
O A K  RIDGE N A T I O N A L  LABORATORY 
operated b y  

UNION CARBIDE CORPORATION 
NUCLEAR DIVISION 

for the 
U.S. ATOMIC ENERGY COMMISSION 

ORNL - TM- 3242 

VISCOELASTIC ANALYSIS OF IRRADIATED GRAPHITE 

WITH VARIABLE CREEP COEFFICIENT 

S, J. Chang 
J. A. Carpenter 
D, W, Altom 

THIS DOCUMENT CONFiRMED AS 

DIVISIOM,OF CLASSIFICATION 

BATE '5-\\1\71 

UNCLASSlFiEO ' 

BY ' 4 fl %id*% :. \ Cw,-?--h. -=3 

NOTICE This document contains information of o prel iminary nature 
ond was prepared pr imori ly for internal use a t  the Ook Ridge Nat ional  
Laboratory. I t  i s  subject to rev is ion  or correction and therefore does 
not represent a f tno l  report. 



DISCLAIMER 
 

This report was prepared as an account of work sponsored by an 
agency of the United States Government.  Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof.  The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 



I 

This report was prepared as an account of work sponsored by the United 
States Government. Neither the United States nor the United States Atomic 
Energy Commission, nor any of their employees, nor any of their contractors, 
subcontractors, or their employees, makes any warranty, express or implied, or 
assumes any legal liability or responsibility for the accuracy, completeness or 
usefulness of any information, apparatus, product or process disclosed, or 
represents that i t s  use would not infringe privately owned rights. 



ORNL-TM- 3242 

Contract NO. W-7405-eng-26 

the United States nor the United States Atomic Energy 
Commission, nor any of their employees, nor any of 
their contractors, subcontractors, or their employees, 
makes any warranty, express or implied, or assumes any 
legal liability or responsibility for the accuracy, com- 
pleteness or usefulness of any information, apparatus, 
product or process discloszd, or represents that its use 

Mathematics Division 

VISCOELASTIC AVALYSIS OF IR-RADIATED GRAPHITE 

WITH VARIABLE CREEP COEFFICIENT 

S. J. Chang,, J. A. Carpenter, 

and D. W .  Altom 

MAY 1971 

3AK RIDGE NATIONAL LABORATORY 
Oak Ridge, Tennessee 

ope r a t  e d by 
UNION CARBIDE CORPORATION 

for t h e  This document is 
RELEASABLE U. S. ATOMIC ENERGY COMMISSION 

Date: L - / t , 4 +  



.. '. ... , . .  
J .  . ' .  / !  



iii 

Table of Contents 

Page 

v Nomenclature . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . .  1 Abstract 

. . . . . . . . . . . . . . . . .  1 Introduction 

2 

6 

. . . . . . . . . . . . . . .  9 

. . . . . . . . . . . . . . . . .  17 

Revised Constitutive Equations . . . . . . . . . . .  
Formulation and Solution . . . . . . . . . . . .  
Numerical Example 

Cone lus  ion 

. . . . . . . . . . . . . . . .  Acknowledgment 18 

. . . . . . . . . . . . . . . . . .  19 Appendix 





Nomenclature 

C , Y  

D 

Jx 

JZX 

P 

G 

E 

K 

'p 

TX 

TY 
J[ 

a 
T 

Ta, b 
Z 

L 

Stress 

Strain 

Accumulated neutron exposure 

Creep function in the transverse plane 

Creep function in the axial direction 

Creep function in shear 

Poisson*s ratio 

Primary creep 

Secondary creep 

Temperature-independent creep finetion 

Relaxation function 

Young's modulus 

Creep coefficient 

Material property constant 

Stress function 

Boundary traction, x-component 

Boundary traction, y-component 

Dimensional change function 

Coefficient of thermal expansion 

Temperature 

Surface temperature 

Coordinate in the axial direction 

Length of the cylinder 



. 

A 

VISCOELASTIC ANALYSIS OF IRRADIATED GRAPHITE 

WITH VARUl3LF: CREEP COEFFICIENT 

S. J. Chang, J. A. Carpenter, 
and D. W. Altom 

ABSTRACT 

This report is an addendum to a previous report 1 

concerning a method of stress analysis for irradiated 
graphite which may be used for Molten Salt Breeder 
Reactor (MSBR) core design. 
analysis, the present method includes the effect of 
a variable creep coefficient which is caused by the 
nonuniform temperature distribution. To facilitate 
a simple formulation, it is assumed that the tempera- 
ture dependence of the elastic response of the material 
is approximated to be inversely proportional to the 
creep rate. 
solution of several associated (fictitious) elastic 
problems which have a common elastic modulus inversely 
proportional to the creep rate of the irradiated graphite. 
Numerical examples in the previous report were recalcu- 
lated based on the present theory. It shows, for large 
dose values, an improvement to the previous method. A 
computer program is written for the purpose and can in- 
clude the previous solution as a special case. 

To provide a refined 

It is shown that the problem reduces to the 

Keywords: stress analysis, graphite, neutron irradiation, 
dimensional change, temperature, viscoelasticity, lifetime, 
MSBR, creep coefficient. 

INTRODUCTION 

The graphite moderator located in a Molten Salt Breeder Reactor 

(MSBR) is subjected to intense neutron irradiation and temperature 

change. The irradiated graphite is known to exhibit the properties 

of creep and dimensional change which depend significantly on tempera- 

ture. A report' was written to provide a method of stress analysis 

'5. J. Chang, C. E. Fugh, and S. E. Moore, Viscoelastic Analysis of 
Graphite Under Neutron Irradiation and Temperature Distribution," ORNL- 
TM-2407 (October 1969) ; and Fifth Southeastern Conference on Theoretical 
and Applied Mechanics, Raleigh, North Carolina, April 1970. 

1 



for the purpose of MSBR core design. 

viscoelasticity and reduced the problem to the stress analysis of 

It applied the theory of linear 

several fictitious elastic problems. It was illustrated that the 

method can analyze the effects of any two-dimensional geometry, boundary 

tractions, temperature distribution, and neutron-induced dimensional 

change by calculating several elastic problems. 

The method, however, was based on the assumption that the creep 

rate K(T) was independent of temperature change throughout the cross 

section. This assumption, as shown in the next section, will lead to 

some error according to the preliminary analyses given in the previous 

report.' 

fied method so that the variation of K ( T )  with respect to temperature 

is included in the formulation. The resulting analysis in the text 

shows that the modified formulation can a l s o  reduce the problem to the 

solution of several associated elastic problems. But these associated 

elastic problems have a common nonuniform elastic modulus, inversely 

proportional to K( T) . 

It is the intention of the present report to provide a modi- 

The numerical examples of the previous report were recalculated. 

The results show an improvement of the method of analysis. The computer 

program in the present case includes the previous one as a special case. 

REVISED CONSTITUTIVE EQUATIONS 

The purpose of this revision is to provide a reasonable concern 

about the variation of the creep rate K(T)  with temperature in the 

creep function. The necessity of this modification is supported by 

the numerical values shown below. 

The preliminary analyses for the temperature profile of the Molten 

Salt Breeder Reactor (MSBR) presented in a former report' indicated 

that the temperature ranges from 670Oc to 760Oc as shown in Fig. 4 of 
that report. 

in the range of large neutron dose, will provide us the obvious reason 

why the modified analysis in the present report is necessary. 

the formula shown in Eq. (55) of the earlier report shows a difference 

The resulting variation in K(T), as well as its consequence 

In fact, 
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of 14% i n  K(T)  f o r  t he  temperature range from 670Oc t o  76ooc. With a 
neutron dose value of D = 3 x 10 nvt  t h i s  w i l l  l e ad  t o  a d i f f e rence  

i n  creep funct ion,  shown i n  Eq. (19) of t h a t  repor t ,  of 

2 2  

, 

A K ( T ) D  = 8 .4  x io-' 

. 

A 

1.5 i n  t h e  creep func- The value of E when K(T)  i s  computed a t  T = 700°C. 
t i o n  i s  8.8 x 1.5 E i s  understood t o  be the  sum of the  instantaneous 

and primary creeps.  Therefore, t he  change i n  K(T)  D i n  t h e  creep func- 

t i o n  because of the  temperature d i f f e rence  i s  important a s  compared with 

1.5 Furthermore, t he  term K(T) 

3 x nvt has a higher  order  of magnitude a s  compared with 1.5 i n  t he  

creep funct ion.  These f a c t s  i n d i c a t e  t h a t ,  i n  creep analyses,  t he  v a r i a t i o n  

1-.5 i s  of K(T)  wi th  temperature i s  not neg l ig ib l e  and t h e  v a r i a t i o n  of 

of l e s s  importance. 
mation i n  our modified creep func t ion  a s  shown i n  the  next  paragraph. 

This creep funct ion w i l l  be used l a t e r .  

D i t s e l f  i n  the  creep func t ion  f o r  D = E '  

E 

E 
The l a t t e r  f a c t  w i l l  be used below as t h e  approxi- 

With the  above concern, it i s  therefore  reasonable t o  approximate 

the  creep func t ion  i n  the  following form 

w i t h  

-A D 
O ) + K 0 - D  . 

K 

and A i s  a l a r g e  constant .  Therefore, the  i n i t i a l  response i s  repre- 

sented approximately bu t  t he  creep r a t e  i s  exact .  Hence the  method i s  
more e f f e c t i v e  f o r  l a rge  dose range, and f o r  temperature s e n s i t i v e  K ( T ) .  

i s  t he  creep c o e f f i c i e n t  K(T)  computed a t  some average temperature 
0 

0 

For lower dose range the  method of t he  previous report' i s  more accura te .  
Since the  present  method w i l l  include t h e  method developed previously 

as a s p e c i a l  case,  t he  so lu t ion  f o r  small dose can be obtained r e a d i l y  

by assuming K(T)  t o  be constant  throughout t he  c ros s  sec t ion  i n  the  

p re sen t  method. The reason t h a t  t h i s  form of approximation i s  proposed 
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is that in Eq. (l), J(D) can be factored into two parts, one depending 

on the space coordinates, the other on dose. This factorization still 

can facilitate the inversion operation in a series of derivations shown 

in the last section of this report. The constitutive equations based 

on Eq. (1) for a three-dimensional body can therefore be derived similarly 

to that in our previous report. 

With the 

equations for 

many kinds of 

= J  
X 

e = J  Y X 

= J  
Z 

understanding of the new form of J(D), the constitutive 

the transversely isotropic graphites, as possessed by 

graphite, are 

? 

= J *dT 9 
yYZ zx YZ 

= J * d T  y zx zx zx ’ 

where z axis is assumed to be the axis of mechanical symmetry and both 

Poisson ratios, and p to be constant. The Poisson ratio p is 

defined as the ratio of induced lateral strain to longitudinal strain 

for a uniaxial test when both directions lie in the plane of isotropy 

(x,y). Whereas, 

direction in the plane of isotropy to the longitudinal strain in the 

direction normal to the isotropic plane. When these ratios are dose 

dependent, two creep functions, in addition to Jx, Jz, and Jzx, are 

required for the stress-strain representation. The notation (*) is 

used to represent a convolution relation, e.g., 

PX Z’ X 

is the ratio of the lateral strain induced in a 
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. 

The terms CXT and $(T,D) represent the strains due to thermal expansion 

and dimensional changes resulting directly from neutron irradiation, 

respectively. 

The generalized plane-strain conditions are defined by the case 

when the normal strain in a given direction, say the z direction, assumes 

a constant value G 

the net resultant force in the z direction Yanishes. 

the system of equations, Eqs. ( 3 ) - ( 8 ) ,  reduces to an equivalent two- 
dimensional case 

all derivatives with respect to z vanish, such that 
0’ 

Under these conditions 

- p2J ) * dox - (pXJx + p2J z z  ) * doy = (Jx z z 

Y = (J, - pZJz) * doy - (pxJx + W2J z z  ) * do X 

= 2(1 + p,) Jx * dTw - 
yxY 

For an isotropic graphite, the following simplifications can be 

made in the generalized plain-strain formulation: 

J x = J  = J ,  
Z 

a x = a  = a ,  z 

and it follows that 



'xy = 2(1 + p) J * dTw . (19) 

Thus, it is seen from Eqs. (17)-(19) that the viscoelastic stress analysis 
of an isotropic graphite requires the determination of only one creep 

function, J(D), and one Poisson ratio, p .  

FORMULATION AND SOLUTION 

In this section, a method of viscoelastic stress analysis is made 

to correspond to several equivalent elastic problems. These fictitious 

elastic problems have the same moduli of elasticity, inversely propor- 

tional to the creep coefficient K(T). 

analysis. Consider an arbitrary two-dimensional cross section where the 

neutron flux is assumed to be uniform over the entire section and the 

creep function K(T) depends on the temperature distribution. As used 

before,' the stress function, cp, is introduced by 

This differs from our previous 

0 -  - & ,  
Y ax2 

T - - -g&, 
xy 

which will satisfy the equations of equilibrium. 

Eqs. ( 2 0 ) ,  (21), and (22) into the equation of compatibility 

After substituting 

a2€ a2ex a2Y 
2,- = 2, 
ax2 axay 
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the governing equation of cp i s  

n 

a2 

&] = 

02 [ J r (D,T)  + UT] , (24)  
2 

t- l-pm 1 - P  KO 

where 

-A D 

2E U 

After  inversion,  cp s a t i s f i e s  

2 where Go i s  r e l a t e d  t o  Jo by 

- -  " G * d V2 [ $ ( D , T )  + UT] , - 
1 - 1  0 

and H(D) i s  the  unit s t e p  f lmct ion.  

t o  Jo given by Eq. ( 2 5 )  i s  
The func t ion  G 0 which corresponds 

E 
r(k 1 + A 0 ) eklD - (k2 + Ao) :2D] 

Go(D) = J ( E  K + 1.5Ao)'  - 4E KOAo! 
0 

where 

kl = -0.5 ( E  - KO + l . 5 A o )  + 0.5 / ( E  KO + 1 . 5 A o ) 2  - 4E KO * A. ( 2 9 )  

2E. H. Lee, "Viscoelast ic  S t r e s s  An$ysis," Chap. 53, Handbook of  Engi- 
neer ing Mechanics, ed i t ed  by W .  Flugge, McGraw-Hill, New York, 1962. 
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k2 = -O .5 (E  * KO + 1 . 5 A o )  - 0.5 / ( E  * KO + 1.5Ao)'  - 4 E  K * A. . ( 3 0 )  
0 

Both k, and a r e  seen t o  be negative.  For prescr ibed boundary t r ac t ion ,  

t he  boundary condi t ions a r e  

and 

where T and T a r e  t h e  x and y components of t he  boundary t r a c t i o n  

ac t ing  on the boundary, C, of t he  c ross  sec t ion  of t h e  body. 
X Y 

If the  temperature-dependent neutron-induced dimensional change 
3 i s  given by 

then the  right-hand s ide  of Eq. (26) reduces t o  

D 
-1 {G ( D )  a V % +  D 2 A 2 ( T )  
1 - p  0 

Go(D - D ' )  2D' - dD' 
0 

(34) 

where t h e  temperature d i s t r i b u t i o n  i s  assumed t o  be appl ied suddenly a t  

D = 0 and t o  be kept  constant  f o r  D > 0. 

i s  seen t o  be the  same a s  t h a t  used i n  t h e  e l a s t i c  problem with nonuniform 

e l a s t i c  modulus. 

expressed by 

The lef t -hand s ide  of Eq. (26) 

The so lu t ion  t o  the  present  problem can therefore  be 

'P. R. $asten "Graphite Behavior n MSBR Perfor- 
mance, Nuclear &$:neering and Design - 9?!7, 1:57Ef;5c1?9g9). - 
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a b c  where cp , cp , cp , and cpd are elastic solutions, corresponding to boundary 
tractions, thermal expansion, dimensional change Al (T), and dimensional 

change A,(T), respectively, and 

D 
F1(D) = 7 1 Go(D - D') dD' 

G o o  0 

and 

The proof of the statement Eq. (35) can be carried out by a similar pro- 
cedure as shown previously.1 The elastic solutions are understood to be 

found from a nonuniform elastic medium with the common elastic modulus, 
E KO . From this consideration, the problem of irradiated graphite of KO 
an arbitrary two-dimensional cross section can be found, provided that a 

computer program is available to calculate the elastic thermal stress. 

The displacement for the present problem due to the dimensional 

change and the thermal loading is the sane as that obtained from a cor- 

responding elastic problem. This result is due to the fact that the 

solution is independent of the creep function Jo( D) . 
With the present formulation, a simple correspondence is made between 

the viscoelastic solution and the elastic solutions. The effort to 

solve the problem therefore reduces to the solutions cp , c p ,  cp , and 
d 

cp . 
which can be calculated from Eq. (28). 

a b c  

The time-dependent solution is connected with them by FI(D) and F2(D) 

NUMERICAL EXAMPLE 

Based on the theoretical formulation of the last section, the 

numerical examples of the previous report were recalculated. To compare 

the results, the curves corresponding to Figs. 6, 7, 8, 11, and 12 of 
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n 

ORNL-TM-2407 a r e  drawn and labeled a s  Figs. 1, 2, 3, 4,  and 5 i n  the  

present  r e p o r t .  The temperature d i s t r i b u t i o n s  a r e  the  same as t h e  former 

ones and, therefore ,  w i l l  no t  be shown here.  The ma te r i a l  constants  a s  

we l l  a s  the  thermal loading a r e  t h e  same as shown from page 13 t o  page 16 
of the  previous r epor t .  Therefore, t o  avoid r e p e t i t i o n ,  we s h a l l  no t  

rewr i te  them here.  

To solve the  problem numerically, we have t o  solve the  e l a s t i c  

problems with the  nonuniform e l a s t i c  cons tan ts .  

denote the  r a d i a l  displacements due t o  the volume expansions aT, A ( T ) ,  

and A (T). 

expansion shown i n  Eq. (15), and A ( T )  and A2 ( T )  a r e  given by Eq. (33) 
and more s p e c i f i c a l l y  by re ference  3. The problem reduces mathematically 

t o  t h e  so lu t ion  of a second-order l i n e a r  ordinary d i f f e r e n t i a l  equation 

of t h e  following form: 

Let ui ( i  = 1, 2, 3) 

1 
We r e c a l l  t h a t  a i s  t h e  c o e f f i c i e n t  of t h e  l i n e a r  thermal 

2 

1 

r 

where F, = a T ,  
correspond t o  the  th ree  a x i a l  s t r a i n s  because the  problems a r e  solved 

under the  assumption of the  general ized plane s t r a i n .  h and p a r e  re -  

spec t ive ly  def ined by 

F2 = A,(T), and F3 = A2(T). In  Eq. (38), ci (5 = 1,2 ,3)  

and 

where K(T) i s  defined by Eq. (1) and K 

Young's modulus when T is evaluated a t  t he  inner  surface of t he  concentr ic  

cyl inder  r = a .  cr i s  the  Poissonfs  r a t i o .  Since T v a r i e s  along r so do 

X and u .  

and E a r e  the  values  of K(T) and 
0 



11 

The two integration constants for Eq. (38) and ei are to be determined 
by the boundary conditions 

(31 + 2p) Fi = 0 
dui u i 

at r = a and r = b and by the condition that the axial resultant force 

is zero, that is 

b 
- (3A + 2p) Fi rdr + c 1 (1 + 2p) rdr = 0 .(42) 

a dr I i  a 

The problems are solved by the method of finite differences. 

procedure is used to determine ei. 

calculated from Eq. (38) and the boundary conditions Eq. (41). With the 

known value of ui, the first approximation of ei is calculated from Eq. 

(42). 

An iterative 

We first assume e = 0, then u. is i 1 

The process continues up to a difference of the two successive 

' s  smaller than lom6 which is approximately equivalent to a relative 'i 
error of 0.1% in the present case. 

After ui (i = 1,2,3) as well as ci (i = 1,2,3) are solved, the corre- 
sponding elastic stress components are calculated by the constitutive 

equations 

U 

- ( 3 h  + 2P) Fi 
dui u i 

and the final dose-dependent stress components are calculated by 
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The final solution of the displacement and the strain components are 

calculated according to 

2 u = u1 + u2D + u3D , 

du - -  
‘r - dr ’ 

- + e D + e D 2  . 
= Z  - el 2 3 

The numerical values of temperature T; displacement u; strain com- 

ae, and mz are calculated r’ ponents er, e8, and e z ;  stress components m 

at 41 points along the radial directions of the cylinders of b = 4,5,6 em. 
The above values are calculated at each cross section of Z/L = 0.1, 0.2’ ..., 
0.9 for the neutron dose level D nvt) = 0.0, 0.2, . . . , 4.0. The 

total computation time for an IBM 360 Model 91 machine is on the order 
of 4 minutes. 
reduce the error bound of ei in the iterative process. 

The computing time can be reduced considerably if we 

To indicate the numerical results, typical curves are presented 

i n  Figs .  1-5 which i n d i c a t e  t h e  d i f f e r e n c e  f r o m  F igs .  6, 7, 8, 11, and 
12 of ORNL-TM-2407. 

purpose of comparison. The reason for the difference is certainly because 

of a modification of J ( D ) .  
in the paragraph following Eq. (2). The improvement is shown in Fig. 3 
where m at D = 3 X 

previous value. This confirms our prediction. 

We superimposed the corresponding plots for the 

The detailed explanation has been written 

nvt is 13,200 psi, an increase of 6% of the 
Z 

CONCLUSION 

The modified method shown in the present report has considered 

the effect of temperature on the creep coefficient. 

between the components was obtained for a neutron dose level of 

A difference of 6% 
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3 X lo2’ nvt. 
creep coefficient is more sensitive to temperature and when the tempera- 

ture gradient within the cross section is steep. The difference caused 

by this modification becomes more significant with increasing dose values. 

As the trend of the development in reactor technology is toward the 

higher operating temperature and the larger neutron dose level, the method 

presented here is therefore compatible to the need in the future. How- 

ever, the instantaneous elasticity and the primary creep have an inaccurate 

temperature dependence imposed by the method. Therefore, the resulting 

solutions can be considered accurate only above some small dose value 

(less than 1/2 x 10’’ nvt). Below this dose value, use should be made 

of the previous method’ which can be calculated by assuming a constant 

K(T) in the present method. 

The method is therefore important in cases when the 

As can be seen from the derivation if the creep coefficient K(T)  is 

taken to be constant, then the analysis will reduce to the case of our 

previous one. Therefore, the present computer program includes the 

previous one as a special case. - 

The authors express their appreciation to B. L. Greenstreet, head 

of the Applied Mechanics Section, for his supervision. Thanks are also 

due to C. E. Pugh of Applied Mechanics Section for many stimulating dis- 

cussions and with whom the authors have been working for a part of the 

Molten Salt Breeder Reactor program. 

n 
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APPENDIX 

- Date: 23 June 1970 

Name of Program: VATCRP 

Programmers: S. J. Chang, J. A .  Carpenter, D. W. Altom 

Description: 

lates the stress and the displacement fields for a Molten Salt Breeder 

Reactor graphite core under neutron irradiation and temperature distri- 

bution. VATCRP treats the creep coefficient as a function of temperature. 

The program is based upon the theoretical derivations and is intended to 

follow the proposed numerical scheme in the main text. 

VATCRP is a double-precision Fortran program which calcu- 

Three concentric cylinders are used to simulate the design study. 

The radius of the outer cylinder is designated B and is input to the 

program. The radius A of the inner cylinder is given by B/A = 6.667. 

Input: The user must provide four data cards to VATCRP in the following 

order : 

Card 1: 

BIN - 

DB - 

N B -  

Card 2: 

ZLIN - 

DZL - 
NZL - 

VARIABLE NAMES CARD FORMAT 

BIN, DB, NB 

initial value of the radius B of the 
outer cylinder (in centimeters) 

increment in the value of B (in centi- 
meters ) 

total number of B-values, i.e., BIN 2 
B I BIN + (NB-~)DB 

ZLIN, DZL, NZL ( 2D10.3,IlO) 
initial value of Z/L where L is the 
length of the cylinders and Z is the 
distance measured from the bottom of the 
cylinders to the point of interest, i.e., 

increment in the value of Z/L 

total number of Z/L-values, i.e., 
ZLIN s Z/L s ZLIN + (NZL-1)DZL 

0. s Z/L s 1. 

P 

n 
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Card 3: DIN,  DD, ND 

nv t )  
D I N  - i n i t i a l  value of the  dose D ( i n  

DD - increment i n  the  value of D 

(2D10.3,IlO) 

ND - t o t a l  number of D-values, i . e . ,  D I N  5 
D 5 D I N  + (ND-1)DD 

Card 4: NMAX, CRIT (110, D10.3) 
NMAX - number of subin terva ls  taken on [A,B] . 

NMAX nominally 40. 
C R I T  - convergence c r i t e r i o n  of t he  i t e r a t i o n  

scheme o u t l i n e s  i n  the  main t e x t .  C R I T  
nominally 

NMAX s 47. 

Output: Output i s  as described i n  the  main t e x t .  

Language: ORNL Fortran,  Fortran I V  

Approximate Length: 

C omp i l e  r 

ORNL 
For t ran  IV OFT=O ?:; bytes  
For t ran  IV OPT=2 45,000 

Approximate CPU Execution Timings: Data obtained using following input :  
B I N  = 4.0, DB = 1.0, NB = 2;  

DD = 0.2, ND = 2;  NMAX = 40, CRIT = 
Z L I N  = 0.1, DZL = 0.1, NZL = 2;  D I N  = 1.0, 

C omp i 1 e r 3W91 360/75 

ORNL 30 sec 100 sec 
For t ran  IV O P T = O  23 sec 78 sec 
For t ran  IV O P T = 2  12 sec 40 sec 

Computer: IBM 360 Models 75 and 91. 

T 

A 
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c 4  * 
C 4  * PKDGRAM VATCHP 
c 4  * 
L V I S C O E L A S T I C  A N A L Y S I S  OF I K R A D I A T E D  GRAPHITE k I T H  V A R I A B L k  CREEP COEk- 10 
C F I C I E N T S .  SsJaCHANGv D.W.ALTOM, J -A-CARPENTER JUNE 1970 2 0  

I M P L  I C  I T  R t A L * B (  A-HeK-MvO-L) 3 0  
COMYON/VECT/T( 5 0 ) 1 A l ( 5 @ )  1 A 2 (  5 0 )  r K ( 5 0 1  r F F (  5 0 )  , L A Y ( S G I  9 40 

1 H U ( 5 0  1 tu( 5 0 )  1DURR( 5 B )  4 1  
COMMON/ S INGL / B  1 A 1 K 1 r K 2  1 K 1 €KO 9 K7E KCv T T t SQP PDH 1 ZL t B A  E PS t OX t 5 c  

1 N M A X t N P l t N P 3  
COMMCN/FCNO/ E 1 1 E 2 1  E 3 1  E 4  
D I M E N S I O N  S I G A I  5 0 1 3 )  t SIGT ( 5 0  1 3 )  t SIGZ ( 5 0 1 3 )  rUSOL( 5 0 1 3 )  1 

1 
2 R ( 5 0 ) r Z ( 5 0 )  

D I M E N S I O N  F( 5 0 r 3 I e D U D R (  5 0 1 3 1  , E P T ( 5 0 I  
DATA E / 1 . 7 0 6 /  
DATA SIGNA/O.2 700/  

S G R ( 5 0  I ,SGT( 5 0 1 1  SGZ( 5 '2 )  1 k P S R ( 5 0 l r F P S T ( S O I  r E P ( 3 )  1 

0 AT A ALP HA/b .  2 0 -  6/ 
DATP A @ /  1.0D2/ 
BA= 6.6 6 7 DO 

C +  4 RkAD INPUT PARAMETERS 
READ 100 1 9  B I N ,  OB *NE) 
READ 1 0 0 1 1 Z L  I N t O L L t N Z L  
READ 1 0 0 1 r D I k ~ D U ~ N O  

R E A 0  ~ C C ~ ~ N M A X I C R I T  
1091 FDRHAT(2010 .3e  1 1 0 )  

1 @ 3 2  FORMAT( I 1 0 1 0 1 0 . 3 1  
N P l = N M A X + l  
NP3=NMAX+3 

B = B I N  
C *  * L O A 0  I N I T I A L  OUTER R A D I U S  B 

DO 2 2  I = l t N B  
L*  4 DETERMINE INNER R A D I U S  A 

A=B/BA 
K@=d-A  

C 4  4 DETERMINE INCRkMENT DR 
DN=RG/DFLOAT (NMAX)  
E 1= 2 .OD0 *DR*CR 

E 3= 2.CDO *DR*B 
E 4 =  DR + DR 
K (  l I = A  

R (  N l + l  ) = R (  N 1  I +OR 

ZL=ZLIN 

E 2 = 2  - 0  09 *DA+A 

DO 1 N l = l r N P l  
1 

C 4  4 L O A D  I N I T I A L  Z / L  

DO 2 1  J = l i r Y L L  
C *  4 CALL TMPT FOK TEMPERATURE D I S T R I B U T I O N  ' 

C +  4 COMPUTE ARKAY CONSTANTS 
CALL  TMPT 

KO= ( 5.3DO-1 4 5 D - 2 * 1 (  2 I + 1 4 0 - 5 4 7  ( 2 )  4 T  ( 2 )  I * l a  0-5 
DO 2 1 1 = l r N P 3  
T 1 ~ 0 . 3 3  3 3 3 3 3 3 3  3 3 3 3  3 3DO* ( C -11 DC- 7. CD- 5 0 1  ( I 1 I I 
TL=5.700-6 .CD-3*T(  1 1 )  
T 3=T 1/(  T2*T2  I 

A2L I l I = T 3  

T l = K @ / K (  I 1  I 
L A M (  I 1  I=  (S [(;MA/( ( l . O D C + S  IGHA I*( 1. C00-S IGMA-SIGHAI  1 I * T 1  

A 1( I 1 I = T 3 * 2  .OOG* (6. CD-34T ( I 1 I-5.7DO 1 

K ( I 1  I= ( 5 3012-1 45U-24T  ( I 1 I +  1 .40 -54T  I I 1  I *T ( I  1 I I * 1 0-5 

MU( Ill=( 1.OD~/(2.CDC+SIGMA+SIGMA~ 1 4 1 1  
2 CCNTINUE 

C *  4 COMPUTE CONSTANTS 
T l= AO/ ( E 4 K 3  ) 
T 2 =  1 .OD0 +l. 5DO+TT 

K lEKG=-0 .500*T2+C.  50O*SQP 

K 1 = E *KO+ K 1 EK C 
K 2= E 4 K C 4  K 2  EK ?! 

S Q P = C S Q R T ( T 2 + T 2 - 4 . ~ 0 G * T T I  

KZEKO=-C.509*T2-C. 500*SQP 

5 1  
60 
7 0  
7 1  
7 2  
80 
90 

100 
110 
1 2 0  
1 3 0  
140 
150 
160 
1 7 0  
180 
190 
200 
2 10 
2 2 0  
2 30 
2 4 0  
2 50 
2 60 
2 70 
2 80 
2 9C 
310 
3 10 
3 2 0  
3 30 
3 4 0  
3 50 
3 60 
3 70 
3 80 
3 90 
4c0 
4 If? 
4 29 
4 30 
4 4 0  
4 50 
4 6 0  
4 7 0  
4 80 
4 90 
5 0 0  
5 10 
S 29 
5 3 0  
5 40 
5 5G 
5 6 0  
5 70 
5 80 
5 9 0  
630 
6 10 
6 20 
6 3 0  
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c4  

3 
C* 
c 4  
C +  

c 4  

4 

c* 

5 
C *  

6 

C *  

7 
8 

C* 
9 

10 
1 1  

C *  

1 L  
1 3  

C *  

C *  

c *  

1 4  

15  
16 

+ CJMPUTE F 
DO 3 I 2 = l t N P 3  
F (  1 2 t l I = A L P H A + T (  1 2 )  
F (  I Z t 2 ) = A l ( I 2 )  
F (  1 2 1 3 ) = A 2 (  I 2 1  
CON1 I N U E  

* I T E R A T l O N  SCHEME 

DO 11 I 1 = 1 * 3  
E PS=O OD0 

4 

+ 

* LOAD F F  WITH COKHECT F ARKAY 
DO 4 J 7 s l r N P 3  
F F (  J 7 ) = F ( J 7 r I l  I 
I H=O 
DO d 1 4 = 1 t 1 0  
I ti= I H i  1 * F I N I T E  UIFFEHENCE SCHEME 
CALL F D I F F  
DO 5 I 5 = 1 * N P l  
IT=15+1 
Z ( I5 I =3 ( I 5  I * E * L A M (  I T I*DUWR I I 5 )  +E*LAM ( I T  t + U (  IS 1 

CON1 I NU E 
+ NUMERICAL INTfzGKATION 
CALL O Q T F E ( D R 9 L t L 9 h P l J  
T L = L ( N P l  1 
DO 6 1 6 = 1 t N P 1  
I T =  I 6 + 1  
L( l 6 I = R (  I 6 J * E * ( L A M (  1T1+2.@0O*MU(  I T 1  I 
CALL 

1 -3.ODp + F  F (  I T  ) * R  ( I5 ) *E*LAM ( I T I -  2 .ODO*E*MU( I T I  + R  ( 15  I *F F ( 1 T I 

OUT FE ( DR 9 2 t Z 9 hP1 I 
T 2 = Z ( N P 1  I 
E P N = - T l /  1 2  
+ CONVERGENCE CHECK 
IF( DABS( EPS-EPh I-CR I T  1999 .7  
EPS=EPN 
CCNT INUE * CONVERGENCE C K I T C R I U N  M t T  - STOKE U AND U t f t I V A T I V E S  
EP( 1 I )=EPN 
DO 1 C  1 7 = l t N P 1  
U S G L (  179 l I I = U (  1 7 )  
DUUK( 1 7 , 1 1 I = C U R K ( 1 7 1  
C JNT LNUE 

D O  1 3  1 8 ~ 1 1 3  
00 1 2  1 9 = 1 t N P 1  

T 1= E*L AM ( I T 1 *( DUbK I 19, I 8 
T ? = E * (  j . O O ’ ) * L A M (  I 1  1 +2.ODC*MU( I T )  1*F L I T  t 181 

SIGH(I99 I H ) = T l + T 3 * U U D K (  1 9 9 I t ) ) - T 2  
S I G T (  1 9 t 1 8 ) = T l t T 3 * U S O L (  19tI8)/R(I9)-TZ 
S I b L (  1 9 t 1 8 I = T l + T 3 * L P (  I M ) - T 2  

+ 

I T =  I 9 + 1  
+USUL L I S 9 1 8 I / R  ( I 9)  + EP ( I8 I ) 

T3=2.ODC*E*MU( I T 1  

CGNT INUE 
COlvT INUE 
* LOAD I N I T I A L  O U S t  
D = D I N  
* GOSE LOOP 

* PREVENT CXPONENTIAL UNDERFLOW GN 1 B k  3 6 0  

DX=O.COO 

DX=DfzXP( K 2 9 0 1  
T l = G ( D I  
T 2 = F l ( D I  
T 3 = F 2 (  Dl 

DO 20 1 3 z l r N D  

lF (K2*D+173 . ’?D ’7 )  149 1 4 9 1 5  

G O  To 16  

I10 1 7  J l = l r N P l  
S G R L  J 1 I = S I G R  ( J  1 9  l ) * T l + S I G k (  J A 1 2 ) * 1 2 +  S I G R ( J l r 3 1 * T 3  
S G T  ( J 1 ) = S I L T  ( J 1.1) * T l + S  I G T I  J 1 t 2 ) *12+ SI G T  ( J1 9 3 )  * T 3  
S GL t J 1 j = SI GZ ( J 1 9  1 I * T 1+  S I G L (  J A t 2 1 *T2+  S IG 2 ( J1 v 3 I + T  3 

6 40 
6 50 
660 
6 70 
6 80 
693 
7 00 
7 10 
7 20 
7 30 
7 40 
7 50 
7 60 
7 70 
7 80 
7 90 
8 co 
8 10 
8 2 0  
0 30 
8 4@ 
8 50 
8 5 1  
8 6 0  
8 70 
8 80 
8 90 

9 10 
9 20  
9 30 
9 40 
9 50 
9 6 0  
9 70 
9 80 
9 90 
10 an 
A3 10 
10 20  
10 3 3  
1 0 4 0  
1c 5@ 
1C 60 
1P 7 0  
10 sc 
1 0 9 0  
1 It@ 
1110 

1 1 3 0  

1 1 5 @  
1160 
1 1 7 0  
1 1 8 0  
1190 
1 2 0 0  
1 2 1 0  
12 20  
1 2 3 0  
1 2 4 0  
1 2 5 0  
1260 
1 2 7 0  
1 2 8 0  
12YC 
13123 
1310 
1 3 2 3  
13 3 0  

900 

i i z n  

114n 



US 91 
C C 9 1  
OE91 
0291 
01 91 
0GST 
0 6 S 1  
0051 
OLST 
0951 
1 5 5 1  
0451: 
oes1 
OE51 
ZZS1 
1 Z S I  
0251 
OK G I  
00s 1 
0691 
19Cll 
08c1 
O L + 1  
01 +71 
0391 
06E 1 
U E + ? l  
O Z + l  
09E1 
ooc1 
0 6 E I  
09El 
O L E 1  
09E 1 
0 4 E I  
OCE I 

*3 

$ 3  
2 
1 

*-I 

3 

E t  
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3 
C *  

C *  

4 
5 

C *  

C* 

6 

NM=NMAX 

C1=  L A M ( N  I t M U ( N  )+MU(N 4 
G2= LAM( N+ 1) +MU( N t  1 J t M U ( N t 1  I 
G 3 =  LAM( N + Z ) t N U ( N + 2 ) + M U ( N * Z )  
RN= P + (  N- 1 ) *DR 
R N l - ( K N + R N ) * D K  
A M (  N r N - 1  I = (  G 2 t G l  ) / E  L -G2 /KN1 
AM(NtN)=-(C3tGZtGZ+Gl)/€l-G2/(RN*KNJ 

A M ( N t N t 1  ) = ( G ? + G 2  I / k l * G Z / R N l  

1 - ( L A M (  N )  +LAM ( N ) + t i 1  *F I N  ) I  
2 - ( E P S / E 4 I * ( L A M ( N + 2 ) - L A M I "  ) 

DO 3 N = Z t N M  

1 + ( L I M I N + Z I - L A M ( N )  I / R N l  

U ( N  ) =  1 .000 /E4* (  ( L A M (  N+2 I t L A M ( N t 2  )+1;3) * F  ( N + 2  1 

CON1 INUE * F I N I T t  DIFFERENCE €US. P T  H = 8 
N = N P 1  
G 1 =  L A M ( N  j t M U ( N  )+MU(N I 
G2= L A M ( N t 1  ) + M U ( N + l  I + M b ( N + l  I 
G3= L A M ( N t 2  ) t M U ( N + 2  ) + M U ( N + 2  
A M ( N t N - 1  ) = ( G 2 + G l I / F l - G 2 / ( B * D R )  

1 + ( G 3 t G 2 ) / E l * C 2 / ( 8 * O R )  
AM(NrN)=-IG3+G2+GZtGlJ/El 

1 - G 2 / (  H + ~ ) t ( L A M ( N + 2 ) - L A M ( N )  ) / E 3  
2 
3 + G 2 / E 3 )  

- ( ( L A M  ( N +  1 ) + L A M (  N + 1 ) ) / G  2 * ( DR / B  I *  ( (G2  t G 3  ) / E  1 

U I N  ) = l a  ODCl/E4*( ( L A M (  N+2  b t L A P ( N t 2  I+G3)*F ( N + 2  1 
1 -(LAM(N)+LAM(N)+Gl)*F(NIJ 
2 - (  ~ ~ 4 ~ C D 3 * L A M ~ N + 1 ~ ~ / C 2 + 2 ~ O l ~ O ~ * D K ~ F ~ N + l ~ ~ E P S * L A ~ ~ ~ + l ~ * E 4 / C 2  1 

4 - ( E P S / E 4 ) * ( L A M ( N t Z ) - L A M ( N ) ~  
3 * (  ( G 3 + G 2 1 / t l + G 2 / € 3 )  

* S C A L E  
Dc) 5 I S l t N P l  
U ( I ) = O . C 1 0 @  * U ( I I  
DO 4 J z l r N P 1  
A M (  I t J ) = P M (  I t J )  * ?.C100 
CONTINUE * CALL MATU TO L IBTAIN  SULUTIGN VECTOR U 
CALL  * CUMPUTE D E R I V A T I V E S  OF U W I T H  K E S P E C T  TC R 
DO 6 J z 2 r N M A X  
D U U K ( J ) = ( U ( J * l ) - U ( J - l J  ) / E 4  
O U U K ( l I = ( U ( 2 ~ - U ~ 1 ) ) / D H  
DUDR(NP1 ) = ( U ( N P l ) - U ( N P l - I ) ) / D K  
RETURN 
END 

MATPD(AMt UrNP 1 t 1 t I l E T t  5 0  r 5 D )  

SUBROUTINE TMPT 
CALCULA i E S  TEMPERATUKE U I S T R  I b U T I O N  

IMPL I C I T  K t A L * b (  A-HrK-L  r0-L) 
CUMMON/VECT/T( 5 0 ) 1 A 1 ( 5 C ) r A Z (  SCt)  r K ( 5 0 )  t F ( 5 0 )  r L A M ( 5 O I  9 

Cl)kHCN/S I N G L / B r A , K l  t K 2 t K l E K O t K Z E K O t  T T r S C P I U R I Z L t e A r E P S t D X r  
1 M U ( 5 ' ! I t U ( 5 0 I r O U O K ( 5 0 )  

1 N M A X t N P L r N P 3  
T l = D L G t i (  EA ) 
T2=1 .000-8A*BA 
TVR=(  8-A ) / U F L O A T ( h P  1-1 1 / A  
T S A T = 6 2 5 . ~ D 0 - 7 5 . 3 D O * D C O S (  j . l 4 1 5 9 2 6 5 3 5 8 9 8 0 0 * Z L )  
H = (  ( 1 . 4 4 4 0 - 3 ) ~ T S A T - O . Z 2 8 C D C )  / A * *  ( 0 . 2  I 
CK5OO=C. 35t lDO 
SAT = T S  AT 
DO 1 I = l r l i C  
CK=CK500* (  ( T S A T + 2 7 3 . O D O ) / 7 7 3 . O D C ) * * I - 0 . 7 )  
HK=H/CK 

Q = U * b * A /  (4.CCC*CK) 
T H A = - T 2 / T 1 * 0 * 0 . 5 D C * ( a A + l . C ~ ~ J / ~  

TaA=TBA/  (HI(+ L.GDQ/T L*( BA+ 1.0001 / B 1  

Q=1.2D0+9.9DC*OSIh(  j e 1 4 1 5 9 2 6 5 3 5 8 9 R D U + Z L )  

1 -Q* ( (BA+bA*BA) /H  

F D I F  230 
F D I F  2 4 0  
F D I F  250 
F D I F  260 
F D l F  270 
FDIF 280 
F D I F  2 9 0  
F O l F  300 
F D I F  310 
FDIF 3 1 1  
F D I F  3 2 0  
F D I F  3 3 0  
F D I F  3 3 1  
F D I F  3 3 2  
FDIF 340 
F D I F  3 5 0  
FDIF 360 
FDIF 370 
FDIF 3 8 0  
F D I F  390 
F D I F  400 
FOIF 401 
FDIF 410 
FOIF 4 1 1  
F O l F  4 1 2  
F D I F  413 
FDIF 4 2 0  
f - D I F  4 2 1  
F D I F  4 2 2  
FOIF 4 2 3  
FDIF 4 2 4  
FDIF 4 3 0  
FDIF 4 4 0  
F D I F  450 
F D I F  460 
F D I F  4 7 0  
F D l F  4 8 0  
F U I F  490 
FDIF 5C0 
FDIF 510 
FDIF 5 2 0  
I - D I F  5 3 0  
F D I F  54'3 
FUIF 550 
FDIF 56C 
FDIF 5 7 9  

TMPT 10 
TYPT 20 
TMPT 30 
TMPT 4 0  
TMPT 41 
TMPT 50 
TMPT 51  
TMPT 60 
1MPT 70 
TMPT 8c! 
TMPT 90 
TMPT 1C.O 
TMPT 110 
TMPT 1 2 0  
TMPT 130 
TMPT 1 4 0  
TMPT 1 5 0  
TMPT 160 
TMPT 1 7 0  
TMPT 1 8 0  
TMPT 1 8 1  
TMPT 190 
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, 

B 

A 

T A B = - T 2 / T l + ~ + O . 5 D C ~ ( ~ A ~ l ~ ~ D O J / B / H K  
1 +SAT-O*( BA-BA*BA J / t) /HK 

TAB=TAB-TBA*(  BA-1.000 I / 1 8 * T l * H K J  
T A= T A B t l  €!A 
TB=TAB-TBA 

CO= ( TA-T B+T 2*P I / T 1 
00 2 I = l r N P 3  
Tl=L.ODO+TVR*DFLOAT ( 1 - 2  J 
T (  I )=TA-CO*DLOG( T 1  J-O*I T l * T l - l . O D O )  

1 T S A l = T A  

2 CONTINUE 
RETURN 
END 

DOUBLE P R E C l S I U N  FUNCTION G ( D J  
I M P L I C I T  REAL* f j (A-HrK-M*O-ZJ 
C C M M O N / S I N C L / B r A ~ K l ~ K 2 ~ K l E K O ~ K 2 E K ~ ~ T T ~ S G P ~ D R ~ Z L r ~ A r t P S ~ D X r  

1 N M A X r N P l r N P 3  
G=( l . O D O / S W  I* (  
RETURN 
END 

( K  l E K O + T T  ) * D E X P ( K 1 * 0 ) -  ( KZEKOtTT  I + O X  J 

DOUBLE P R E C I S I O N  FUNCTION F l ( 0 J  
I M P L I C I T  K t A L * B ( A - H * K - M * O - Z I  
CCMMON/S INGL/f!rArK 1 * K Z  ~ K ~ E K O I K Z E K O I  T T I  SCP r DR r ZL r e A r  E P S r  DX 9 

1 N M A X v N P l * N Y 3  

1 t ( K 2 E K O + T T J + ( l . O D 3 - D X ) / K Z I  
F 1=1  l.ODO/SOP I *  ( - (  K l E K O + T  7 J *  ( 1.000-DEXP ( K l * D  J J / K 1  

RETURN 
E N 0  

DOUBLE P R E C l S I U N  FUNCTION F Z I D I  
IWPL I C I T  REAL*8 (A-HrK-M*O-Z  I 
COMMON/S I N G L / t l  r A 9 K 1 s K 2  K l E K 0  9 K2E KO, 1 T v SCP r DR r L L  B A v €  P S r  DX r 

1 N M A X r N P l v N P 3  

1 
F 2 = (  2.0DO/SCP ) * I  - ( K l E K @ + T  T ) * (  1 . 0 0 0 t K  l *D-DEXP ( K l + D J  ) / (  K l * K l J  

RETUKN 
ENC 

+ I  K2EKI)+TT 1 * ( 1.302+KZ*U-DX ) / ( K 2 * K 2  ) ) 

TMPT 200 
TMPT 2 0 1  
TMPT 210 
JMPT 220 
TMPT 2 3 0  
TMPT 240 
TMPT 250 
TMPT 260 
TMPT 273 
TMPT 28@ 
TMPT 290 
TMPT 300 
TMPT 310 

10 
20 
30 
31 
40 
5c 
60 

13 
29 
30 
3 1  
40 
41  
50 
60 

10 
20 
30 
31 
40 
4 1  
50 
60 

C 1 H I S  I S  ORNL 0 3 1 0 3 4  OF 1167  DQT F EOC 1 . .. . . .. . .. . .. . .. . . . .. . . .. ... . .. . ... . . .. .. ... . .. . . .. .. . . .. ... . .. . . .DOTF€OC2 C 
C UQT FkO03 
C SUBROUT [NE CQTFE UUTFEOC.4 

UQT F € 0 0 5  C 
C PURPOSE DOT F EO 96 

OQT FECC7 C T O  CCHPUTt  THE VECTOR OF I N T E C K A L  V A L U t S  FCR A G I V E N  
C E U U l D I S T A N T  TABLE OF FUNCTION VALUES. DUTFE008  
c UQTFEOUS 
C USAGE OOTFEOlO 
C C A L L  DdTkE ( H ~ Y I Z V N D I M J  DOT FEO 11 
C DQTFEO 12 
C D E S C R I P T I O N  OF PARAYETEKS CQTFEO 13 

DOTFEC 14 C H - DOUBLE P R E C I S I O N  INCREMENT OF ARGUMENT VALUES. 
C Y - DOUBLE P R E C I S I O N  I N P U T  VECTOR GF FUNCTLUN VALUES. DQTFEO15 
C z - R E S U L T I N G  DOUBLE P R E C I S I C N  VECTOR OF INTEGRAL UOTFEO 16 
C VALUES. Z MAY BE I D E N T I C A L  k I T H  Y.  OUTFEC 17 
C N O I M  - T H E  D I M E h S I U N  OF VECTORS Y ANC Z. DOT F EG 18 
C DOT FEO 19 

OQT F EC 20 C REM AKKS 
C NU A C T I U h  I N  CASE PrCIH L E S S  THAN 1. DBTFEOZ1 
C UOT F EO 22  
c SUBROUT I N E S  A h 0  FUNCTION SUBPROLRAMS REUUIREC DOTFEC 2 3  
C N J N E  DOT F EC 24 

DOT FEc25 C 



26 

C 
C 
C 
C 
C 
C 
C 
C 
C 

C 
C 

C 

1 
C 
C 

2 
3 
4 

C 

1 

2 

3 

4 
5 

6 

7 

u 

METHOC DOT F E@ 2 6  
B E G I N N I N G  WITH Z ( l ) = @ t  EVALUATION OF VECTCR L IS DONE BY DOTFE027 
M€ANS OF TRAPEZOIDAL RULE (SECOND CRDER FCRMULA). DQT F E 0 2 8  

DQT F EO 2 9  FOR R E F E R t N C E i  SEE 
F.B.HILDEt3HANDt I N T R U D U C T I L k  T O  NUMERICAL ANALYSIS ,  DOT FE03Q 

DOT FEO 3 1  
OOTFEO 32 . e e . 0 0  *. . .. . DOT FEC33 
DOT F EG 3 4  

SUBROUTI NE OOTFt  ( H  t Y t  Z t ND I M  3 50 
DOT F EO 3 6  
DOT F EO 37 

DIMENS I O N  Y ( 1 ) r Z  ( 1 I 3 80 
DOUBLE P R E C I S I O N  Y r L t H r H H r S U M l r S U M 2  3 90 

UQT F EG 40 
SUM2=@.00 4 10 
I F ( N D I H - l ) 4 t J v l  4 2 9  
H t i=  50@* t. 4 3 0  

OOT F€C: 4 4  
INTEGKAT ION LOOP OQT FEO 4 5  
D O  2 I = 2 r N D I M  460 
SUMl=SUM2 4 79 
SUMZ=SUMZ+HH*(Y(I)+Y(I-l)) 4 80 
f ( I - l ) = S U M l  4 9 0  
Z ( N C I M  ) =  SUM2 500  
RETURN 5 10 
END 5 20 

MCGKAW-HILL. NEd  YDHK/TORUNTO/LONDON, 1 9 5 6 ,  PP. 75. 
L 

T H I S  IS OKNL F 0 4 C 1 3  OF 1 1 6 7  
SU8ROUT I NE MATQO 
I M P L I C I T  R E A L * 8 ( A - H , U - L )  
D IMENSION A ( Y 6 l ) r X (  3 1 )  
D E T = l  e 0  

( A I X 1NR t N V t  O E T  t NAI N X I  

N R l = N R - 1  

I R l = K + l  
P IVUT=O. 0 

I K= ( K- 1 ) *NA+ I 
Z = D A B S ( A ( I K )  I 

P lVOT=Z 
I P R = I  
CtiNT INUE 
1 F (  P I V O T  141  3 1 4  
DET=C.cJ 
RETURN 
I F (  I P K - K ) 5 , 8 t 5  
D O  6 J = K t N K  
I P R J = ( J - l ) * N A + I P K  
Z = A (  I P R J  ) 
K J= I J- 1 *NA + K  
A (  I P H J  ) = A ( K J  h 
A ( K J  I = Z  

DO 1 2  K = l t N K l  

9h 2 I S K I N K  

I F (  Z-P I V C T  )21Ztl 

DO 7 J = l t N V  
I P R J = (  J- 1 ) t " X +  I P K  

K J= ( J-1 ) *NX+K 
L = X (  I P R J  I 

X (  I P R J ) = X ( K J )  
X ( K J  I = Z  
L)ET=-DET 
KK= ( K- 1) *NA+K 
DET=C€T*A(KK I 

K J = (  J - I ) * N A + K  
A ( K J I = A (  K J  ) / A ( K K )  

I J = ( J - l ) * N A + I  
I K = (  K - 1 )  +NA+ I 

DO 9 J = I R l r k R  

DO 9 L = I R l r N K  

MAT00001 
Icr 
3c 
40 
5c 
617 
72 
8C 
90 

1c0 
1 I C  
120 
1 3 c  
140 
150 
1 61) 
17C 
180 
190 
2r)c 
2 10 
2 20 
2 30 
2 4rl 
2 50 
2 60 
2 7 0  
2 80 
2 90 
300 
3 10 
3 20 
3 3 0  
3 40 
3 50 
3 60 
3 70 
3 83 
3 90 
400 
4 10 

. 
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A 

9 

10 

11 
12 

1 3  

14 

15 

A (  IJ ) = A t  1 J  ) - A (  IK I * A ( K J  I 
DO 12 J = l r N V  
K J= I J- 1 I *NX+K 
I F ( X I K J )  I l O r l L 1 1 0  
X ( K J I = X ( K J ) / A I K K I  
DO 11 I = I R l r N H  
I J=(  J-1 I * N X +  I 
I K = (  K - 1 )  *NA+ I 
X (  I J I = X (  I J ) - A (  I K ) + X L K J l  
CON1 INUE 
NRNR=(NH-1 I * N A i N K  
I F (  A t N K N R ) )  1 3 9 3 1 1 3  
DET=DET*A(NKNR I 
DO 1 5  J = l r N V  
N R J = ( J - 1  I*NX+NK 
X ( N K J I = X ( N K J I / A l N R N R )  
DO 1 5  K = l r N K l  
I =NR-K 
SUH=O.O 
DO 1 4  L = I * N R l  
I L = L * N A +  I 
L J = (  J - l ) * N X + ( L + l l  
SUM=SUM+A( I L  I * X ( L J  I 
I J = L  J- 1 I *NX+ I 
X (  IJ I = X (  I J  )-SUM 
RETURN 
END 

4 23 
4 30 
4 40 
4 50 
460  
4 70 
4 80 
49G 
500 
5 10 
5 2c) 
5 30 
5 40 
5 50 
5 60 
5 70 
5 8(! 
590 
6 30 
6 10 
6 20 
6 3C 
6 4 G  
6 50 
6 60 
6 70 
6 80 
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