plane Young's modulus and Poisson's ratio. The in-plane and out-of-plane Young's moduli are 
functions of the following: 
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where Y, the neutron dose is derived from the dose rate which is supplied as input data to the code. The Young's moduli can 
be written as: 

El~ z =oEl/2 X STR x WLT x FRA C (13) 

where the fractional change (FRAC) is tabulated in [5] in the parallel and perpendicular directions and the structural term 
(STR) is included because it is part of the secondary creep strain term. The weight loss term (WLT) is determined from the 
expression: 

WLT= ex~-A~ x~W/0.01 (14) 

The elastic strain rate is defined as" 
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0 is defined as" where the thermal strain rate, epq 
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Using { } to indicate a weak dependence the function determining a can be written as: 
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°$ 
The function determining the shrinkage strain rate (dimensional change rate) epq, is written as: 

o8 ~.pq = f (y ,0 ,a )  (18) 

where a is included in order to correct the shrinkage to room temperature. 
• C$ The secondary creep strain rate epq, can be written as: 

• CS 
e P q = ~  t ~  ( 1 9 )  

C T E  for T h e r m a l  Stra in  

Tables of CTE (averaged for 20-120°C), parallel and perpendicular to the direction of extrusion, against dose, for a 
range of equivalent DIDO temperatures are detailed in [5]. This data in tabular form is used in the present formulation, 
although the code is fully general to enable different data to be used where appropriate. The tabulated CTE data is adjusted 
to account for the weak effect of secondary creep strain by the following expression: 
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where, A, is the initial slope of Aa versus total strain and k is the lateral effect of creep strain change. 

Shrinkage Strain 
Tables of the differential of percentage dimensional change parallel and perpendicular to the direction of extrusion 

with respect to dose, for a range of temperatures have been derived from the formulas and data detailed in [5]. This data in 
tabular form is used in the present formulation, although the code is fully general to enable different data to be used where 
appropriate. The shrinkage strain rate per unit dose is corrected to account for the change in the CTE from creep strain using 
the following equation, which details the shrinkage strain rate modification: 

06 s X r 
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where, X r , is the rate of change of crystal shape parameter with dose. 

Secondary Creep Strain 
When considering creep strain, the effects of primary creep are assumed negligible. From Eq. (19) it can be said 

that: 

Oe;q =fvqO,Ec ) (22)  

which is formulated as: 

a ;q 
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where the secondary creep stress strain tensor (denoted by the superscript cs) is defined, using mathematical shear stress, as: 
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where rows and columns 1 to 6 define properties in the xx, yy, zz, xz, xy and yz directions respectively. The in plane and out 
of plane creep moduli are defined as: 

Ec,,2 = f f f  ,O,w)=oE~, 2 x r~ x S T R x W L T  (25) 

Material Jacobian 
To solve the system of equations the constitutive law must supply values of the stress rate, 6"rs, and the material 

Jacobian, Oars , which is derived from the following expression: 
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SOLUTION PROCEDURE 

The transient and steady state solvers return incremental displacements from calculated values of the material 
Jacobian and the incremental stress. The main steps in calculating the incremental displacements for a transient solution are 
as follows: 

• Determine the cumulative dose from the dose rate data. 
• Interpolate mesh dependent data (weight loss, dose rate and temperature) for the current time. 
• Determine quantities independent of stress/strain (equivalent DIDO temperature, Eq. (1), Young's 

modulus, Eq. (13) and shear modulus, for the current time. 
• Determine the displacement increment for the current time interval from the predicted total 

displacement. 
• Determine the total strain increment from the displacement increment, Eq. (3). 
• Determine the CTE from tabulated data and correct due to the effect of creep strain. Eq. (20). 
• Determine the increment in shrinkage strain from tabulated data and correct according to the strain 

correction on CTE, Eq. (21). 
• Determine the increment in thermal strain using the new value of CTE, Eq. (16). 
• Determine the increment in secondary creep strain from the values of stress at the start of the time 

interval, Eq. (23). 
• Evaluate the stress increment from the elastic strain increment, Eq. (4). 
• Evaluate the material Jacobian terms. Eq. (26). 
• Use the standard FEAT finite element equations to determine the displacement increments consistent 

with the force balance, Eq. (2). 
• Iterate until convergence of the displacement increments is achieved. 
• Update the accumulated displacements. 
• Run the constitutive law again to update quantities for the end of the time step. 
• Update the remaining accumulated quantities. 

VERIFICATION AND ANALYSES 

The FEAT PGA implementation has been fully verified via comparison with an extensive collection of analytic 
solutions[4]. A total of 41 2D and 3D single elements test cases were derived, and FEAT results were also compared with 
two independent analytic solutions [7] and [8]. In [7] and [8] the authors develop analytic equations to evaluate stresses and 
strains in PGA graphite moderator blocks, modelled as infinitely long hollow cylinders with the extrusion axis parallel to 
cylinder axis. 

In [7] the author derives a set of equations for circumferential (hoop), axial and radial strains and stresses through 
the cylinder wall, ignoring the effects of creep strain. The expressions derived were based on the assumption of generalised 
plane strain. For the purposes of comparison a FEAT transient analysis was run over a period of 5 years at conditions 
detailed in [4]. At the end of the 5 year period the 3 components of stress (axial, radial and hoop) were sampled across the 
cylinder wall. The stress components were also calculated for the conditions at the end of the 5 year transient using the 
analytic expressions derived in [7]. Comparison of the component stresses are shown graphically in Fig. 1. which 
demonstrates agreement to within O.1MPa. 

In [8] the authors extend the set of equations to include the effects of secondary creep strain. For the purposes of 
comparison a FEAT transient analysis was run over a period of 5 years at conditions specified in [4]. Values of the stress 
components were recorded through the FEAT transient and were also calculated using the analytic expressions derived in [8]. 
Comparison of the axial stress and strain components at the cylinders inner wall (which are the most significant) are shown in 
Fig. 2. The results demonstrate agreement to within 2% for both stress and strain. 

The FEAT PGA graphite implementation now forms part of the general FEAT release and has been used by FNC to 
investigate several issues on behalf of Magnox. These include: 

• An investigation of the sensitivity of PGA graphite stresses to changes in the assumed Poisson's ratio parallel 
and perpendicular to the extrusion axis. 

• An assessment of the brick stresses in a typical square moderator brick under normal reactor operating 
conditions. This analysis included brick stresses due to irradiation and from internal loading caused by 
interference between fuel element lugs and the brick. 
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SUMMARY AND CONCLUSION 

The capability to model the constitutive behaviour of PGA graphite has been added to FEAT[l], the 
coupled fluid-thermal-structural finite element tool developed within the UK Nuclear industry. The code was developed as a 
suite of macros that use the standard FEAT steady state and transient solvers. The macros provide the facility to carry out 
two dimensional (plane stress, strain and generalised plane strain) and three dimensional finite element modelling of PGA 
graphite core components. The macros define the PGA graphite constitutive behaviour and include effects of irradiation 
dimensional change, thermal strain, irradiation creep and weight loss via oxidation. 

Extensive verification and testing demonstrates very good agreement with analytic solutions. The PGA graphite 
implementation coupled with the general FEAT functionality results in a very versatile and powerful analysis tool. 
Ultimately, this will enable Magnox to enhance existing understanding of internal stress and deformation of core components 
that is essential in assessing component integrity, core geometry and consequently core safety 



NOMENCLATURE 

A 
d 
e 

E 
0E 
f 
G 
k 
M 
ri 
t 
T 
u 

w 

Xr 

x, y and z 
a 

Y 
F 

V 

0 
O" 

= Initial slope of ACTE versus total strain 
= Deflection 
= Activation energy 
= Irradiated, dynamic Young's modulus 
= Unirradiated dynamic Young's modulus 
= Body force per unit volume 
= Shear modulus 
= Boltzmann's constant or the lateral effect of creep strain change 
= Elements of the inverted stress strain tensor 
= Ratio of irradiated static to irradiated dynamic Young's modulus 
= Time 
= Reactor temperature 
= Displacement 
= Weight loss (%) 
= Rate of change of crystal shape parameter with dose 
= Direction co-ordinates 
= Coefficient of thermal expansion 
= Secondary creep coefficient 
= Strain 
= Damage dose 
= Stress strain tensor 
= Weight loss exponential decay term 
= Poisson's ratio 
= DIDO equivalent temperature 
= Stress 

Subscripts 
¢ 

i , j  
m , n , p , q . . .  
1 ,2  

Superscripts 
c s  

e 
s 

0 

= Creep property 
= Nodal notation 
= Tensor notation 
= In plane and out of plane material properties indicator 

= Creep strain 
= Elastic 
= Shrinkage 
= Thermal 
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