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ABSTRACT -------- 
The purpose of  t h e  "Design A i d s  f o r  Thermal Ana lys i s "  s tudy  was 
t o  o b t a i n  t h e  license t o  o p e r a t e  t h e  "GEOGRD, GEOPLT" 
series of  computer programs from Resource Management, Assoc i a t e s  
o f  L a f a y e t t e ,  C a l i f o r n i a  and t o  make them u s a b l e  t o  A l a s k a  
Depa r tmen t  o f  T r a n s p o r t a t i o n  and P u b l i c  F a c i l i t i e s  (DOT&PF) 
eng inee r s  f o r  u s e  i n  a n a l y s i s  o f  r o a d  s e c t i o n s  i n  A l a s k a .  The 
programs were purchased and i n s t a l l e d  on t h e  U n i v e r s i t y  of Alaska 
VAX 11/730 f o r  v e r i f i c a t i o n ,  t e s t i n g ,  and p o s s i b l e  mod i f i ca t i on  
f o r  e a s e  of  u s e  by DOT&PF. I t  was d e t e r m i n e d  t h a t  t h e  programs 
a r e  v e r y  p o w e r f u l  and  f l e x i b l e  and w i l l  d o  many p r o b l e m s  t h a t  
o t h e r  c o m m e r c i a l l y  a v a i l a b l e  p rograms  w i l l  n o t .  Coup led  w i t h  
$his power and f l e x i b i l i t y ,  i s  t h e  i n h e r e n t  c o m p l e x i t y  of u s e  and 
n e c e s s i t y  f o r  l a r g e  amounts of computer t i m e .  

GEODYN and 

I t  i s  n e i t h e r  a d e s i g n  t o o l  f o r  t h e  b e g i n n e r  n o r  a d e s i g n  t o o l  
t h a t  can be used a t  a moment's n o t i c e  t o  o b t a i n  r a p i d  answers. I t  
i s  t h e  a u t h o r ' s  o p i n i o n  t h a t  a n  e n g i n e e r  who i s  r e a s o n a b l y  
f a m i l i a r  wi th  t h e  program and t h e  problem w i l l  spend s e v e r a l  days 
of h i s  t i m e  and s e v e r a l  hundreds of d o l l a r s  i n  computer time i n  
g e t t i n g  t h e  d e s i r e d  r e s u l t s .  I t  i s  p o s s i b l e ,  h o w e v e r ,  f o r  t h e  
e n g i n e e r  w i t h  t h e  t i m e ,  p a t i e n c e  and  know-how t o  do  some v e r y  
s o p h i s t i c a t e d  ana l y s e s  w i t h  t h e  programs, 

T h i s  r e p o r t  p r e s e n t s  a summary o f  t h e  p r o g r a m s  a n d  t h e i r  
c a p a b i l i t i e s ,  and p r o v i d e s  s i m p l i f i e d  i n p u t  i n s t r u c t i o n s  a s  w e l l  
a s  some guidance r e g a r d i n g  t h e  less w e 1  1 known i n p u t  parameters.  
I n  a d d i t i o n ,  t h e  u s e  o f  t h e  program t o  s o l v e  s u r f a c e  e n e r g y  
b a l a n c e  c a l c u l a t i o n s  i s  d e s c r i b e d  i n  d e t a i l ,  and t h e  a p p r o p r i a t e  
SOLMET i n p u t  parameters  a r e  p rov ided  f o r  1 7  s i tes  i n  Alaska,  The 
o r i g i n a l  d o c u m e n t a t i o n  f o r  t h e  p rograms  i s  a l s o  i n c l u d e d .  T h e  
sou rce  code f o r  t h e  program i s  l i c e n s e d  from Resource  Management 
Assoc i a t e s  and t h e r e f o r e  cannot  be i n c l u d e d  i n  t h i s  r e p o r t .  

i 
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1.1 Background 

I n  December of 1983,  t h e  Alaska  Department of T r a n s p o r t a t i o n  and 
P u b l i c  F a c i l i t i e s  (DOT&PF) , Research S e c t i o n  awarded a c o n t r a c t  
t o  t h e  I n s t i t u t e  of  Northern Eng inee r ing  ( INE)  a t  t h e  U n i v e r s i t y  
of  A l a s k a- F a i r b a n k s  (UAF) t o  s t u d y  s e v e r a l  o f  t h e  h e a t  f l o w  
c o m p u t e r  m o d e l s  t h a t  were a v a i l a b l e  on DOT&PF c o m p u t e r s  t o  
d e t e r m i n e  wh ich  one  wou ld  b e  t h e  most a p p r o p r i a t e  f o r  u s e  i n  
s t u d y i n g  t h e  t h e r m a l  r eg ime  u n d e r  r o a d s  i n  A l a s k a .  The 
G e o p h y s i c a l  I n t i t u t e  a t  t h e  U n i v e r s i t y  of A l a s k a  w a s  u n d e r  a 
complimentary  c o n t r a c t  and by t h e  s p r i n g  of 1 9 8 3  had l i m i t e d  t h e  
p o s s i b l e  p r o g r a m s  f o r  c o n s i d e r a t i o n  t o  t w o :  GEODYN b y  R e s o u r c e  
Management A s s o c i a t e s  and t h e  Guymond model by Prof.  Gary Guymond 
a t  t h e  U n i v e r s i t y  of C a l i f o r n i a .  DOT&PF r e v i s e d  o u r  s c o p e  o f  
work t o  o b t a i n  t h e  l icense  f o r  t h e  GEODYN model  and  t o  v e r i f y  i t s  
v a l i d i t y  i n s t e a d  of l o o k i n g  a t  s e v e r a l  d i f f e r e n t  programs. The 
l i c e n s e  f o r  GEODYN was o b t a i n e d  i n  t h e  l a t e  summer of  1 9 8 4 ,  and  
v a l i d a t i o n  s t a r t e d  i n  acco rdance  w i t h  t h e  r e v i s e d  p r o p o s a l  da t ed  
A p r i l  2, 1984.  

1.2 Purpose 

The purpose of t h e  revised p r o j e c t  was t o  do t h e  f o l l o w i n g :  

* O b t a i n  t h e  l i c ence  t o  r u n  t h e  GEODYN c o m p u t e r  model  and  
i n s t a l  1 it on t h e  U n i v e r s i t y  of Alaska Eng inee r ing  VAX 
11/730 and t h e  DOTbPF IBM computers. 

* Check t h e  program a g a i n s t  t h e  Neumann s o l u t i o n  and t h e  
modif ied  Berggren s o l u t i o n .  

* Estimate the cost of running the program 
* Implement a surface energy balance algorithm in the 
program that can be used t o  study Alaskan roads. 

* Compare the results of c a l c u l a t i o n s  with f ie ld data 
existing i n  the DOT&PF files. 

* Make t h e  program u s e r  f r i e n d l y  by w r i t i n g  a c l e a r l y  s t a t e d  
u s e r s  manual  o r  by  w r i t i n g  a more u s e r - f r i e n d l y  f r o n t  
end,  whichever  a p p e a r s  t o  be t h e  most a p p r o p r i a t e .  

1 .3  Scope 

T h e  s t u d y  a d d r e s s e d  e a c h  of t h e  t o p i c s  i n  t h e  o u t l i n e ,  b u t  t h e  
l e v e l  o f  e f f o r t  on t h e  i n d i v i d u a l  t a s k s  was s h i f t e d  d u e  t o  
f a c t o r s  t h a t  became a p p a r e n t  d u r i n g  t h e  work. E x t e n s i v e  e f f o r t  
was r e q u i r e d  t o  i n s t a l l  t h e  p rog ram and t o  d e v e l o p  n e w  i n p u t  
i n s t r u c t i o n s  t h a t  a r e  cor rec t  and  e a s y  t o  f o l l o w .  The w o r k  
r e q u i r e d  t o  compare  t h e  r e s u l t s  t o  t h e o r e t i c a l  s o l u t i o n s  was 
minima 1. The R M A  documentat ion c o n t a i n s  t h e  Neumann comparison. 
I t  was  d e c i d e d  e a r l y  i n  t h e  c o n t r a c t  t h a t _  i t  w a s  n e i t h e r  
p r a c t i c a l ,  n o r  i n  DOT&PF's b e s t  i n t e r e s t ,  t o  t r y  t o  s i m p l i f y  t h e  
i n p u t  t o  t h e  program.  T o  s i m p l i f y  t h e  i n p u t ,  t h e  p rog ram would  

1 



Loose much of its power and versatility for little increase in 
usability. Comparing t he  program calculations with field data 
from DOT & PF files was not done because none of the instrumented 
field sites had sufficiently well developed data to make a 
comparison meaningful. The effort to be expended on the surface 
energy balance calculations was shifted from one of program 
development to one of providing simplified data for input. Part 
of the agreement with RMA included t h e i r  adding a surface energy 
balance model to the program. Program run time determination 
became a mute point once it was decided that the program was more 
of a research tool than a production calculation tool. It was not 
meaningful to define the run time in general terms without a 
standard cross section and standard temperature regime. Run time 
calculations are not specifically included in the report but it is 
sufficient to say that they are not excessive for a sophisticated 
finite element model. 

2 



2. PROGRAM FEATURES 
---------- --------- 

2.1 Program Flow 

There are three programs that act i n  series to Process the input 
data, calculate temperature fields at various times and output 
results. The first, GEOGRD, generated a finite element mesh from a 
relatively simple set of input parameters and optimizes the 
element numbering for efficient calculation by GEODYN. The 
second, GEODYN, calculates the temperature of each node in the 
finite element mesh as a function of time.. the Third, GEOPLT, 
takes the output from GEODYN and draws an isothermal contour plot 
throughout the finite element mesh, The basic use of each program 
is given below. A complete description of each program is  given 
in the operating instructions (Appendices F , G  and H) provided by 
RMA Associates. 

The p r o g r a m s  w i l l  u s e  e i t h e r  S I  u n i t s  o r  E n g l i s h  u n i t s .  The 
programs a r e  c a p a b l e  o f  h a n d l i n g  t w o  d i m e n s i o n a l  p r o b l e m s  o r  
axisymmetric problems.  

We have found many serious errors in the operating instructions 
provided by RMA in the operating instructions (Appendices F, G 
and H) and have rewritten them, The corrected input instructions 
are included in Appendices C, D and E. A brief description of the 
forms of the input are given below. The output is also described 
in general terms below. The output is self explanatory once the 
user finds the right files. 

2 -2 .1  GEOGRD 

T h e  p r o g r a m  G E O G R D  t a k e s  i n p u t  i n  o n e  of t h r e e  f o r m s  a n d  
g e n e r a t e s  a mesh f o r  f i n i t e  e l emen t  a n a l y s i s .  GEOGRD c a n  u s e  t h e  
d e f i n i t i o n s  f o r  i n d i v i d u a l  nodes and e l e m e n t s  o r  t h e  boundary of 
a q u a d r i l a t e r a l  o r  t r i a n g u l a r  a r e a  t o  b e  f i l l e d  w i t h  
q u a d r i l a t e r a l  o r  t r i a n g u l a r  e l e m e n t s  f rom i n p u t  f i l e  IN.DAT 
which i s  r e a d  from t h e  s t a n d a r d  i n p u t  d e v i c e .  GEOGRD i s  a l s o  
c a p a b l e  of  u s i n g  t h e  o u t p u t  from a p r e v i o u s  GEOGRD r u n  f rom t h e  
file, LUNIT-DAT, on i n p u t  d e v i c e  LUNIT a n d  m o d i f y i n g  i t  t o  a d d  
elements, d e l e t e  e l e n e n t s  o r  s u b d i v i d e  e l e m e n t s .  If requested, 
GEOGRD w i l l  r enumber  t h e  e lements  so t h a t  GEODYN c o m p u t e r  t i m e  
w i l l  be minimized. 

Nodes a r e  d e f i n e d  by  X and Y c o o r d i n a t e s  f o r  two d i m e n s i o n a l  
problems o r  r and z coord ina t ed  f o r  ax i symmetr ic  problems. The  
dimensions i n p u t  may be modifyed by s c a l i n g  pa rame te r s  used by 
GEOGRD when p l o t t i n g  or by GEODYN f o r  c a l c u l a t i o n s .  

T h e  p r o g r a m  g e n e r a t e s  two o u t p u t  f i l e s  a n d  a p l o t  o f  t h e  
c o m p l e t e d  g r i d .  T h e  f i l e  OUT.DAT on t h e  s t a n d a r d  o u t p u t  d e v i c e  

3 



c o n t a i n s  a r e g u r g i t a t i o n  o f  t h e  i n p u t  d a t a ,  a n d  t h e  c a l c u l a t e d  
node and  e l e m e n t  d e f i n i t i o n s  o f  t h e  c o m p l e t e d  mesh i n  one  o f  
s e v e r a l  l e v e l s  o f  u s e r- s p e c i f i e d  d e t a i l .  The f i l e  LUNIT.DAT on 
o u t p u t  d e v i c e  LUNIT,  c o n t a i n s  an unformat ted  l i s t i n g  of  t h e  node 
a n d  e l e m e n t  d a t a  f o r  u s e  by G E O D Y N  o r  a f u t u r e  r u n  o f  GEOGRD,  I t  
a l s o  c o n t a i n s  t h e  r enumbered  mesh  i f  a p p r o p r i a t e .  A l l  G E O D Y N  
c a l c u l a t i o n s  w i l l  be p e r f o r m e d  i n  t h e  r enumbered  f o r m a t .  A l l  
o u t p u t  w i l l  be c r e a t e d  u s i n g  t h e  o r i g i n a l  numbering system. The 
program w i l l  g e n e r a t e  a p l o t  of t h e  e n t i r e  mesh o r  any s u b s e t  of 
t h e  mesh. The p l o t t i n g  i s  in tended  t o  be performed o n- l i n e ,  t h e  
p l o t  f i l e  i s  n o t  s a v e d .  

2.2.2 GEODYN 

G E O D Y N  d o e s  t h e  n u m e r i c a l  c a l c u l a t i o n s  t o  d e t e r m i n e  t h e  
t e m p e r a t u r e  f i e l d  a s  a f u n c t i o n  o f  t i m e .  I t  t a k e s  t h e  i n i t i a l  
tempera ture  d i s t r i b u t i o n  th roughout  t h e  mesh and c a l c u l a t e s  t h e  
tempera ture  a t  s p e c i f i e d  times c o n s i d e r i n g  v a r i o u s  t i m e  dependent  
the rmal  i n p u t  a p p l i e d  th roughout  t h e  mesh. 

GEODYN c a n  r e a d  t h e  mesh f rom o n e  of t h r e e  f i l e s .  I t  c a n  r e a d  
t h e  o u t p u t  of GEOGRD from f i l e  LUNIT.DAT on i n p u t  d e v i c e  LUNIT. 
I t  c a n  read  t h e  o u t p u t  from a r e s t a r t  f i l e  IT-DAT on i n p u t  d e v i c e  
LI .  The r e s t a r t  f i l e  IT.DAT was c r e a t e d  on o u t p u t  d e v i c e  I T  by a 
p r e v i o u s  GEODYN run. O r  it can g e n e r a t e  a new g r i d ,  one e lement  
a t  a t i m e ,  f rom i n p u t  s p e c i f i c a t i o n s  d e f i n e d  i n  f i l e  1 N . D A T  on 
t h e  s t a n d a r d  i n p u t d e v i c e . I t i s  a l s o c a p a b l e  of  m o d i f y i n g a g r i d  
by adding e l e m e n t s ,  s u b t r a c t i n g  e l e m e n t s  or s u b d i v i d i n g  e l e m e n t s  
i n p u t  by one o f  t h e  p r e v i o u s  methods- 

The i n i t i a l  t e m p e r a t u r e  f i e l d  c a n  b e  e s t a b l i s h e d  by  i n p u t  
parameters  t o  t h e  program from f i l e  I N - D A T  on t h e  s t a n d a r d  i n p u t  
d e v i c e  o r  by i n p u t  from a res tar t  f i l e  1T.DAT o n  i n p u t  d e v i c e  IT .  
I n p u t  t h r o u g h  f i l e  1 N . D A T  can  t a k e  s e v e r a l  forms: 1) a c o n s t a n t  
t e m p e r a t u r e  f i e l d ,  2 )  a c o n s t a n t  t e m p e r a t u r e  f i e l d  m o d i f i e d  a t  
one o r  more nodes o r ,  3 )  t h e  t empera tu res  may be d i s t r i b u t e d  by a 
polynomial  which h a s  a s p e c i f i e d  v a l u e  a t  t h e  X o r  Y a x i s  and i s  
asymptot ic  t o  some t e m p e r a t u r e  a t  an i n f i n i t e  d i s t a n c e  from t h e  X 
o r  Y a x e s .  

G E O D Y N  c o n s i d e r s  h e a t  c o n d u c t i o n  t h r o u g h  t h e  s o i l  and  h e a t  ’- 

c a r r i e d  t h r o u g h  t h e  s o i l  by g r o u n d w a t e r  f l o w .  
t h e  groundwater f l o w  i s  c o n t a i n e d  i n  f i l e  IN-DAT. 

The v e l o c i t y  of  

E x t e r n a l  thermal  c o n d i t i o n s  a r e  c o n t r o l  l e d  t h r o u g h  d a t a  i n  f i l e  
1N.DAT.  The e x t e r n a l  c o n d i t i o n s  c a n  c o n s i s t  o f  a s p e c i f i e d  
t e m p e r a t u r e  a t  a n y  n o d e ,  a s p e c i f i e d  t h e r m a l  f l u x  a c r o s s  a n y  
e l e m e n t  f a c e ,  o r  t h e  r e s u l t s  o f  a t h e r m a l  e n e r g y  b a l a n c e  
c a l c u l a t i o n  on any s u r f a c e  e l e m e n t  face .  

T h e  t e m p e r a t u r e  a t  a n y  node c a n  be h e l d  c o n s t a n t  f o r  a n y  l e n g t h  
o f  t ime, c a n  b e  c h a n g e d  t o  a n e w  c o n s t a n t  v a l u e  a t  a n y  t i m e ,  c a n  
b e  v a r i e d  l i n e a r l y  w i t h  time o v e r  a n y  t i m e  i n t e r v a l ,  o r  c a n  be 
v a r i e d  s i n u s o i d a l  l y  t h r o u g h o u t  a y e a r .  T h e  t e m p e r a t u r e  
v a r i a t i o n s  a r e  e x p e c t e d  t o  be v a r i a t i o n s  t h r o u g h o u t  a y e a r ,  
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b u t  i t  i s  p o s s i b l e  t o  l o o k  a t  d a i l y  o r  e v e n  h o u r l y  v a r i a t i o n s  
w i t h  a l l  b u t  t h e  s i n u s o i d a l  i n p u t  mode, i f  d e s i r e d ,  

A s p e c i f i e d  the rmal  f l u x  can  be a p p l i e d  t o  any e l e m e n t  f a c e  f o r  
any s p e c i f i e d  t i m e ,  it c a n  be changed t o  a n e w  v a l u e  a t  any t i m e ,  
o r  i t  c a n  be  v a r i e d  l i n e a r l y  w i t h  t i m e  o v e r  any  s p e c i f i e d  time 
i n t e r v a l ,  

A s u r f a c e  e n e r g y  b a l a n c e  c a l c u l a t i o n  c a n  be  s p e c i f i e d  o n  a n y  
number of  e l e m e n t  f aces .  T h e  m e t e o r o l o g i c a l  c o n d i t i o n s  fo r  t h e  
s u r f a c e  e n e r g y  b a l a n c e  a r e  i n i t i a l l y  i n p u t  a s  a v e r a g e  v a l u e s  
i n s e r t e d  o n  a month by month b a s i s .  The s u r f a c e  c h a r a c t e r i s t i c s  
a r e  i n i t i a l i z e d  a t  t h e  b e g i n n i n g  o f  t h e  p rob lem.  Most o f  t h e  
i n p u t  v a l u e s  c a n  be  c h a n g e d  a t  a n y  of t h e  e l e m e n t  faces  a t  a n y  
t i m e ,  The i n p u t  parameters  i n c l u d e :  

1. S h o r t  wave s o l a r  r a d i a t i o n ,  a l b e d o ,  and view f a c t o r ,  
2. Long wave r a d i a t i o n  e m i s s i v i t y .  
3, A i r  t empera ture .  
4. Wind speed and s u r f a c e  roughness,  
5. Cloud cover .  
6, E v a p o t r a n s p i r a t i o n  f l u x .  
7.  Snow d e p t h  and d e n s i t y ,  

The s o i l  p r o p e r t y  i n p u t  t o  GEODYN i n c l u d e s  t h e  f r o z e n  a n d  
u n f r o z e n  therma 1 c o n d u c t i v i t i e s  i n  t h e  h o r i z o n t a  1 and v e r t i c a  1 
d i r e c t i o n s ,  t h e  f r o z e n  a n d  u n f r o z e n  h e a t  c a p a c i t i e s  and  t h e  
l a t e n t  hea t  of fus ion .  The l a t e n t  h e a t  is l o s t  o r  g a i n e d  over a 
t e m p e r a t u r e  r a n g e  through a mathemat ica l  r e l a t i o n s h i p  which w a s  
d e v e l o p e d  t o  model t h e  r e l a t i o n s h i p  be tween  u n f r o z e n  water  
c o n t e n t  and tempera ture ,  F r e e z i n g  s t a r t s  a t  32  degrees F, b u t  i t  
i s  p o s s i b l e  t o  lower t h e  f r e e z i n g  t empera tu re  by an  a p p r o p r i a t e  
c h o i c e  of i n p u t  parameters ,  

The o u t p u t  from GEOGRD goes t o  one  o r  more of t h r e e  o u t p u t  f i l es .  
F i l e  OUT.DAT i s  o u t p u t  t o  t h e  t h e  s t a n d a r d  o u t p u t  d e v i c e .  I t  
c o n t a i n s  t h e  node, e l e m e n t  and mesh d a t a ,  and t h e  t e m p e r a t u r e  of 
e a c h  node a t  s p e c i f i e d  times i n  severa l  l e v e l s  of  u s e r - c o n t r o l l e d  
d e t a i l ,  T h i s  f i l e  i s  i n t e n d e d  for  s c r e e n  o r  paper  o u t p u t  and i s  
a l w a y s  produced, I n  t h e  RMA v e r s i o n ,  it i s  f o r m a t t e d  f o r  a wide 
carr iage p r i n t e r .  I n  t h e  UAF v e r s i o n ,  it i s  f o r m a t t e d  f o r  s c r e e n  
o u t p u t .  

The  f i l e  IS5.DAT i s  o u t p u t  t o  d e v i c e  I S 5 .  I t  c o n t a i n s  a n  
u n f o r m a t t e d  v e r s i o n  o f  t h e  node  l o c a t i o n s  and  t h e  c a l c u l a t e d  
t e m p e r a t u r e s  a t  a l l  n o d e s  a t  e a c h  time r e q u e s t e d  i n  t h e  f i l e  
1N.DAT.  T h i s  i n f o r m a t i o n  i s  s t o r e d  f o r  u s e  b y  p r o g r a m  GEOPLT 
to produce p l o t t e d  o u t p u t  and i s  produced o n l y  i f  r e q u e s t e d .  

T h e  f i l e  I T . D A T  is o u t p u t  t o  d e v i c e  IT. I t  c o n t a i n s  a n  
unformat ted  v e r s i o n  o f  t h e  node and e l e m e n t  d a t a  a l o n g  w i t h  t h e  
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f i n a l  t e m p e r a t u r e s  a t  each node. These  da t a  a re  used a s  i n p u t  t o  
r e s t a r t  GEODYN f rom t h e  e n d i n g  p o i n t  a n d  a r e  o n l y  p r o d u c e d  i f  
r e q u i s t e d .  

2.2.3 GEOPLT 

GEOPLT u s e s  t h e  o u t p u t  from GEODYN t o  d e v e l o p  i s o t h e r m a l  c o n t o u r  
p l o t s  a t  a n y  o r  a l l  of  t h e  t i m e  s t e p s  c a l c u l a t e d .  I n p u t  i s  f rom 
t h e  f i l e  IN.DAT on t h e  s t a n d a r d  i n p u t  device and f i l e  LUG.DAT on 
i n p u t  d e v i c e  LUG. P l o t t i n g  i n f o r m a t i o n  s u c h  a s  t h e  p l o t t i n g  
sca les ,  t h e  t i m e  s t e p s  t o  b e  c o n s i d e r e d  a n d  t h e  c o n t o u r i n g  
i n t e r v a l  t o  be u s e d  a r e  i n p u t  i n  f i l e  1N.DAT. F i l e  LUGIDAT was 
g e n e r a t e d  b y  G E O D Y N  and c o n t a i n s  t h e  node  l o c a t i o n s  and  t h e  
t e m p e r a t u r e s  f o r  e v e r y  t i m e  s t e p  s p e c i f i e d  i n  r u n n i n g  t h a t  
program. Note t h a t  t h e  name of t h e  f i l e  IS5.DAT o u t p u t  by GEODYN 
on o u t p u t  d e v i c e  IS5 must be renamed t o  LUG.DAT and p u t  on  i n p u t  
d e v i c e  LUG f o r  u s e  i n  GEOPLT. 

T h e  o u t p u t  from GEOPLT i s  p r i m a r i l y  i n  t h e  fo rm of i s o t h e r m a l  
c o n t o u r  p l o k s .  The p l o t t i n g  is e x p e c t e d  t o  be o n - l i n e ,  s o  n o  
p l o t  f i l e s  a r e  s a v e d .  T h e r e  i s  a l s o  a s h o r t  o u t p u t  f i l e  0UT.DAT 
on t h e  s t a n d a r d  o u t p u t  d e v i c e  which c o n t a i n s  e r r o r  messages and 
e r r o r  t r a c i n g  in fo rmat ion .  

2.3 Res ta r t  C a p a b i l i t i e s  

I t  i s  p o s s i b l e  t o  s t o p  t h e  p r o g r a m  a t  t h e  e n d  of a n y  t i m e  s t e p  
and r e s t a r t  i t  a g a i n  a f t e r  c h a n g i n g  se lec ted  i n p u t  p a r a m e t e r s .  
T h i s  f e a t u r e  a l l o w s  an  i n c r e m e n t a l  a p p r o a c h  t o  c h a n g e s  i n  t h e  
s u r f a c e  c o n d i t i o n s  s u c h  a s  t h e  c o n s t r u c t i o n  of  a b u i l d i n g ,  t h e  

. a d d i t i o n  of  s n o w  o r  c l e a r i n g .  I n  a d d i t i o n ,  c e r t a i n  s u b s u r f a c e  
changes c a n  a l s o  be accounted f o r  s u c h  a s  thaw c o n s o l i d a t i o n  o r  
t h e  i n s e r t i o n  of r e f r i g e r a t i o n  devices. 

2.4 Hardware Requirements 

T h e  p r o g r a m s  w e r e  d e v e l o p e d  o n  a P r i m e  c o m p u t e r .  T h e r e  a r e  
s i g n i f i c a n t  d i f f e r e n c e s  b e t w e e n  P r i m e  c o m p u t e r s  a n d  o t h e r  
computers  i n  t h e  way t h e y  h a n d l e  c e r t a i n  a r r a y  f u n c t i o n s  and t h e  
t r a n s f e r  of  d a t a  back  a n d  f o r t h  b e t w e e n  s u b r o u t i n e s .  As a 
r e s u l t ,  t h e r e  may b e  some d i f f i c u l t y  i n  c o n v e r t i n g  from o n e  
compu te r  t o  a n o t h e r .  To t h e  bes t  of  o u r  knowledge ,  t h e  p rog ram 
i n  t h e  fo rm  t r a n s m i t t e d  t o  DOT6rPF w i t h  t h e  f i n a l  c o p y  of t h i s  
r e p o r t  works  c o r r e c t l y  o n  t h e  U n i v e r s i t y  o f  A l a s k a  E n g i n e e r i n g  
VAX 11/730. 

GEODYN i s  the most extensive of the programs. It h a s  over 3 , 5 0 0  
l ines  of F o r t r a n  code programming, 19  subroutines,  one funct ion 
and one block of data w i t h  1 2  subblocks. 

I n  a d d i t i o n ,  t h e  p rograms  r e q u i r e  a p l o t t e r .  T h e  s i z e  a n d  
o r i e n t a t i o n  of t h e  p l o t s  a re  programmer c o n t r o l  led .  The program 
u s e s  s t a n d a r d  CALCOMP commands, so i t  w i l l  work w i t h  any CALCOMP- 
c o m p a t i b l e  p l o t t i n g  equipment. 
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2.5 Software Requirements 

The programs are written in Fortran a n d  use standard CALCOMP 
plotter calling routines. 
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3. ACCURACY OF GEODYN CALCULATIONS ---------- - - - - - - - - - --------------- 
3.1 Comparison with Theoretical Calculations 

3.1.1 Neumann Solution 

The operating instructions (Appendices F, G and H) supplied by RMA 
include an example of the comparison between the Neumann solution 
and the GEODYN solution for a one-dimensional nonsteady state 
problem with freezing. The reported results are excellent. We have run similar problems with similar results. We have not 
included our work in this report as it is redundant to the RMA 
report. 

3.1.2 Modified Berggren Solution 

We have compared the results of the GEODYN model with the modified 
Berggren approach using the soil profile presented in the RMA 
comparison with the Neumann approach discussed above. The Lambda 
factor accounts for the sensible heat which in essence reduces the amount of heat available for freeze and thaw. The Neumann 
solution predicted 1.57 feet, the GEODYN solution predicted 1 .52  
feet and the modified Beggren solution predicted 1.30 feet. The 
agreement between the modified Beggren solution and the other two 
was not good. 

Loose much of its power and versatility for little increase in 
usability. Comparing the program calculations with field data 
from DOT & PF files was not done because none of the instrumented 
field sites had sufficiently well developed data to make a 
comparison meaningful. The effort to be expended on the surface 
energy balance calculations was shifted from one of program 
development to one of providing simplified data for input. Part 
of the agreement with RMA included their adding a surface energy 
balance model to the program. Program run time determination 
became a mute point once it was decided that the program was more 
of a research tool than a production calculation tool. It was not 
meaningful to define the run time in general terms without a 
standard cross section and standard temperature regime. Run time 
calculations are not specifically included in the report but it is 
sufficient to say that they are not excessive for a sophisticated 
finite element model. 

3.2 Comparison with field test data 

The proposal was written with the understanding that the DOTbcPF 
had several instrumented test sites that had enough temperature 
data, climatological data, and subsurface data to make good test 
cases for the program. Unfortunately, a detailed l o o k  at the 
existing data (Zarling and Braley, 1986) reveals that there are 
no good sites for checking the program. Each site is either 
missing some k e y  data or has some anomaly that dominates the 
thermal behavior at the site, so it would not provide a good 
check for the program. 



3 . 3  S e n s i t i v i t y  

T h i s  p rog ram,  a s  any n u m e r i c a l  method,  c a r r i e s  w i t h  i t  some 
t r a d e- o f f s  between accuracy  and p r a c t i c a l i t y  of o p e r a t i o n .  The 
s o l u t i o n  s h o u l d  be more a c c u r a t e  u s i n g  s m a l l e r  e l e m e n t s  and 
s m a l l e r  time s t e p s ,  b u t  t h e r e  i s  a p r a c t i c a l  l i m i t  o f  c o m p u t e r  
s i z e  and computer  t i m e  which l i m i t s  t h e  problem s o l u t i o n .  Making 
t h e  s i z e  of t h e  elements l a r g e r  o r  t h e  t i m e  s t e p s  smaller  t-akes 
more c o m p u t e r  time. I n  a d d i t i o n ,  there a r e  o t h e r  m a t h e m a t i c a l  
c o n s i d e r a t i o n s  s u c h  a s  t h e  way i n  w h i c h  t h e  model h a n d l e s  t h e  
u n f r o z e n  water  c o n t e n t ,  a n d  t h e  e f f e c t s  of  t h e  s h a p e  o f  t h e  
e l e m e n t s .  The p a r a m e t e r s  t h a t  h a v e  been  found  t o  b e  t h e  most  
s i g n i f i c a n t  t o  t h e  c a l c u l a t i o n s  on road  embankments i n  Alaska  a r e  
o u t  1 i n e d  be 1 ow. 

3 . 3 . 1  Element  S i ze  

T h e r e  i s  a l o s s  i n  accuracy  a s  t h e  e l e m e n t s  become l a r g e r  i n  t h e  
z o n e s  of  mos t  r a p i d  t e m p e r a t u r e  f l u c t u a t i o n s .  I t  a p p e a r s  t h a t  
e l e m e n t s  s h o u l d  have  a t h i c k n e s s  of less t h a n  abou t  one h a l f  of 
t h e  d i s tance  from t h e  r a p i d l y  v a r y i n g  t empera tu re  t o  t h e  closest 
p o i n t  on t h e  e lement .  That  i s ,  a n  e l e m e n t  t h a t  i s  t e n  f e e t  below 
t h e  g r o u n d  s u r f a c e  s h o u l d  n o t  be  more t h a n  f i v e  f e e t  t h i c k .  
There  i s  a p r a c t i c a l  minimum t-hickness  of about  s i x  i n c h e s .  

3 . 3 . 2  T i m e  S t e p  S i z e  

I d e a l l y ,  t h e  t i m e  s t e p  s h o u l d  be a s  s m a l l  a s  p o s s i b l e .  An 
i n c r e a s e  i n  t i m e  s t e p  s i z e  d e c r e a s e s  a c c u r a c y  and  may i n c r e a s e  
r u n  time by i n c r e a s i n g  t h e  number of i t e r a t i o n s  r e q u i r e d  t o  r each  
s t a b i l i t y .  The t i m e  r e q u i r e d  f o r  program o p e r a t i o n  i s  somewhat 
less t h a n  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  t i m e  s t e p  s i z e .  There  i s  
n o t  much s a c r i f i c e  i n  a c c u r a c y ,  if t h e  p r o b l e m  c o n v e r g e s .  
T h e r e f o r e ,  f a i r l y  l a r g e  t i m e  s t e p s  appear  t o  work w e l l .  W e  have 
found t h a t  t i m e  s t e p s  on  t h e  order  of 1 0  days  a r e  reasonable f o r  
most p r a c % i c a l  problems i n  r o a d  des ign .  T i m e  s t e p s  up t o  3 0  days  
have  been u s e d  w i t h  s u f f i c i e n t  a c c u r a c y  under  c e r t a i n  c o n d i t i o n s .  

3.3.3 L a t e n t  Heat A lgo r i t hm 

L a t e n t  h e a t  i s  g a i n e d  o r  l o s t  o v e r  a t e m p e r a t u r e  range ,  The  
t empera tu re  range i s  d e f i n e d  by t w o  e q u a t i o n s  which a r e  d e r i v e d  
t o  r e p r e s e n t  t h e  u n f r o z e n  water c o n t e n t  a s  a f u n c t i o n  o f  time, 
S a n d s  and  g r a v e l s  w i t h  f r e s h w a t e r  i n  t h e  p o r e s  s h o u l d  f reeze  
c o m p l e t e l y  w i t h i n  a few hundred ths  o f  a deg ree ,  so it would seem 
r e a s o n a b l e  t o  c o n s i d e r  a l l  f r e e z i n g  t o  o c c u r  a t  3 2  d e g r e e s  F .  
However ,  t h e  a l g o r i t h m  f o r  c a l c u l a t i n g  t h e  t e m p e r a t u r e  a s  a 
f u n c t i o n  o f  e n e r g y  l e v e l  may become u n s t a b l e  when f r e e z i n g  i s  
c o n s i d e r e d  t o  t a k e  p l a c e  o v e r  a s m a l l  t empera tu re  range.  
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Our  e x p e r i e n c e  h a s  shown t h a t ,  i f  s t a b i l i t y  is r e a c h e d ,  t h e  
accuracy i s  r e a s o n a b l e  when f r e e z i n g  i s  considered to t a k e  p l a c e  
over  a small temperature  range. However s t a b i l i t y  is n o t  a lways 
reached. Even i f  s t a b i l i t y  i s  reached,  it takes many i t e r a t i o n s  
and the r u n  time becomes e x c e e d i n g l y  l a r g e .  For  i n s t a n c e ,  one  
problem t o o k  1 5  s e c o n d s  of CPU t i m e  w i t h  a f r e e z i n g  t e m p e r a t u r e  
r ange  of  one degree F and 2 5  m i n u t e s  when f r e e z i n g  took  p l a c e  
w i t h  a 0.01 degree temperature range. The answers were t h e  same 
f o r  t h e  f i r s t  few t i m e  s t e p s ,  b u t  t h e  r u n  w i t h  t h e  s m a l l  
t empe ra tu r e  r ange  e v e n t u a l  ly became u n s t a b l e ,  

O u r  e x p e r i e n c e  has been t h a t  &ere is n o t  a s i g n i f i c a n t  l o s s  i n  
accuracy i f  f r e e z i n g  i s  cons idered  t o  t a k e  p l a c e  over  a t  l e a s t  a 
one degree t empera tu re  range, a s  long  as t h e  temperatures  on each 
side of t h e  f r e e z i n g  isotherm are s e v e r a l  degrees above o r  below 
t h e  f r e e z i n g  temperature.  There i s  some l o s s  i n  accuracy when a 
major p o r t i o n  of t h e  problem i s  w i t h i n  a f e w  degrees  of f r e e z i n g ,  
O u r  e x p e r i e n c e  h a s  been t h a t  f r e e z i n g  s h o u l d  be c o n s i d e r e d  t o  , 

take p l a c e  o v e r  a t  l e a s t  O - S - d e g r e e  F i n  o r d e r  t o  g e t  a 
r easonab ly  a c c u r a t e  s o l u t i o n  i n  a r e a s o n a b l e  l e n g t h  of run  t i m e ,  

c 

! 
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4. SURFACE ENERGY BALANCE 
. . . . . . . . . . . . . . . . . . . . . . . . .  

Fkto---- _ .  is transferred to or fran the ground surface by several 
mechaniss: solar or short wave radiation, Q ; long wave or infrared 
radiation, QleW ; convection, QcOnv; conduction in/out of the ground, 
Qcond; and phase change, Q,. Ihe phase change term includes evaporation, 
condensation and sublim*tion. In addition, energy is transferred by 
rain, snow and snowmelt. Over the Iong term, the magnitude of energy 
transfers by snow and rain are usually a s s m d  small in carparison to 
the other tern, so the surface energy balance can be expressed as 

S.W. 

(1) - - 
S’ .W.  *I .w. ‘Icon, - ‘1 = ‘cond Q 

A schewtic of the surface energy exchange is depicted in Figure 1. 
will be shown, mst of the tern in the surface energy balance depend 
upon surface tenperatwe. 
each of the terw in detail. 

As 

The next sections of this report will discuss 

Solar Radiation 

Solar radiation incident on a surface is the sun of direct (beam) 
and diffuse (scattered direct radiation due to clouds and dust) 
radiation. NXA in 1978 rehabiIitatec historical solar radiation data 
fran throughout the United States. 
historical weather data, cinquemini et al. (1978) calculated s&r 
radiation data for 17 Alaskan locations. 
available on carputer laagnetic tapes. 
published by W as SCSMET data. 
included in Appendix:A of this report. 

Using a regression analysis and 

The solar and weather data are 
The result of this work w s  also 

The Alaskan SCh4EZ data have been 

Tne solar radiation data presented are the.mnthly average daily 
radiation (beam plus diffuse) incident on a horizontal surface. 
Hmver, many surfaces of engineering interest are tilted at an azirmth 
angle. Therefore, a m l t i p l y i n g  factor, R, reeds to be app1ied to the 
horizontal value in order t o  calcuiate the solar radiation incident on 
the tilted surface at the specified azimth angle. 
published by Klein and Theilacker (1981) was used t o  calculate R for the 
17 Alaskan XXMET sites. R is the 
ratio of the 

An algorithn 

. 
Values of R are given in Appendix B. 
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daily total radiation on the tilted surface to daily total radiation on 
the horizontal surface. 

The calculation methodology for R splits the total radiation 
incident on a horizontal surface into the direct and diffuse carponents. 
Then the direct radiation incident on the tilted surface is calculated 
based on the geanetric relationship between the sun and the surface. 
The diffuse c m e n t  incident on the tilted surface is based on the 
view factor between the surface and the sky. 
radiation fran the ground surface is calculated to arrive at the total 
hourly radiation on the tilted surface. The resulting equations are 
then integrated with respect to time in order to arrive at the total 
radiation on the tilted surface. 

Next the reflected 

TABLE 2 .  SoIar albedo and long-wave absorptance of materials. (Kreith 
and Kreider, 1978). 

Surf ace / --- 

Solar 
albedo 

Long-ve 
ani t tance 

. Fresh snow 

Ice with sparse snow 
Snow, ice granules 
Rough concrete 
Gncre t e 
Grass, green 
Grass, dry 
Frozen soi 1 
Ground, dry plowed 
Pine forest 
Dry sand 
Aspha 1 t pavement 
Bare m i  s t ground 
Wet sand 
Water 

.87 

.69 

. 6 7  

. 40  

.40 

.33 

. 3 3  
-_ 

. 2 3  

. 1 4  

. 1 8  

. 07  
,10 
.09 
.06 

~ ~~ 

.82 

.96 

.89 ' 

.97 

.88 

.98 

. 9  

. 9 3  

.9 

. 9  

.9 
_- 
.95 
.95 
.95 
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Solar radiation absorbed on a surface of given tilt and azirruth 
angle is equal to the solar radiation incident on a horizontal surface 
mltiplied by the surface short-wave absorptivity (l/surface albedo) and 
R or 

S.W. = Ti Q 

Surface albedos are give,? in Table I for several types of surfaces. 

Long-mve Radi at i on 

Infrared or long-wave radiation exchange between the ground surface 
and the sky is usually treated in an approximate manner due to the 
difficulty in firiding reliable data on sky emissivity or sky 
teqerature. 
point teqerature, cloud cover and cloud height or terrperature data 
required t o  even use existing correlations. 

An effective sky- terrperature, Ts, is defined as being the 

This situation is further caqlicated by the need for dew 

terrperature of a black body emitting the same radiant flux, Qs,as the 
s k y  or 

4 
Qsky = UT 

sky  
( 3 )  

where u is the Stefan-Boltzmann constant. 
between the ground surface and s k y  can be written as 

The net radiation exchange 

4 - T  - 4 
Q 1 .w. - %(*Surf sky) (4) 

where is the long-wave surface missivity. A total apparent sky 
emissivity, L ,  which relates sky teqerature to air tarperature, is 
defined as 

14 



or 

Tsky = e l/% air 

Martin a d  &r&l (1984) presented the following methodology 
for calculating the apparent sky emissivity. ?he monthly average clear 
sky anissivity as a function of dewpoint t-erature (*C) is 

m m . r  

This equation can be adjusted for elevation of the site by 

ACE =o. 00012 (P-1000) (8) 

where P is the local barometric pressure at the site in millibars. A 

diurnal correction is also available for predicting hourly emissivities 
as 

where t is the hour of the day measured fran solar noon. 
The presence of clouds increases the anissivity and effective sky 

terrperature. 
the relationship 

The emissivity of a sky with clouds can be e-Tressed by 

E = c 0 + (I-Eo) c (10) 

where 
C = nccr 

with 
n 
E = cloud gnissivity 
I' 

= fraction of sky covered by clouds 

C 
= factor related to cloud base tarperatwe 

15 
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The par-ter, C, can be interpreted as the "infrared cloud mum." 
The cloud factor, I', can either be estimated based on cloud base 
tarperature as 

r = (-ATCIATO) 

or on cloud base height as 

r = exp (-H/Ho) 

where 
AT = T  - 

C air Tc~oud 
ATo = 46% 

H = cloud base height 
H = 8 . 2  km 
0 

The cloud emissivity is also a function of cloud base height, or 

E =0.15 H >  l l h  C 

C E =0,75 = .056H 4 < H < l l h  

Idso and Jackson (1969) developed an alternative expression relating 
sky emissivity to air tarperature. 
is that sky  radiation is mainly a function of hunidity ratio in the 
lower atmosphere. 
tenperature, the following equation was generated 

The reasoning behind their forrmIa 

Because hunidity ratio can be correlated with air 

This function accounts for the freezing of water vapor in the air at 
tenperatures below 32degrees F 

The net long-wave radiation exchange between the ground surface 
(horizontal grey surface) and the sky can be linearized. Defining 

ATR = Tair - T  surf 



and 

and then substituting the above tvm expressions into Equation 4 yields 

where 

E = ground surface emissivity 
u = Stefan-bltzmann constant (0.1714~10-~ Btulhr-ft -R ) 2 4  S 

If A% and ATs are assuned -11, thehthe above equatio9after expansion 

and neglecting teras second order or above in A% and AT$becames 

Q 1 .W. - - 4aEs ’T3 air [ATs-llTR] (16) 

Substituting W t i o n s  13, 24 and 6 into the above expression yields 

(1-E + 4ESflair3 (T -T ) (17) 
4 

1 .w. = “sflair . sur air Q 

?he first term on the right side of e q u a t i o n  (17) i s  p r o p o r t i o n a l  
to sky teqerature depression and can be treated as a negative solar 
load, The second term is proportional to the radiative surface 
depression and can be c d i n e d  with the convective heat transfer 
carrponent. The r a d i a t i v e  h e a t  t r a n s f e r e  c o e f f i c i e n t  i s  d e f i n e d  

a s  

so that equation 17 becunes 

Ql .w. - - 4EsGTair ( l - ~ ” ~ )  + hr (T sur -T air ) 

Values for the ground surface emissivity and air tqerature are needed 

to calculate hr. The sky teqerature depression term requires the same 
input values as hr, plus cloud cover fraction, cloud cover base height 

17 



(ceiling) or teqerature and dew point tarperature. 
inputs are sametimes available on I"A weather data records or data 
tapes 

These weather data 

Convective Heat Transfer 

The detemination of the forced convective heat transfer coefficient 
for a neutrally stable atrmsphere is based on the Reynolds and Colburn 
analogies. 
air, plus local wind speed and surface roughness. 
states 

These relationships require the thermal properties of the 

The Colburn analogy 

h =  
C 

here 

Cf = 
P =  

c =  P 
p r =  
u =  

local drag coefficient 

air densi t3 which is calculated based on ambient air 
tenperature and pressure ( p  = P/mair) 
specific heat of air (f2 24 Btu/ lb-F") 
Randtl n d e r  of air @71) 
wind speed 

(20) 

Schlihting (1960) published the results of a study by Paeschke 
(1937) relating surface roughness to the drag coefficient as follms, 

Cf/2 = f2.5 In (5.25/zo) + 5]-2 

This relationship assUDes the wind speed is measured at a height of 5.25 
feet. 

feet. 

z is the physical height of vegetation or surface roughness in 
0 

For m o t h  surfaces exposed to the outside winds, bfdclarrs (1954) 
presents a dinensional relationship for the convective heat transfer 

coefficient as 

2 h = 1 + .3U [Btdhr-f t -F'l C 

18 



where U is wind  speed in miles per hour. 
The heat transported by convection is governed by Newton's Law of 

601 ing or 

-T ) sur air = hc (T Qconv (23) 

A portion of the radiative flux from the previous section can also be 
included in this tern as 

?he tern (h + h ) can be interpreted as the surface conductance h. 
C r 

Latent Heat 

Energy transfers can be significant by latent heat changes h e  to 
evaporation, condensation and sublirxxation. However, calculations of 
evaporation, condensation and sublimation rates are very difficult to 
make. 

heat and mass transfer to predict a convective mass transfer coefficient, 
In cane cases it is possible to use the RepoIds analogy between 

2 / 3  h = hc/pc Le m P ( 2 5 )  

Where Le = a/D is the Lewis rider and 
p = density of air 
c = specific heat of air 
a = t h e m 1  diffusivity of air 
D = mass diffusivity of water in air 

P 

For a water-air systan, the ratio a/D is equal to about .85 franwhich 
the value of the convective mass transfer coefficient can be easily 
calculated. 

The rate of heat transfer by evaporation or condensation is then 
expressed as 

19 



where 
h 
W = surface hunidity ratio 
W = d i e n t  hunidity ratio 

= enthalpy of vaporization of water 
f g 
!5ur 

air 

Practically speaking, it is very difficult to assess the surface hunidity 
ratio. 
available mechanistic relationships are not vary accurate in predicting 
misture mvemcnt in the ground. Because of these difficulties, a tern 
has been included in the energy balance that mst be user specified. 
Evaporation rates of 25% to 50% of the precipitation have been specified 
in past simrlations (Miller, 1975). 

It would require a misture balance at the surfacgand the 

Snow Laver 

?he surface energy balance is significantly affected by the 
presence of a snow cover. 
ground surface. 

Snow provides an insulating blanket on the 
Its themal resistance can be approximated as 

where 
d = depth of snow 
k = them1 conductivity of snow 

The them1 conductivity of snOw can be approxirmted as 

k =O. 41 (S.G. 1 [Btdhr-f t-OF1 

in which S.G. is specific gravity of the snow. 
the snow cover can be included in the surface conductance, h: i.e., 

The insulating effect of 

1 1 -  
ii-hl+hc + Rsnow 
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The alternative to this approach is to extend the conduction zone to the 
surface of the snow layer an ccrrpute the surface energy balance based on 
the snow surface conditions. This is easily done in finite elaaent or 
finite difference sinulations by specifying the thermal conductivity of 
the snow layer large and specific heat -11 during spring, suxmer and 
fall when no snow is present. ?he result of doing this is "fooling" the 
program that those elements have little thermal resistance and -11 
heat capacity. 

The radiative properties of snow affect the radiation terns. Snow 
has a high albedo and a high emissivity. 
the incaning solar as well as being a good emitter in the infrared 
range. 
energy balance radiation terms. 

Therefore, it reflects mtch of 

These characteristics can be easily accounted for in the surface 
See Table I for radiation properties of 

snow. 
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5.  SUMMARY 

The  l i c e n s e  t o  o p e r a t e  t h e  c o m p u t e r  program GEODYN and  i t s  
a s s o c i a t e d  programs GEOGRD and GEOPLT was obtained from Resource 
Management Assoc ia t e s ,  and i n s t a l l e d  on t h e  Un ive r s i t y  o f  Alaska- 
F a i r b a n k s  V A X  11/730 c o m p u t e r  f o r  v e r i f i c a t i o n .  The programs 
form an e x t r e m e l y  powerful t o o l  f o r  c a l c u l a t i n g  t h e  temperature  
d i s t r i b u t i o n  w i t h i n  a s o i l  mass a s  a f u n c t i o n  of  t i m e  due  t o  a 
v a r i e t y  o f  boundary  c o n d i t i o n s .  The programs a r e  w r i t t e n  i n  a 
u s e r - f r i e n d l y  manner. However, due  t o  t h e  v e r s a t i l i t y  o f  t h e  
c a p a b i l i t i e s  o f  t h e  programs, a s i g n i f i c a n t  e f f o r t  i s  r e q u i r e d  t o  
u s e  them. I t  might t ake  a week o r  more t o  get  meaningful r e s u l t s  
t h e  f i r s t  t i m e  t h e  program i s  used .  I t  w i l l  p r o b a b l y  t a k e  
s e v e r a l  d a y s  t o  g e t  mean ingfu l  r e s u l t s  a f t e r  t h e  u s e r  becomes 
f a m i l i a r  w i th  t h e  programs. 

The programs a re  more powerful t h a n  most o t h e r  programs t h a t  a r e  
r e a d i l y  a v a i l a b l e .  Some of t h e  f e a t u r e s  a r e  a s  fo l lows :  

1. S u r f a c e  e n e r g y  b a l a n c e  c a l c u l a t i o n s  a c r o s s  s e l e c t e d  

2. Variable  temperatures a t  s e l e c t e d  nodes. 
3. v a r i a b l e  thermal f l u x e s  a c r o s s  s e l e c t e d  boundaries.  
4. Heat t r a n s f e r  due t o  groundwater flow. 
5. Freez ing  ove r  a temperature  range. 
6. R e s t a r t  c a p a b i l i t i e s  so t h a t  parameters  can be changed 

boundar ies .  

d u r i n g  a run. 

The programs appear t o  be s u f f i c i e n t  y a c c u r a t e  f o r  eng inee r ing  
purposes on problems a s soc i a t ed  w i t h  road c o n s t r u c t i o n  i n  Alaska,  
a s  long  a s  t h e  app ropr i a t e  i n p u t  parameters  a r e  used. 
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6 .  IMPLEMENTATION 
- - - - - - - - - - - - - - - - -  

The p rog rams  a r e  r e a d y  t o  u s e  a t  t h e  p r e s e n t  time. W e  s u g g e s t  
t h a t  t h e y  be u s e d  c a r e f u l l y  by u s e r s  who h a v e  t h e  t i m e  a n d  
knowledge and p a t i e n c e  t o  v e r i f y  t h e  r e s u l t s .  They s h o u l d  n o t  be 
used  c a s u a l l y  o r  f o r  a n s w e r s  t h a t  a r e  n e e d e d  i n  a h u r r y .  T h e  
programs s h o u l d  be used o n l y  i n  t h o s e  s i t u a t i o n s  t h a t  do n o t  l e n d  
t h e m s e l v e s  t o  s i m p l i f i e d  s o l u t i o n s .  I t  would  n o t  b e  c o s t  
e f f e c t i v e  t o  u s e  t h e  p rograms  t o  c a l c u l a t e  t h e  d e p t h  o f  t haw  i n  
a n  a r e a  w i t h  a u n i f o r m  b o u n d a r y  a n d  n o  u n u s u a l  b o u n d a r y  
cond i t ions .  The modif ied  Berqgren s o l u t i o n  would p r o b a b l y  be as  
a c c u r a t e  and would c e r t a i n l y  be less c o s t l y .  Problems i n v o l v i n g  
complex  g e o m e t r y ,  complex  m a t e r i a l  p r o p e r t i e s ,  o r  e x t e r n a l  
sources  of h e a t  s u c h  as  thermal  syphons do n o t  l end  t h e m s e l v e s  t o  
s i m p l i f i e d  s o l u t i o n s ,  and GEODYN would be  a n  a p p r o p r i a t e  t o o l  t o  
u s e  . 
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APPENDIX A 

Alaskan SOMET Data for 17 Locations 



_- 

HO 
T E H P . ( D E G  PI BTU/ 

A V E  
J A N  1 3 . 0  
FEB 1 7 . 9  
M A R  2 3 . 7  
A P R  3 5 . 4  
H A Y  46.3 
J U N  5 4 . 4  
J U L  58.  1 
A U G  56.2 
SEP 48. 2 
OCT 3 4 . 6  
N O V  2 1 . 7  
D E C  . 1 3 .  8 

MI N 
6.  0 

I O .  3 
1 5 . 7  
28 .  2 
38.  3 
47.  0 
51 .  1 
49.  2 
4 1 .  1 
28.  4 
1 5 . 4  

7. I 

MAX 
20. 0 
25. 5 
3 1 .  7 
42. 6 
54. 2 
61. 8 
65. I 
63. 2 
5 5 . 2  
40. 8 
27. 9 
20. 4 

PT '' 2 
N/ A 
N/ A 
N /  A 
N /  A 
N/ A 
N/ A 
N/ A 
N /  A 
N /  A 
N /  A 
N /  A 
N/ A 

HDD W I N D  C L O U D  
S P E E D  COVER 

P - D A Y  H P H  x 
1 6 1 2  6 . 1  6 6 . 0  
1 3 1 9  6 . 7  7 0 . 0  
1 2 8 0  6 . 7  6 7 . 0  

8 8 8  7 . 2  7 1 . 0  
5 8 0  8.3 7 7 . 0  
310 8.2 8 0 . 0  
214 7. 1 7 9 . 0  
2 7 3  6 . 6  7 9 . 0  
5 0 4  6.3 7 8 . 0  
9 4 2  6 . 5  7 7 . 0  

1 2 9 9  6 . 1  7 4 . 0  
1 5 8 7  5 . 9  7 1 . 0  

S N O W  
D E P T H  

I N .  
14. 4 
8. 5 
5. 2 
N/ A 
N /  A 
N /  A 
N /  A 
N /  A 
N /  A 
0. 2 
2. I 
7. 9 

D E N S  DEW PT 
L B /  TEMP 
P T " 3  D e G  F 

N / A  9. I 
N / A  9 . 9  
N / A  11. 1 
N / A  25. 0 
N / A  3 2 . 0  
N / A  42. 5 
N / A  48.  0 
N / A  4 6 . 5  
N / A  40. 0 
N / A  28. 8 
N / A  15 .  5 
N / A  5 . 6  



A N N E T T E  A L A S K A  L A T I T U D E :  55.  03  

HO 
T E M P .  ( D E G  F) B T U /  

A V E  
J A N  3 3 . 5  
FEB 3 6 . 7  
MAR 38. 3 
A P R  42. 8 
H A Y  49. 4 
J U N  5 4 . 6  
J U L  57. 8 
A U G  58. 3 
SEP 5 3 . 9  
O C T  46. 9 
N O V  39. 9 
D E C  3 5 . 8  

M I  N 
29. 0 
31 .  8 
32. 8 
36. 7 
42. 6 
48. I 
51. 6 
51. 9 
48. I 
42. 1 
35. 5 
3 1 .  6 

M A X  F T ” 2  
3 8 . 0  1 7 8  
4 1 . 5  374 
4 3 . 7  716 
4 8 . 8  1 1 4 8  
56. 2 1 4 7 1  
6 1 . 0  1 4 6 4  
6 4 . 0  1 4 3 7  
6 4 . 6  1 1 6 1  
5 9 . 8  8 1 1  
5 1 . 7  422 
4 4 . 3  218  
4 0 . 1  1 2 2  

H D D  W I N D  

F - D A Y  HPH 
S P E E D  

976  1 2 . 1  
7 9 2  1 2 . 2  
8 2 8  1 1 . 0  
6 6 6  1 1 . 3  
484  9 . 4  
319.  9. 0 
2 3 0  8 . 1  
2 1 1  8 . 3  
329  9 . 3  
5 6 2  1 2 . 0  
7 5 2  1 2 . 4  
902  1 2 . 7  

C L O U D  S N O W  
C O V E R  D E P T H  

x IN. 
79. 0 N / A  
81. 0 N / A  
79. 0 N / A  
79. 0 N / A  
77. 0 N/A 
80. 0 N / A  
78. 0 N / A  
77. 0 N / A  
78. 0 N / A  
86. 0 N / A  
84. 0 N / A  
84. 0 N / A  

~- 

DENS 
LB/ 
F T A 3  
N/ A 
N /  A 
N /  A 
N /  A 
N/ A 
N/ A 
N /  A 
N/ A 
N /  A 
N /  A 
N /  A 
N /  A 

- - - - _ _  - 

D E W  PT 
T E M P  
D E G  F 

27. 4 
30. 8 
31. 5 
35. 8 
42. 2 
47. 9 
51 .  5 
52. 6 
48. 8 
42. 1 
34. 4 
30. 5 



_- 

TEMP. (DEG PI 
AVE M I N  MAX 

J A N  -14.7 -21.3 -8.0 
PEB -18.6 -24.6 -12.6 
MAR -15.2 -21.8 -8.6 
A P R  -0.8 -8.2 6. 5 
MAY 19.1 14.0 24.2 
J U N  33.0 28.9 37. 1 
J U L  38.7 33.0 44.3 
AUG 37.6 33. 1 42. 0 
S E P  30.3 27.2 33.4 
OCT 15.3 10.4 20.2 
NOV -0.5 -6. 4 5.4 
DEC -12.3 -18. 1 -6.4 

HO HDD H I N D  CLOUD SNOW 
BTU/ SPEED C O V E R  DEPTH 
PT 2 F- D A Y  HPH x I N .  

0 2471 11.3 0.0 9.6 
74 2341 11.0 52.0 14.8 

490 2485 11.1 47.0 14.2 
1050 1976 11.4 56.0 17.0 
1138 1423 11.6 83.0 14.7 
1526 960 11.4 80.0 N / A  
1457 815 11.6 78.0 N / A  
855 850 12.3 89.0 N / A  
414 1040 13.0 92.0 N / A  
126 1540 13.2 86.0 0.8 

4 1965 12.4 0.0 5.6 
0 2395 11.2 0.0 9.1 

D E N S  DEW PT 
L B L  TEHP PT 3 D E G  F 

N / A  -21. 2 
N / A  -25. 8 
N / A  -22.0 
N / A  -6. 2 
N / A  16.0 
N / A  30. 8 
N / A  36. 2 
N / A  35. 7 
N / A  28. 2 
N / A  11. 8 
N / A  -5. 3 
N / A  -18.5 



BETHEL A L A S K A  LATITUDE: 60. 7 8  

J A N  
FEB 
MAR 
A P R  
MAY 
J U N  
J U L  
A UG 
S E P  
O C T  
NOV 
D E C  

T E M P . ( D E G  PI 
A V E  H I N  MAX 

5. I - 2 . 2  1 2 . 3  
8. I 0. 5 15 .  8 

1 1 . 4  2 . 5  2 0 . 3  
24. 5 16.  3 32. 7 
40. I 31. 7 40. 5 
51. 6 43. 0 60. 2 
54. 7 47. 4 61. 9 
52. 3 46. 0 58. 5 
45. 0 38. 2 51. 8 
30. 2 24. 3 36. I 
17.  2 I O .  8 23. 6 

4 . 4  - 2 .5  11. 3 

HO 
B T U /  
FT ' 2  

9 7  
3 1 6  
7 3 8  

1 2 0 0  
1 4 5 1  
1 5 1 6  
1 2 8 8  

9 2 0  
700 
3 7 0  
1 3 5  

4 9  

H D D  W I N D  C L O U D  
S P E E D  C O V E R  

P- D A Y  H P H  x 
1 8 5 7  1 4 . 3  6 5 . 0  
1 5 9 0  1 5 . 1  6 0 . 0  
1 6 6 1  1 4 . 0  6 1 . 0  
1 2 1 5  1 3 . 4  6 9 . 0  

7 7 2  1 1 . 7  7 6 . 0  
4 0 1  1 1 . 6  8 1 . 0  
319  1 1 . 3  8 5 . 0  
3 9 4  1 1 . 0  8 6 . 0  
6 0 0  1 1 . 6  8 2 . 0  

1 0 7 8  1 2 . 5  7 9 . 0  
1 4 3 4  1 3 . 4  7 4 . 0  
1 8 8 0  1 4 . 2  6 5 . 0  

S N O W  D E N S  
D E P T H  LB/  

I N.  F T - 3  
14 .  2 N / A  
14.  8 N / A  
17. 0 N / A  
14 .  7 N / A  

N / A  N / A  
N / A  N / A  
N / A  N / A  
N / A  N / A  
H / A  N / A  
0.  3 N / A  
2. 0 N / A  
8 . 7  N / A  

DEW P T  
TEMP 
DEG P 
-0. 6 

2. 0 
6. I 

19. 8 
3 3 . 7  
44 .5  
49. 0 
48. I 
40. 8 
26. 2 
12.  8 
- 1 . 4  



HO 
T E M P .  ( D E G  PI B T U /  

A V E  H I N  
JAN -13.2 -21.1 
PEB -7.8 -16.5 
M A R  1.4 -10.0 
A P R  20.5 9.2 
MAY 41.7 31.7 
JUN 56.2 45.1 
J U L  57.9 47.5 
A U G  51.9 42.9 
SEP 40.0 31.7 
O C T  20.0 13.3 
N O V  -1.4 -8.6 
D E C  -12.2 -20.0 

MAX F T A 2  
-5.3 10 
1.0 172 

12.9 615 
31.7 1227 
51.6 1697 
67.2 1855 
68.2 1561 
60.9 1074 
48.2 672 
26.6 252 
5. 8 40 

-4. 3 0 

H D D  H I N D  C L O U D  
S P E E D  C O V E R  

P-DAY MPH x 
2424 5.9 47.0 
2037 7.1 58.0 
1970 7.3 61.0 
1335 7.6 60.0 
722 7.6 62.0 
270 6.9 66.0 
230 6.6 76.0 
407 6.2 80.0 
750 6.6 67.0 

1395 6.5 76.0 
1992 6.0 60.0 
2392 6.0 64.0 

S N O W  
D E P T H  

I N .  
N/ A 
N /  A 

31. 0 
32. 0 

N /  A 
N /  A 
N /  A 
N /  A 
N/ A 
N /  A 
N /  A 
N /  A 

D E N S  D E W  P T  
L B /  TEMP 
F T - 3  D E G  F 

N / A  -74.7 
12. 1 -6. 3 
13. 3 12. 0 
N / A  28. 3 
N / A  43. 2 
N / A  47. 0 
N / A  44. 4 
N / A  33.2 
N / A  14. 3 
N / A  -6. 7 
N / A  -18. 0 

NIA -19. 4 



B I G  D E L T A  ALASKA L A T I T U D E :  64. 8 2  

T E M P . ( D E G  PI 
A V E  M I N  MAX 

J A N  - 4 . 9  - 12 .3  2 . 5  
F E B  3 . 4  - 5 . 6  1 2 . 4  
MAR 1 2 . 3  I. 1 2 3 . 4  
A P R  2 9 . 3  1 9 . 4  3 9 . 3  
H A Y  46. 3 36. 3 5 6 . 2  
J U N  57. I 4 7 . 1  6 7 . 1  
J U L  5 9 . 4  5 0 . 0  6 8 . 8  
AUG 5 4 . 8  4 5 . 4  6 4 . 1  
SEP 4 3 . 6  3 5 . 2  5 1 . 9  
O C T  2 5 . 2  1 8 . 2  3 2 . 1  
NOV 6 . 9  - 0 .3  1 4 . 1  
D E C  - 4 . 2  - 1 1 . 5  3 . 2  

HO 
B T U /  
FT"2  

46 
247 
7 1 1  

1 2 4 3  
1 6 6 8  
1 7 8 0  
1 6 1 2  
1 2 2 7  

766 
326 

93 
9 

HDD W I N D  C L O U D  SNOW 

P- D A Y  H P H  x I N. 
S P E E D  C O V E R  D E P T H  

2167  1 0 . 8  4 4 . 0  N / A  
1 7 2 4  9 . 9  7 0 . 0  1 4 . 0  
1 6 3 4  8 . 2  6 1 . 0  1 6 . 0  
1 0 6 7  7 . 6  7 9 . 0  1 4 . 0  

5 8 0  7 . 9  7 4 . 0  2 . 0  
2 5 7  6 . 5  7 2 . 0  N / A  
1 8 2  6 . 0  8 1 . 0  N / A  
3 2 2  6 . 6  7 8 . 0  N / A  
6 4 3  7 .3  7 2 . 0  N / A  

1 2 3 4  8 . 5  7 9 . 0  N / A  
1 7 4 2  9 . 5  6 8 . 0  N / A  
2145  9 . 5  6 6 . 0  N / A  

D E N S  DEW P T  
L B /  TEMP 
F T - 3  D E G  F 

N / A  - 1 1 . 6  
9. 8 -3. 1 

I O .  5 4 . 1  
12 .  0 17 .  6 
12. 5 30. 7 

N / A  42. 0 
N / A  49. 2 
N / A  45. I 
N / A  35. 3 
N/A 18.  8 
N / A  1 . 6  
N / A  -9. 9 



T E M P .  ( D E G  PI 
AVE 

J A N  - 1 1 . 9  
PEB - 2 . 5  
UAR 9 . 5  
A P R  2 8 . 9  
MAY 47. 3 
J U N  5 8 . 9  
J U L  6 0 . 7  
AUG 5 5 . 4  
SEP 44 .4  
O C T  2 5 . 2  
NOV 2. 8 
D E C  - 1 0 . 4  

UI N 
-21.  6 
- 14.  3 
- 4.  3 
1.7. 3 
35. 7 
47. 2 
49. 6 
44.  9 
34. 4 
16 .  9 
-6. 2 

- 1 9 . 3  

MAX 
- 2 .  2 

9 . 3  
23.  3 
40. 4 
58.  8 
70. 7 
71.  8 
65 .  8 
54 .  4 
33.  5 
11. 7 
- 1 . 5  

HO HDD W I N D  
B T U /  S P E E D  
PT" 2  F- D A Y  MPH 

3 0  2383 3.0 
2 2 1  1890  4 . 1  
674  1720  5 . 2  

1 1 9 2  1 0 8 3  6 . 6  
1 6 0 2  549 7 . 8  
1 7 5 0  210 7 . 1  
1 5 4 1  1 4 8  6 . 6  
1116  304 6 . 1  

709 617  6 . 2  
292 1 2 3 4  5 . 5  

74  1866  3 . 9  
3 2336 3 . 1  

CLOUD 
C O V E R  

x 
60.  0 
62. 0 
60.  0 
67 .  0 
69.  0 
74.  0 
7 5 . 0  
78. 0 
7 5 . 0  
81. 0 
70. 0 
68.  0 

SNOW 
D E P T H  

I N. 
1 4 .  3 
2 1 . 5  
2 0 . 5  
1 5 .  8 

2. 0 
N /  A 
N /  A 
N /  A 
0. 2 
0.  2 
3 . 5  
9. 1 

D E N S  DEW P T  
LB/ TEMP 
P T - 3  D E G  F 

N / A  -19. 1 
N / A  -11. 0 
N / A  -0. 9 
N / A  1 5 .  7 
N / A  29. 6 
N / A  43, 1 
N / A  48. 7 
N / A  46. 0 
N / A  35. 0 
N / A  18.  0 
N / A  -3. 9 
N / A  -17, 4 



G U L K A N A  ALASKA LATITUDE: 62 .  1 5  

J A N  
F E B  
M A R  
A P R  
MAY 
J U N  
J U L  
AUG 
SEP 
OCT 
N O V  
DEC 

TEMP. ( D E G  
A V E  H I N  
- 7 . 3  -16. 4 

3. 9 -6. 9 
14. 5 0 .  8 
30. 2 18. 5 
43. 8 32. 5 
54. 2 42. 4 
56. 9 4 5 . 6  
5 3 .  2 42. 1 
43. 6 33. 5 
26. 8 17. 8 
6. I -1. 6 

-5.1 -13. 1 

F)  
Y A X  
1.9 

14. 7 
28.1 
41. 8 
55. I 
66. 0 
68.  1 
64. 3 
53.  7 
3 5 . 7  
13. 8 
3.0 

HO 
B T U /  
F T - 2  

73 
286 
757 

1303 
1612 
1756 
1610 
1250 
795 
390  
176 
28 

HDD 

F- D A Y  
2241 
1711 
1564 
1044 
657 
333 
254 
365 
643 

1184 
1 7 6 7  
2172 

W I N D  
SPEED 

MPH 
5.1 
5. 6 
6. 5 
8. 6 
8. 8 
8. 8 
8. 2 
8. 0 
7. 6 
6. 3 
4. 8 
3. 6 

C L O U D  
C O V E R  

x 
47. 0 
70. 0 
60. 0 
68. 0 
72. 0 
74. 0 
72.  0 
74. 0 
68. 0 
78.0 
75. 0 
67. 0 

SNOW 
D E P T H  

I N .  
N /  A 
N /  A 
N/ A 
N /  A 
N /  A 
N /  A 
N /  A 
N /  A 
N /  A 
N /  A 
N /  A 
N /  A 

DENS 
LB/ 
FT"3 
N/ A 
N /  A 
N /  A 
N /  A 
N/ A 
N /  A 
N/ A 
N/ A 
N/ A 
N /  A 
N /  A 
N /  A 

DEW P T  
TEMP 
D E G  F 
-14.1 
-2. 6 
6. 1 

18.9 
29. 7 
39. 4 
45. 6 
42.  9 
34. 8 
20. 9 
1. 6 

-11.3 



t 

HOHER ALASKA L A T I T U D E :  59. 63 

T E H P .  ( DEG 
A V E  M I N  

J A N  21.4 14.7 
F E B  24.8 17.9 
M A R  27.6 20.2 
A P R  35.0 27.7 
MAY 42.3 34.2 
J U N  48.7 40.7 
JUL 52.3 44.5 
AUG 52.4 44.6 
S E P  47.0 39.2 
OCT 37.3 30.3 
NOV 28.2 21.8 
DEC 21.4 15.2 

F) 
MAX 
28. 0 
31. 8 
35.0 
42. 3 
50. 3 
56. 7 
60. 1 
60. 1 
54. 8 
44. 4 
34. 5 
27. 6 

HO 
B T U /  
PT"2 
122 
334 
759 

1247 
1581 
748 

1596 
1187 
791 
437 
175 
64 

HDD WIND 

F- D A Y  MPH 
S P E E D  

1351 7.8 
1123 7.7 
1159 7.4 
900 7.3 
704 7.7 
490 7.0 
394 6.8 
391 5.7 
540 6.2 
857 6.8 

1103 7.5 
1351 7.1 

CLOUD SNOW DENS DEW P T  
COVER D E P T H  L B /  TEMP 

X IN. F T - 3  DEG F 
67.0 N / A  N / A  15.8 
68.0 N / A  N / A  19. 2 
69.0 N/A N / A  21.6 
71.0 N / A  N / A  28.5 
78.0 N / A  N / A  35.7 
73.0 N / A  N / A  42.1 
75.0 N / A  N / A  46.6 
72.0 N / A  N / A  47.4 
73.0 N / A  N / A  42.1 
75.0 N / A  N / A  32.1 
72.0 N / A  N / A  23. 2 
67.0 N / A  N / A  16. 4 



J U N E A U  A L A S K A  L A T I T U D E :  58. 3 7  

T E H P . ( D E G  F) 
A V E  H I N  MAX 

J A N  2 3 . 5  1 7 . 8  2 9 . 1  
F B B  28. 0 2 2 . 1  3 3 . 9  
M A R  3 1 . 9  2 5 . 6  3 8 . 2  
A P R  3 8 . 9  31. 3 46 .5  
H A Y  46. 8 3 8 . 2  55. 4 
J U N  5 3 . 2  4 4 . 4  6 2 . 0  
J U L  55. 7 4 7 . 7  6 3 . 6  
AUG 54. 3 4 6 . 2  62 .3  
SEP 49. 2 42. 3 56. I 
OCT 4 1 . 8  3 6 . 4  4 7 . 2  
NOV 3 2 . 5  2 7 . 6  3 7 . 3  
DEC 2 7 . 3  22. 5 3 2 . 0  

HO HDD H I N D  CLOUD SNOW 
B T U /  S P E E D  C O V E R  D E P T H  
FT*’2  F - D A Y  MPH SC IN. 

1 1 6  1 2 8 7  8 . 3  7 6 . 0  5 . 0  
282 1 0 3 6  8 . 6  8 1 . 0  3 . 8  
609  1 0 2 6  8 . 6  8 2 . 0  3 . 7  

1 0 4 4  783  8 . 8  8 2 . 0  0 . 8  
1 2 9 0  563  8 . 4  8 0 . 0  N / A  
1 4 1 3  355 7 . 7  8 1 . 0  N / A  
1 2 7 7  288  7 . 5  8 3 . 0  N / A  

983 3 3 1  7 . 4  8 0 . 0  N/A 
638  473 8 . 0  8 5 . 0  N/A 
320  7 1 8  9 . 6  8 9 . 0  N / A  
1 4 9  976  8 . 5  8 4 . 0  0 . 1  

6 2  1 1 6 8  9 . 0  8 5 . 0  1 . 6  

D E N S  DEW P T  
LB/ TEMP 
PT-3 D E G  P 
N/A 18.  2 
N / A  22. 9 
N / A  26. 3 
N / A  32. 5 
N / A  40. 0 
N / A  46. 3 
N / A  49. 8 
N / A  49. 5 
N / A  45. 7 
N / A  38. 5 
N / A  28. 6 
N / A  22. 7 



KING SALMON A L A S K A  L A T I T U D E :  58. 6 8  
................................................................ 

J A N  
FEB 
M A R  
APR 
HAY 
J UN 
J UL 
AUG 
SEP 
OCT 
NOV 
DEC 

TEMP. ( D E G  P I  
A V E  W I N  M A X  
13 .  4 5. 7 21. 0 
16.  6 8. 6 24. 6 
20. 4 12.  1 28. 6 
31.  5 23. 8 39. I. 
42. 6 33.  8 51. 3 
50. 7 41. 7 59.,7 
54. 5 46. 4 62. 5 
53. 8 46. 7 60.  9 
47 .3  3 9 . 7  5 4 . 8  
33 .  6 26. 3 40. 8 
22. I 15.  1 29. 0 
11. 7 3. 8 19.  6 

HO 
B T U /  
PT ' 2  

1 4 6  
377  
798  

1 2 0 4  

1 5 3 9  
1 3 8 2  
1 0 4 4  

7 7 7  
473 
204  
97 

1480 

H D D  

P - D A Y  
1 6 0 0  
1355 
1 3 8 2  
1 0 0 4  

695 
428 
326 
347 
5 3 1  
974 

1 2 8 7  
1 6 5 2  

WIND 
S P E E D  
WPH 
I O .  6 
11.1 
1 1 . 4  
11.1 
1 1 . 3  
I O .  8 
I O .  I 
I O .  I 
I O .  5 
I O .  5 
I O .  8 
IO . .  3 

C L O U D  
COVER 

x 
66. 0 
66. 0 
67. 0 
77. 0 
8 1 . 0  
85. 0 
86. 0 
86. 0 
8 3 . 0  
76. 0 
72. 0 
68. 0 

SNOW 
D E P T H  

I N .  
N /  A 
N /  A 
N /  A 
N /  A 
N/ A 
N/ A 
N /  A 
N /  A 
N /  A 
N /  A 
N /  A 
N/ A 

D E N S  
LB/ 
PT-3 

N /  A 
N/ A 
N/  A 
N /  A 
N/ A 
N /  A 
N /  A 
N /  A 
N /  A 
N /  A 
N /  A 
N /  A 

DEW PT 
TEMP 
D E G  F 

6. 7 
9. 3 

1 3 .  2 
23. 9 
33. 4 
42. 6 
47. 3 
47. 7 
41 .  3 
27. 7 
16. 8 

5 . 5  



R O D I A K  ALASKA L A T I T U D E :  57.  75  

J A N  
FEB 
MAR 
A P R  
HAY 
J UN 
J U L  
AUG 
S E P  
O C T  
NOV 
D E C  

T E M P . ( D E G  F) 
A V E  M I N  M A X  
30. 4 26. 3 34 .  5 
31. 4 27. 0 35.  7 
32. I 27. 2 36. 9 
36. 9 32. 2 41. 6 
4 3 . 2  3 8 . 5  47. 9 
49. 7 44. 7 54. 6 
5 4 . 1  49. I 5 9 . 1  
54. 9 49. 7 60. 1 
50. 0 45. 0 54. 9 
40. 7 35. 0 45. 6 
34. 8 30. 5 39. 0 
29. 9 25. 5 34. 3 

HO 
B T U /  
F T " 2  

1 4 9  
3 5 5  
7 8 1  

1 2 0 6  
1 3 7 4  
1 5 2 8  
1 4 0 6  
1 1 6 3  

7 9 3  
4 8 9  
2 0 6  

9 7  

H D D  

F - D A Y  
1 0 7 2  

9 4 1  
1 0 2 0  

6 7 7  
459 
3 3 8  
3 1 3  
4 5 0  
7 5 2  
905  

1 0 8 7  

842 

WIND 
S P E E D  
WPH 
12.  6 
1 2 . 1  
1 1 . 9  
11. 0 
I O .  3 

8. 6 
7. 2 
7. 6 
9 . 2  

I O .  9 
1 2 . 2  
1 0 . 5  

CLOUD 
COVER 

x 
71. 0 
72. 0 
73. 0 
74. 0 
83. 0 
77. 0 
80. 0 
7 5 . 0  
7 5 . 0  
71.  0 
70. 0 
70. 0 

SNOW 
D E P T H  

I N. 
2. 0 
I. 1 
1 . 4  
0. 2 
N /  A 
N /  A 
N /  A 
N /  A 
N/ A 
N/  A 
0 .  1 
0.  4 

D E N S  DEW P T  
L B /  TEMP 
F T " 3  DEG F 

N / A  25. 0 
N / A  25. b 
N / A  2 5 . 7  
N / A  3 0 . 2  
N / A  37. 2 
N / A  43. 9 
N / A  49. 2 
N / A  49. 9 
N / A  44. 7 
N / A  34. 3 
N / A  29. 0 
N / A  2 3 . 0  



HO HDD 
T E M P .  ( D E G  PI B T U /  

A V E  M I N  
J A N  - 3 . 7  -10. 6 
F E E  - 4 . 3  - 1 1 . 8  
M A R  - 0 . 5  -9. 1 
A P R  1 3 . 0  3 . 7  
M A Y  3 0 . 8  2 3 . 7  
J U N  4 3 . 4  37. 3 
J U L  5 2 . 9  47. 1 
A U G  5 0 . 7  4 5 . 4  
SEP 4 1 . 1  3 5 . 7  
O C T  2 3 . 6  1 8 . 5  
N O V  7 . 7  2 . 0  
D E C  - 3 . 9  - 10 .3  

MAX 
3. 2 
3. 3 
8. I 

22. 3 
37. 8 
49.  6 
58. 7 
5 5 . 9  
46. 5 
28. 7 
13. 4 

2. 6 

F T n 2  
8 . 5  
1 6 4  
5 9 4  

1 1 8 0  
1 6 4 1  
1 8 3 4  
1 5 2 6  
1 0 4 3  

6 4 8  
256  

33  
0 

F - D A Y  
2129  
1 9 4 0  
2 0 3 0  
1 5 6 0  
1 0 6 0  

6 4 4  
3 7 4  
443 
7 1 6  

1 2 8 3  
1 7 1 9  
2136  

W I N D  CLOUD 
S P E E D  COVER 
HP H x 
14.  7 59. 0 
12. 7 53. 0 
12. 4 56. 0 
12.  6 59. 0 
I O .  9 62. 0 
12.  4 68. 0 
1 2 . 9  7 5 . 0  
13.  2 7 9 . 0  
13 .  2 73. 0 
1 3 .  6 69. 0 
14 .  6 67. 0 
1 2 . 8  5 8 . 0  

S N O W  
D E P T H  

I N .  
N /  A 
N/ A 
N /  A 
N/ A 
N /  A 
N/ A 
N /  A 
N /  A 
N /  A 
N /  A 
N /  A 
N /  A 

D E N S  D E W  PT 
L B /  TEMP 
F T - 3  D E G  P 

N / A  -10. 0 
N / A  -10. 5 
N / A  -6. 6 
N / A  7. 7 
N / A  2 6 . 2  
N / A  3 9 . 0  
N / A  4 7 . 8  
N / A  46. 0 
N / A  36. 2 
N / A  18.  8 
N / A  2. 4 
N / A  -9. 8 



MA T A  N US K A A L A S K A  L A T I T U D E :  61. 57 

T E M P . ( D E G  F) 
A V E  M I N  MAX 

J A N  -8.9 -18.2 0.5 
F E E  -0.2 -11.2 10.9 
MAR 8.9 - 9 .  3 22.0 
A P R  26.5 15.3 37.7 
MAY 44. I 33.6 54.5 
J U N  55.7 45.2 66.1 
J U L  58.2 48.7 67.7 
AUG 53.5 44.9 62.1 
SEP 43.8 35.2 52.3 
O C T  25.3 18.2 32.4 
N O V  5.0 -2.9 12.9 
D E C  -9.2 -17.6 -0.8 

H O  
B T U /  
PT ' 2  
118 
339 
892 

1312 
1606 
1702 
1507 
1157 
730 
369 
140 
55 

H D D  WIND 

F - D A Y  MPH 
S P E E D  

1645 9.2 
1285 10.9 
1240 12.2 
858 12.3 
558 14.7 
303 12.7 
232 12.4 
304 12.6 
518 10.9 
947 12.4 

1328 12.9 
1627 13.2 

C L O U D  
C O V E R  

x 
75. 0 
71. 0 
70. 0 
70. 0 
59. 0 
53. 0 
56. 0 
59.0 
62. 0 
68. 0 
75. 0 
79. 0 

S N O W  
D E P T H  

I N. 
N /  A 
N /  A 
N/ A 
N /  A 
N /  A 
N /  A 
N /  A 
N /  A 
N/ A 
N/ A 
N /  A 
N /  A 

D E N S  DEW PT 
LB/  T E M P  
PT"3 D E G  F 

N / A  -15. 0 
N / A  -8. 0 
N / A  -0. 5 
N / A  17.0 
N / A  29. 5 
N / A  41. 5 
N / A  46.0 
N / A  45.0 
N / A  35. 5 
N / A  20. 2 
N / A  1. 0 
N / A  -14. 0 



M C G R A T H  A L A S K A  L A T I T U D E :  62. 9 7  

J A N  
P E E  
MAR 
A P R  
M A Y  
J U N  
J U L  
A U G  
S E P  
OCT 
N O V  
D E C  

T E M P .  ( D E G  F) 
A V E  M I N  M A X  

- 1 0 . 2  - 1 9 . 4  -1. I 
-2. 5 - 14.  0 9. I 

8. 2 - 5. 2 21. 5 
26. 7 15 .  9 37. 5 
44. 6 34. 3 54.  9 
55. 2 45. 0 65.  5 
58. 2 48. 4 68.  0 
54. 4 45. 1 52. 7 
44. 0 35. 2 63.  8 
25. 0 18. 0 31 .  8 

5 . 5  - 2 . 5  1 3 . 4  
- 9 .4  -17. 8 - 0 . 8  

H O  
BTU/ 
F T - 2  

5 8  
258  
6 9 2  

1 1 8 6  
1 4 8 6  
1 5 8 5  
1 3 7 8  
1 0 1 8  

695  
316  
1 0 0  

20  

H D  D 

P - D A Y  
2291  
1825  
1738  
1155  

648  
284  
219 
356 
635  

1 2 3 1  
1 8 0 0  
2300  

W I N D  
S P E E D  

MPH 
2 . 9  
4. 2 
5 . 1  
6. 4 
6. 5 
6. 2 
6. 0 
5. 6 
5 . 7  
5. 2 
3. 6 
3 .  0 

C L O U D  S N O W  
C O V E R  D E P T H  

% I N .  
62. 0 N / A  
61. 0 N / A  
62. 0 N / A  
66. 0 N / A  
73. 0 N / A  
79.  0 N / A  
80. 0 N / A  
82. 0 N / A  
79. 0 N / A  
82. 0 N / A  
73. 0 N / A  
66, 0 N / A  

D E N S  
LB/ 
P T " 3  

N /  A 
N /  A 
N /  A 
N /  A 
N /  A 
N /  A 
N /  A 
N/ A 
N /  A 
N /  A 
N /  A 
N /  A 

D E W  PT 
TEMP 
D E G  P 
- 2 2 . 0  
-6. 0 
-2. 0 
15. 2 
30. 5 
42. 3 
48. 0 
46. 5 
35. 8 
18. 8 
-2. 0 

-13. 0 



N O M E  A L A S K A  L A T I T U D E :  64. 5 

T E M P .  ( D E G  F) 
A V E  M I N  M A X  

J A N  6 . 0  - 1 . 6  1 3 . 5  
F E B  5 . 2  - 3 . 3  1 3 . 7  
M A R  7 . 4  - 1 . 9  1 6 . 6  
A P R  1 8 . 9  1 0 . 8  2 7 . 0  
MAY 3 4 . 8  2 8 . 1  4 1 . 4  
J U N  4 5 . 5  3 8 . 8  5 2 . 2  
J U L  5 0 . 1  4 4 . 4  5 5 . 8  
A U G  4 9 . 2  4 3 . 7  5 4 . 6  
SEP 4 2 . 1  3 5 . 9  4 8 . 2  
O C T  28 .5  22 .6  3 4 . 4  
N O V  1 5 . 6  9 . 1  22. 1 
D E C  4 . 4  - 3 . 0  1 1 . 7  

H O  
B T U /  
PTn2 

3 0  
2 2 4  
6 3 0  

1 5 7 1  
1 7 5 1  
1 4 1 2  

9 9 2  
6 7 3  
3 0 6  

6 5  
3 

1184 

H D D  

P-DAY 
1 8 2 8  
1 6 7 4  
1 7 8 5  
1 3 8 2  

936  
585 
463 
490 
6 8 8  

1 1 3 2  
1 4 8 1  
1880 

U I  N D  
S P E E D  

k!P H 
1 1 . 7  
11. 0 
I O .  4 
I O .  6 
I O .  2 
I O .  0 
I O .  0 
I O .  5 
11.1 
1 1 . 0  
1 2 . 0  
l a .  3 

C L O U D  
C O V E R  

x 
63. 0 
54. 0 
58. 0 
62. 0 
66. 0 
69. 0 
7 7 . 0  
81. 0 
75. 0 
69. 0 
71. 0 
60. 0 

S N O W  
D E P T H  
I N. 
14 .  7 
22. 9 
26. 0 
34. 5 
17.  4 

N /  A 
N /  A 
N /  A 
N /  A 
N /  A 
1 . 7  
8. I 

D E N S  DEW PT 
L B /  T E M P  
FT-3 DEG F 

N / A  -0. 7 
N / A  -2. 4 
N / A  0 . 2  
N / A  12. 0 
N / A  26. 5 
N / A  37. 2 
N / A  42. 6 
N / A  42. 4 
N / A  34. 3 
N / A  21. 4 
N / A  8. 9 
N / A  - 2 . 8  



J A N  
FEB 
M A R  
A P R  
MAY 
J U N  
J U L  
A U G  
S E P  
O C T  
N O V  
D E C  

T E M P . ( D B G  P) 
A V E  M I N  MAX 
I. 6 -4. 8 7 .  9 
6. 6 -0. 4 13. 5 

11. 2 3. 0 19. 4 
23. 5 14 .  I 32. 9 
37. 4 2'9. I 45. 7 
49. 0 3 9 . 9  58. 0 
52. 0 43. 8 60.  2 
48. 7 41. 4 56. 0 
39. 8 32. 6 47. I 
24. 0 17 ,  5 30. 4 

9. 7 3. 7 15.  7 
2. 9 - 3.  4 9. 2 

HO 
B T U /  
F T - 2  

5 6  
2 5 1  
6 9 7  

1 2 3 8  
1 6 3 1  
1 6 3 7  
1 4 0 9  
1 0 4 2  

7 0 3  
3 4 4  
107 

1 7  

H D D  

F - D A Y  
1 9 6 5  
1 6 3 4  
1 6 6 8  
1 2 4 5  

8 5 7  
4 8 1  
4 0 3  
5 0 8  
7 5 2  

1 2 7 0  
1 6 5 9  
1 9 2 4  

H I N D  C L O U D  
S P E E D  C O V E R  

M P H  x 
15. I 52. 0 
11. 9 70. 0 
11. 1 62, 0 

7. 6 72 ,  0 
7 . 7  7 5 . 0  
8. 3 8 2 . 0  
7 .  8 82. 0 
7. 4 83. 0 
7 . 5  7 4 . 0  
8. 0 76. 0 

11. 3 71. 0 
12.  7 65. 0 

*SNOW * D E N S  DEW P T  
D E P T H  LB/ T E M P  
I N. F T - 3  DEG F 

N /  A N / A  -5. 6 
28. 0 13.  2 1. 0 
32. 0 13 .  1 5. 0 
32. 5 14 .  8 16. 9 
32. 0 17. 2 28. 9 
N/ A N / A  40. 0 
N /  A N / A  44. 8 
N/ A N / A  42. I 
N/ A N / A  3 3 . 1  
N /  A N / A  19 .  4 
N /  A N / A  4. 9 
N /  A N / A  -2. 2 

* D A T A  T A K E N  F R O M  P A X O N  S T A T I O N  



Y U K A T A T  A L A S K A  L A T I T U D E :  59. 5 2  

T E M P .  ( DEG PI 
A V E  M I N  MAX 

J A N  2 4 . 2  1 7 . 1  3 1 . 2  
F E B  28. 0 2 0 . 9  3 5 . 0  
M A R  30. 3 22. 6 3 7 . 9  
APR 30. 3 2 2 . 6  37 .9  
HAY 36. I 2 8 . 5  4 3 . 6  
J U N  43. 3 3 5 . 7  5 0 . 8  
J U L  49. 7 4 3 . 0  5 6 . 4  
AUG 5 3 . 4  4 7 . 4  5 9 . 3  
SEP 4 8 . 4  4 1 . 4  5 5 . 4  
OCT 40.7  34. I 47. 3 

DEC 2 6 . 7  2 0 . 7  3 2 . 7  
NOV 3 2 . 2  2 6 . 2  3 8 . 2  

HO HDD WIND CLOUD SNOW D E N S  DEW PT 
BTU/  S P E E D  C O V E R  D E P T H  LE/ TEMP 
P T - 2  P- D A Y  MPH x I N .  P T " 3  D E G  P 

1 0 0  1 2 6 5  7 . 6  7 6 . 0  N / A  N / A  19.7 
265 1 0 3 6  7 . 8  7 9 . 0  N / A  N / A  2 3 . 5  
623 1 0 7 6  7 . 3  7 9 . 0  N / A  N / A  2 5 . 8  

1 0 4 9  8 6 8  7 . 3  7 9 . 0  N / A  N / A  2 5 . 7  
1 2 6 6  673  7 . 8  0 4 . 0  N / A  N / A  3 1 . 7  
1 3 4 3  459  7 . 3  8 6 . 0  N / A  N / A  3 9 . 3  
1 2 0 6  360  6 . 8  8 6 . 0  N / A  N / A  46 .5  

9 4 1  375  6 . 5  8 3 . 0  N / A  N / A  5 0 . 5  
6 3 4  499  7 . 1  8 5 . 0  N / A  N / A  4 5 . 8  
344  7 5 2  8 . 3  8 6 . 0  N / A  N / A  3 7 . 6  
1 3 5  985  7 . 8  8 2 . 0  N / A  N / A  2 8 . 6  

5 1  1 1 8 6  8 . 1  8 1 . 0  N / A  N / A  2 2 . 4  



APPENDIX B 

Calculated "R"  Values  
for 

the 17 A l a s k a n  SQMET Si tes  



A N N E T T E  
V A L U B S  FOR R ( R = I N C L I N E D  R A D I A T I O N / H O R I Z O N T A L  R A D I A T I O N )  

A Z I M U T H  A N G L E = O  
T I L T  A N G L E  

5 1 0  1 5  2 0  30  45 

J A N  1 . 2 0  1 . 3 9  1 . 5 7  1 . 7 5  2 . 0 6  2 . 4 3  
PEE 1 . 1 2  1 . 2 3  1 . 3 4  1 . 4 4  1 . 6 2  1 . 8 1  
MAR 1 . 0 7  1 . 1 3  1 . 2 0  1 . 2 5  1 . 3 4  1 . 4 2  
A P R  1 . 0 4  1 . 0 7  1 . 1 0  1 . 1 3  1 . 1 5  7 . 1 5  
HAY 1 . 0 3  I. 04 1. 05 1. 05 1 . 0 5  1 . 0 0  
J U N  1 . 0 2  1 . 0 3  1 . 0 3  1 . 0 3  1 . 0 1  0 . 9 4  
J U L  1 . 0 2  1 . 0 3  1 . 0 4  1 . 0 4  1 . 0 2  0 . 9 7  
AUG 1 . 0 3  1 .05  1 . 0 7  7 . 0 9  1 . 1 0  1 . 0 7  
SEP 1 . 0 5  1 . 1 0  1 . 1 4  1 . 1 8  1 . 2 4  1 . 2 8  
O C T  1 . 0 9  1 . 1 7  1 . 2 5  I. 3 3  1 . 4 6  1 . 5 8  
NOV 1 . 1 7  1 . 3 3  1 . 4 9  1 . 6 4  7 . 9 0  2 . 2 1  
D E C  1 . 2 1  1 . 4 1  1 . 6 1  1 . 7 9  2 . 1 2  2 .52  

A Z I M U T H  A N G L E = 9 0  
T I L T  A N G L E  

5 I O  1 5  2 0  30 

J A N  1 . 0 1  1 . 0 1  1 . 0 2  1 . 0 2  1 . 0 4  
F E B  0 . 9 9  0 .99  0 .99  0 .99  0 . 9 9  
MAR 0 . 9 9  0 . 9 9  0 . 9 8  0 . 9 8  0 . 9 6  
A P R  1 . 0 0  0 . 9 9  0 . 9 9  0 . 9 8  0 . 9 6  
MAY 1 . 0 0  1 . 0 0  0 . 9 9  0 . 9 8  0 . 9 6  
J U N  1 . 0 1  1 . 0 0  1. 00 0. 9 8  0 . 9 6  
J U L  1. 0 1  I. 00 0. 9 9  '0. 9 8  0. 96  
AUG 1 . 0 0  0 .99  0 . 9 9  0 . 9 8  0 . 9 5  
S E P  0 . 9 9  0 . 9 9  0 . 9 8  0 . 9 7  0 . 9 6  
O C T  0 . 9 9  0 . 9 9  0 . 9 9  0 . 9 8  0 . 9 7  
NOV 1 . 0 0  1 . 0 0  1 . 0 1  1 . 0 1  1 . 0 2  
D E C  1 . 0 1  1 . 0 1  1 . 0 2  1 . 0 3  1 . 0 4  

45 

1. 04  
0. 97 
0. 93 
0. 9 1  
0 . 9 0  
0. 90  
0. 90  
0. go 
0. 92 
0. 94 
I. 02 
1. 0 4  

A Z I M U T H  A N G L E = 1 8 0  
T I L T  A N G L E  

5 1 0  1 5  2 0  30  45 

J A N  0 . 8 1  0 . 6 3  0 . 5 4  0 . 5 4  0 . 5 2  0 . 5 0  
FEB 0 . 8 7  0 . 7 4  0 . 6 2  0 . 5 1  0 . 4 8  0 . 4 5  
MAR 0 . 9 1  0 . 8 3  0 . 7 4  0 . 6 5  0 . 4 6  0 . 4 1  
A P R  0 .95  0 . 9 0  0. 85 0. 79  0 . 6 6  0 . 4 5  
M A Y  0 . 9 8  0 . 9 5  0 . 9 2  0 . 8 8  0 . 7 9  0 . 6 3  
J U N  1 . 0 0  0 . 9 8  0 . 9 5  0 . 9 3  0 . 8 6  0 . 7 2  
J U L  0 . 9 9  0 . 9 7  0 .  9 4  0. 9 1  0 . 8 3  0 . 6 8  
AUG 0 . 9 7  0 . 9 3  0 . 8 9  0 . 8 4  0 . 7 3  0 . 5 5  
S E P  0.93  0 . 8 7  0 . 8 0  0 . 7 2  0 . 5 7  0 .43  
O C T  0 . 8 9  0 . 7 9  0 . 6 9  0 . 5 9  0 . 5 0  0 . 4 8  
NOV 0 . 8 3  0 . 6 7  0 . 5 4  0 . 5 3  0 . 5 1  0 . 4 9  
D E C  0 . 8 1  0 . 6 4  0 .60  0 . 6 0  0 . 5 8  Q.55 

A Z I M U T H  A N G L E s 4 5  
T I L T  A N G L E  

5 10 1 5  20  30 45 

1. 1 4  1. 2 7  1. 40 1. 52 1. 73 I. 9 6  
1 . 0 8  1. 1 6  1 . 2 4  1 . 3 0  1. 42 I. 5 3  
I. 0 4  I. 09  I. 1 3  1. 17 1. 23 1. 2 7  
I. 03 I. 0 5  I. 0 7  I. 09 1. I O  I. 09 
1 . 0 2  1. 03 1 . 0 4  1 . 0 4  1 . 0 3  0. 9 9  
I. 0 2  1 . 0 2  I. 02 1 . 0 2  1 . 0 0  0 . 9 4  
I. 0 2  1. 0 2  1. 03  1 . 0 3  I. 0 1  0. 9 6  
1. 0 2  1 . 0 4  1 . 0 5  1. 06 1. 06 1 . 0 3  
I. 0 3  I. 0 7  1. 10 1. 1 2  I. 1 6  1. 1 7  
1. 0 6  I. 1 2  I. 17 I. 22 I. 30 I. 3 7  
1. 1 2  1. 2 3  1. 3 4  1. 44 1. 62 1. 8 1  
I. 1 5  I. 2 9  1. 43 I. 55 1 . 7 7  2. 03 

A Z I M U T H  A N G L E s 1 3 5  
T I L T  A N G L E  

5 10 1 5  20  30 45 

0. 8 7  0. 7 5  0. 66  0. 59 0. 52  0. 5 0  
0 .  9 1  0. 8 2  0. 7 4  0. 68  0. 59  0. 5 2  
0. 9 4  0. 8 8  0. 82  0. 76 0. 6 7  0. 57  
0. 96  0. 9 3  0. 89  0. 84 0. 76 0. 6 5  
0. 99  0. 9 7  0. 9 4  0. 9 1  0. 8 4  0. 7 3  
I. 00 0. 99  0. 96 0 . 9 4  0. 8 8  0. 7 7  . 
1 . 0 0  0 . 9 8  0 . 9 5  0 . 9 3  0 . 8 6  0 . 7 5  - 
0. 9 8  0. 9 5  0. 9 1  0. 88 0. 80 0. 7 0  
0. 95 0. 9 0  0. 85 0. 80  0. 7 2  0. 62  
0, 9 2  0. 8 6  0. 79 0. 73 0. 64  0. 56  
0. 8 8  0. 77 0. 69  0. 62 0. 5 1  0. 5 1  
0. 8 7  0. 75  0. 66 0. 60  0. 58  0. 55  



BARROW 
VALUES FOR R ( R=INCLINED RADIATION/HORIZONTAL RADIATION) 

AZIMUTH ANGLEtO AZIMUTH ANGLE=45 
TILT ANGLE TILT ANGLE 

5 I O  15 20 30 45 5 IO 15 20 30 45 

J A N  0.00 0.00 0.00 0.00 0.00 0.00 
PEB 7.64 2.25 2.85 3.42 4.51 5.88 
MAR 1.20 1.40 7.60 1.78 2.12 2.51 
APR 1.08 1.16 1.23 1.29 7.39 1.48 
MAY 1.00 1.02 1.04 1.05 1.07 1.06 
JUN  0.99 1.02 1 . 0 3  1.05 1.07 1 . 0 6  
JUL 1.00 1.02 1.04 1.06 1.08 1.07 
AUG 1.05 1.09 1.13 1.16 1.20 1.22 
SEP 1.09 1.18 1.26 1.34 1.47 1.61 
OCT 1.31 1.62 1.91 2.19 2.71 3.35 
NOV 0.00 0.00 0.00 0.00 0.00 0.00 
DEC 0.00 0.00 0.00 0.00 0. 00 0.00 

0.00 0.00 0. 00 0.00 0.00 0.00 
I. 45 I. 88 2. 30 2. 71 3. 46 4. 40 
I. 14 1. 29 1. 43 1. 57 1. 81 2.09 
1.06 1. 12 1. 17 I. 23 I. 31 I. 39 
0.99 1.00 1.02 1.03 1.04 1.02 
0.99 1. 00 I. 01 I. 02 I. 04 1. 02 
0.99 I. 00 1. 02 1.03 1. 04 I. 03 
I. 04 1. 07 I. 10 1. 12 I. 16 1. 77 
I. 06 1. 13 1. 1 9  I. 24 I. 34 1. 43 
I. 22 I. 43 1. 64 1. 84 2. 20 2. 63 
0.00 0.00 0.00 0.00 0.00 0.00 
0.00 0 . 0 0  0. 0 0  0.00 0.00 0.00 

AZIMUTH ANGLE-135 
TILT ANGLE 

AZIMUTH ANGLE=90 
TILT ANGLE 

5 I O  I 5  20 30 45 5 10 15 20 30 45 

J A N  0. 00 0.00 0.00 0.00 0.00 0.00 
PEB 1.04 1.10 7.17 1.25 1.42 1.62 
M A R  1.00 1.01 1.04 1.08 1.15 1.24 
APR 1.01 1.01 1.02 1.03 1.06 1.09 
M A Y  0.97 0.97 0.96 0.95 0.94 0.91 
JUN  0.97 0.97 0.96 0.96 0.95 0.93 
JUL 0.97 0.97 0.96 0.96 0.95 0.93 
AUG 1.01 1.01 1.01 1. 0 1  1.02 1. 01 
SEP 0.99 1.00 1.00 1.01 1.02 1.03 
OCT 1.01 1.03 1.07 1.11 1.19 1.28 
NOV 0. 00 0.00 0.00 0.00 0. 00 0.00 
DEC 0. 00 0.00 0.00 0. 00 0. 00 0. 00 

J A N  
F E B  
MAR 
APR 
M A Y  
J UN 
J UL 
AUG 
SEP 
OCT 
NOV 
DEC 

AZIMUTH ANGLE-180 
TILT ANGLE 

5 io I5 20 30 45 

0. 00 0. 00 0.00 0.00 0. 00 0.00 
0. 49 0. 46 0. 45 0. 45 0. 44 0. 42 
0. 78 0. 56 0. 35 0. 31 0. 31 0. 30 
0. 93 0. 84 0. 75 0. 66 0. 48 0. 43 
0. 95 0. 92 0. 89 0. 85 0. 77 0. 67 
0. 95 0. 93 0. 90 0. 87 0. 79 0. 69 
0. 95 0. 93 0. 90 0. 87 0. 79 0. 68 
0. 97 0. 92 0. 87 0. 82 0. 69 0. 61 
0. 89 0. 79 0. 68 0. 57 0. 52 0. 50 
0. 70 0. 52 0. 52 0. 51 0. 50 0. 48 
0. 00 0.00 0.00 0. 00 0. 00 0.00 
0. 00 0. 00 0.00 0.00 0.00 c; 00 

0.00 0.00 0. 0 0  0. 00 0.00 0.00 
0. 64 0. 46 0. 45 0. 45 0. 44 0. 42 
0. 84 0. 72 0. 62 0. 56 0. 52 0. 50 
0. 95 0. 89 0. 83 0. 77 0. 71 0. 68 
0. 96 0. 93 0. 91 0. 88 0. 81 0. 76 
0. 96 0. 94 0. 92 0. 89 0. 82 0. 78 
0. 96 0, 94 0. 91 0. 89 0. 82 0. 77 
0. 98 0. 95 0. 91 0. 86 0. 80 0. 76 
0. 92 0. 85 0. 79 0. 74 0. 69 0. 65 
0. 80 0. 65 0. 56 0. 51 0. 54 0. 51 
0.00 0.00 0.00 0.00 0.00 0.00 
0.00 0.00 0.00 0.00 0.00 0.00 

I . . ..._ ... i. .... 1 I.. \,_.. ..... . ,,.. .. * . ' > 1  , . , . . . . , . _ . . I . , . .  .......,... . . .. 



BETHEL 
VALUES FOR R ( R-INCLINED RADIATION/HORIZONTAL RADIATION) 

AZIMUTH ANGLEtO AZIMUTH ANGLE=45 
TILT ANGLE TILT ANGLE 

5 10 15 20 30 45 5 10 15 20 30 45 

J A N  1.41 1.80 2.18 2.55 3.23 4.07 
FEB 1.20 1.40 1.59 1.77 2.10 2.48 
MAR 1. 10 1.21 1.31 1.40 1.55 I. 71 
APR 1.05 1.10 1.14 1.18 1.23 7.26 
M A Y  1.03 1.05 1.07 7.08 1.08 1.05 
J U N  1.03 1.03 1.04 1.04 1.03 0.98 
JUL 1.03 1.04 1.05 1.05 1.04 1.00 
AUG 1.03 1.06 1.08 1.10 1.17 1. 10 
SEP 1.06 1.13 1.18 1.24 1.32 1.39 
OCT 1.14 1.28 1.42 1.54 1.76 2.01 
NOV 1. 32 1.63 1.93 2.21 2.73 3. 38 
DEC 1.46 7.88 2.30 2.70 3.45 4. 39 

I. 30 I. 57 1. 83 2. 09 2. 55 3. 12 
I. 14 I. 28 1. 41 1. 54 I. 76 2.01 
1. 07 I. 14 1. 21 I. 28 I. 39 I. 49 
1. 04 I. 07 1. 10 I. 13 I. 17 1. 19 
1. 03 I. 04 1. 05 I. 06 1. 06 1. 03 
I. 02 1.03 1.03 1. 03 1.02 0.97 
1. 02 1. 03 I. 04 1. 04 1. 03 0. 99 
1. 03 1. 04 1.06 1.07 1. 08 1.06 
1. 04 I. 09 I. 1 3  I. 16 1. 22 1. 26 
I. 10 I. 20 I. 29 I. 38 1. 53 1. 68 
I. 23 1, 44 1. 65 I. 85 2. 20 2. 63 
I. 33 1. 63 I. 92 2. 20 2. 71 3. 35 

AZIMUTH ANGLEZ90 AZIMUTH ANGLE=l35 
TILT ANGLE TILT ANGLE 

5 10 15 20 30 45 5 10 15 20 30 45 

J A N  1.02 1.04 1.07 '1.11 1.18 1.26 
F E B  1.00 1.01 1.02 1.03 1.06 1. 10 
M A R  0.99 0.99 1.00 1.00 1.01 1.00 
A P R  1.00 1.00 0.99 0.99 0.98 0.95 
X A Y  1.01 7.01 1.00 0.99 0.97 0.93 
J U N  1.01 1.01 1.00 0.99 0.97 0.92 
JUL 1.01 1.01 1.00 0.99 0.97 0.92 
AUG 1.00 1.00 0.99 0.98 0.96 0.92 
SEP 0.99 0.99 0.99 0.98 0.97 0.95 
OCT 0.99 1.00 1.00 1.01 1.02 1.03 
NOV 1.01 1.03 1.05 1.08 1.13 I. 19 
DEC 1.03 1.05 1.08 1.12 1.19 1.26 

AZIMUTH ANGLE=180 
TILT ANGLE 

5 10 15 20 30 45 

J A N  0.65 0.50 0.50 0.49 0.48 0.46 
F E B  0. 79 0.59 0.43 0.41 0.40 0. 38 
M A R  0. 8-7 0. 75 0. 63 0. 50 0. 35 0 .  33 
APR 0.94 0.88 0.81 0.74 0.58 0.40 
MAY 0. 98 0.95 0.92 0.87 0.78 0. 61 
J U N  1. 00 0. 98 0. 96 0. 93 0. 85 0. 72 
JUL 1.00 0.97 0.94 0.91 0.83 0.69 
AUG 0.97 0.93 0.89 0.84 0.73 0.56 
SEP 0.92 0.84 0.76 0.67 0.49 0.43 
OCT 0.84 0.69 0.55 0.45 0.44 0.42 
NOV 0. 71 0. 49 0. 49 0.48 0.47 0. 45 

0. 76 0. 58 0. 50 0. 49 0. 48 0. 46 
0. 85 0. 73 0. 63 0. 55 0. 40 0 .  44 
0. 91 0. 83 0. 75 0. 69 0. 59 0. 52 
0. 96 0. 91 0. 86 0. 81 0. 72 0. 64 
0. 99 0. 97 0. 94 0. 90 0. 83 0. 73 
1. 00 0. 99 0. 97 0. 94 0. 87 0. 77 
1. 00 0. 98 0. 96 0. 93 0. 84 0. 76 
0. 98 0. 95 0. 92 0. 88 0. 80 0. 71 
0. 94 0. 88 0. 83 0. 78 0. 69 0. 61 
0. 89 0. 79 0. 70 0. 64 0. 55 0. 51 

0. 75 0. 61 0. 61 0. 60 0. 59 0. 55 
0. a o  0. 64 0. 54 0. 48 0. 47 0. 45 
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J A N  
FEE 
MAR 
APR 
HAY 
J UN 
J UL 
AUG 
SEP 
OCT 
NOV 
DEC 

JAN 
FEE 
M A R  
APR 
M A Y  
J UN 
J UL 
A UG 
SEP 
OCT 
NOV 
DEC 

J A N  
F E B 
M A R  
APR 
M A Y  
J UN 
J UL 
A UG 
SEP 
OCT 
NOV 
DEC 

BETTLES 
VALUES FOR R ( RrINCLINED RADIATION/HORIZONTAL RADIATION) 

AZIMUTH ANGLE=O 
TILT ANGLE 

5 1 0  1 5  2 0  30 45 

AZIMUTH ANGLE=45 
TILT ANGLE 

5 I O  I 5  20 3 0  45 

2. 24 3. 42  4. 5 8  5. 7 2  7. 85 10. 6 
I. 36 I. 70 2. 03  2. 35 2. 94  3 .  67  
1 . 1 5  I. 3 0  I. 45 I. 5 8  1 . 8 2  2 .09  
1. 07  I. 1 4  I. 2 0  1. 25  1. 34  I. 4 0  
1. 04 1. 07 I. 0 9  I. I O  1. 1'2 1. 11 
0 . 9 8  1 . 0 0  1 . 0 1  I. 0 1  1 . 0 2  0 . 9 8  
1. 02  1. 0 4  I. 0 5  I. 0 6  1. 07  1. 04 
1 .05  1. 0 9  I. 1 3  1. 1 5  I. 1 9  I. 2 1  
1 . 0 9  I. 1 9  I. 2 8  1. 36  I. 50 1 . 6 3  
1. 24 1. 4 7  I. 6 9  1. 90  2. 29 2. 75 

1. 3 9  1. 3 8  1. 37  1. 35 I. 3 1  1. 22 
I. 93 2. 8 1  3. 6 8  4. 53  6. 11 8. 15  

I. 8 8  2. 7 2  3. 54  4. 3 3  5. 8 3  7. 7 5  
1. 25  1. 49 I. 73 I. 95 2. 35  2. 85  
7 . 1 0  I. 2 1  1. 32 1. 42 1. 5 9  1. 7 8  
1. 05 1. I O  I. 1 5  I. 1 9  1. 2 6  1. 32  
1 . 0 3  1 . 0 5  1 . 0 7  1 . 0 8  1. 1 0  1 . 0 9  
0. 9 8  0. 99  0. 99 1. 00 0. 9 9  0. 96  
1. 0 2  1 . 0 3  1 . 0 4  1 . 0 4  I. 0 5  1 . 0 2  
I. 0 4  1 - 0 7  1 . 0 9  I. 1 2  1. 1 5  1. 1 6  
I. 07 1 . 1 3  1 . 2 0  1 . 2 6  I. 3 6  1. 46 
I. 17 1. 33 1. 49 1. 63 I. 9 0  2. 2 1  
I. 6 6  2. 29  2. 90 3. 49  4. 5 9  6. 00 
1. 39 I. 38 I. 37 I. 3 5  I. 37 I. 2 2  

AZIMUTH ANGLES90 
TILT ANGLE 

5 I O  1 5  2 0  30  45 

AZIMUTH ANGLE=135 
TILT ANGLE 

5 I O  1 5  20 3 0  45 

1 . 0 8  I. 1 6  1 . 2 5  1. 35 1 . 5 3  1. 75 
1. 0 1  I. 0 4  I. 0 7  1. 1 2  I. 20 I. 30 
0. 99 1. 00 1. 0 2  1. 03  1 .07  1. 11 
1 . 0 0  1 .00  1 . 0 1  1 . 0 1  1 . 0 2  1 . 0 3  
1 . 0 1  1 . 0 1  I. 0 1  I. 0 1  1 . 0 0  0 . 9 9  
0. 97  0. 9 6  0. 9 5  0. 95  0. 93 0. 89 
I. 01 I. 0 0  I. 00 0. 9 9  0. 9 8  0. 95 
1 . 0 1  I. 01 I. 00 1 . 0 0  1 . 0 0  0 . 9 8  
0 .99  1. 00 I. 00 1. 0 1  I. 02 1 . 0 3  
1 . 0 0  1. 0 2  1. 0 4  1. 06  1. 1 2  I. 1 8  
1 . 0 6  1. 1 3  I. 2 1  1. 3 1  1. 49 1. 72 
I. 39 1. 3 8  1. 3 7  I. 35 I. 3 1  1 . 2 2  

0. 6 7  0. 66 0. 66  0. 65 0. 6 4  0. 6 0  
0. 7 7  0. 6 0  0. 50 0. 4 1  0. 4 0  0. 4 2  
0. 8 8  0. 77  0. 6 8  0. 6 1  0. 5 4  0. 5 0  
0. 95  0. 89 0. 83  0. 78 0. 70 0. 6 4  
0. 9 9  0. 9 7  0. 94  0. 90  0. 7 6  0. 75 
0. 9 6  0. 95 0. 93  0. 9 1  0. 8 5  0. 7 7  
1. 00 0. 9 8  0. 96  0. 9 3  0. 8 6  0. 7 9  
0: 9 8  0. 94  0. 90  0. 85 0. 7 8  0. 7 1  
0. 9 2  0. 84  0. 7 7  0. 72 0. 6 4  0. 5 9  
0. 83  0. 70  0. 60  0. 5 4  0. 4 2  0. 47 
0. 5 4  0. 47 0. 47 0. 47 0. 46  0. 4 3  
0 . 0 0  0 . 0 0  0 . 0 0  0.00 0. 00 0.00 

AZIMUTH ANGLE=180 
TILT ANGLE 

5 I O  1 5  2 0  30 45 

0. 67 0. 6 6  0. 66  0. 65 0. 64  0. 60  
0. 66 0. 42  0. 4 1  0. 4 1  0. 40 0. 39 
0. 83 0. 66  0. 4 9  0. 3 3  0. 32 0. 3 1  
0. 93 0. 85  0. 76  0. 6 7  0. 4 9  0. 38  
0. 99  0. 95  0. 92  0. 8 7  0. 77  0. 6 1  
0. 96 0. 9 5  0. 93  0. 90 0. 84 0. 7 1  
0. 9 9  0. 9 7  0. 9 4  0. 9 1  0. 84 0. 69 
0. 96 0. 9 1  0. 8 6  0. 8 0  0. 67  0. 5 3  
0. 89 0. 7 8  0. 66  0. 5 4  0. 40 0. 38 
0. 76 0. 53  0. 43 0. 42 0. 42 0. 40 
0. 47 0. 4 7  0. 47  0. 47  0. 4 6  0. 4 3  
0 . 0 0  0. 00 0.00 0. 00 0. 00 0 . 0 0  



BIG DELTA 
VALUES F O R  R ( R=INCLINED AADIATION/HORIZONTAL RADIATION) 

AZIMUTH ANCLE=O 
TILT ANGLE 

5 10 15 20 30 45 

J A N  7.68 2.32 2.95 3.56 4.71 6.16 
FEB 1.27 1.53 1.79 2.03 2.47 3.01 
M A R  1.13 1.26 1.38 1.50 1.70 1.91 
APR 1.06 1.12 1.17 1.22 1.29 1.34 
M A Y  1.04 1.06 1.08 1.10 1.11 1.09 
J U N  1.02 1.03 1.04 1.04 1.04 1.00 
JUL 1.03 1.05 1.06 1.07 1.07 1.03 
AUG 1.05 1.09 1.12 1.15 1.18 1.19 
SEP 1.08 1.17 1.25 1.32 1.44 1.55 
OCT 1.19 1.38 1.56 1.73 2.03 2.39 
NOV 1.55 2.08 2.59 3.09 4.02 5.19 
DEC 1.35 1.67 1.97 2.26 2.81 3.49 

AZIMUTH ANGLE=90 
TILT ANGLE 

5 I O  15 20 30 45 

J A N  1.04 1.09 1.14 1.21 1.33 1.48 
FEB 1.01 1.02 1.04 1.07 1.13 1. 19 
M A R  0.99 1.00 1.01 1.02 1.04 1.06 
APR 1.00 1.00 1.00 1.00 1.00 0.99 
M A Y  1.01 1.01 1.00 1.00 0.99 0.96 
J U N  1.01 1.00 1.00 0.99 0.97 0.94 
JUL 1.01 1.01 1.00 7.00 0.98 0.95 
AUG 1.01 1.00 1.00 1.00 0.99 0.97 
S E P  0.99 0.99 1.00 1.00 1.00 1.00 
OCT 1.00 1.01 1.02 1.04 1.07 1.10 
NOV 1.03 1.07 1.12 1.17 1.29 7.42 
DEC 1.04 1.05 1.07 1.08 1.10 1.11 

AZIMUTH ANGLE=180 
TILT ANGLE 

5 I O  15 20 30 45 

J A N  0.53 0.53 0.52 0.52 0.51 0.48 
FEB 0.73 0.49 0. 40 0.40 0.39 0. 37 
M A R  0.85 0.70 0.55 0.40 0.31 0.30 
APR 0.93 0.86 0.78 0.70 0.53 0.38 
M A Y  0.99 0.95 0.91 0.87 0.77 0.59 
J U N  1.00 0.98 0.96 0.93 0.86 0.72 
JUL 1.00 0.97 0.94 0.91 0.82 0.67 
AUG 0.96 0.91 0.85 0.79 0.66 0.49 
S E P  0.90 0.79 0.69 0.58 0.39 0. 36 
OCT 0.80 0.61 0.44 0.41 0.41 0. 39 
NOV 0.54 0.43 0.43 0.43 0.42 0. 40 
DEC 0.89 0.88 0.88 0.87 0.84 0.79 

AZIMUTH ANGLEt45 
TILT ANGLE 

5 I O  15 20 30 45 

I. 49 I. 94 2. 38 2. 81 3. 60 4. 60 
I. 19 1. 38 1. 55 1. 72 2.03 2. 38 
1.09 1. 18 I. 27 I. 35 I. 50 1. 65 
1.05 1.09 1. 13 1. 16 I. 22 1. 26 
1. 03 1. 05 1. 06 I. 07 I. 09 I. 07 
1. 02 1. 03 I. 03 I. 03 1. 03 0. 99 
1. 03 1. 04 1.04 1.05 I. 05 I. 02 
I. 04 I. 06 1. 09 I. I1 1. 14 I. 15 
1. 06 I. 12 I. 18 I. 23 I. 32 I. 39 
1. I 3  1. 26 1.39 1.51 1.72 1. 95 
1. 40 I. 77 2. 13 2. 47 3. I 1  3. 91 
1. 26 1. 48 1.69 1. 89 2. 27 2. 73 

AZIMUTH ANGLE=135 
TILT ANGLE 

5 I O  15 20 30 45 

0. 64 0. 53 0. 52 0. 52 0. 51 0. 48 
0. 82 0. 66 0. 56 0. 48 0. 39 0. 42 
0. 89 0. 80 0. 71 0. 64 0. 55 0. 50 
0. 95 0. 90 0. 85 0. 79 0. 70 0. 63 
0. g g  0.97 0.93 0.90 0.80 0. 73 
I. 00 0. 99 0. 97 0. 94 0. 87 0. 78 
'1. 00 0. 98 0. 96 0. 93 0. 85 0. 76 
0. 97 0. 93 0. 89 0. 85 0. 77 0. 69 
0. 92 0. 86 0. 79 0. 73 0. 64 0. 58 
0. 86 0. 74 0. 64 0. 58 0. 43 0. 47 
0. 68 0. 44 0. 43 0. 43 0. 42 0. 40 
0. 8 9  0. 88 0. 88 0. 87 0. 84 0. 79 
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FAIRBANKS 
VALUBS F O R  R ( R o I N C L I N E D  R A D I A T I O N / H O R I Z O N T A L  R A D I A T I O N )  

A Z I M U T H  A N G L E = O  
T I L T  ANGLE 

5 I O  1 5  20 30 45  

J A N  1 . 6 9  2 . 3 5  2 . 9 9  3 . 6 1  4 . 7 7  6 . 2 6  
FEB 1 . 2 9  1 . 5 6  1 . 8 3  2 . 0 9  2 . 5 6  3 . 1 4  
M A R  1 . 1 3  1 . 2 7  1 . 3 9  1 . 5 7  1 . 7 2  1 . 9 5  
APR 1. 06 1. 1 2  1. 18 1. 22 1. 29 1. 34. 
M A Y  1 . 0 4  1 . 0 6  1 . 0 8  1 . 1 0  1.11 1 . 0 9  
J U N  1 . 0 2  1 . 0 3  1 . 0 4  1 . 0 4  1 . 0 4  1 . 0 0  
J U L  1 . 0 3  1 . 0 5  1 . 0 6  1 . 0 6  1 . 0 7  1 . 0 3  
AUG 1 . 0 5  1 . 0 9  1 . 1 2  1 . 1 4  1 .18 1 . 1 9  
SEP 1 . 0 8  1 . 1 7  1 . 2 5  1 . 3 2  1 . 4 4  1 . 5 5  
OCT 1 . 1 9  1 . 3 9  1 . 5 7  1 . 7 4  2 . 0 6  2 . 4 3  
N O V  1 . 6 1  2 . 1 9  2 . 7 6  3 . 3 1  4 . 3 3  5 . 6 3  
DEC 1 . 1 4  1 . 1 4  1 . 1 3  1.11 1 . 0 8  1 . 0 0  

A Z I M U T H  ANGLES90 
T I L T  ANGLE 

5 I O  1 5  20 30 45 

J A N  1 . 0 5  1 . 0 9  1 . 1 5  1 . 2 1  1. 32 1 . 4 6  
F E B  1 . 0 1  1 . 0 2  1 . 0 5  1 . 0 8  1. I 4  1 . 2 1  
MAR 0 . 9 9  1 . 0 0  1 . 0 1  1 . 0 2  1 . 0 5  1 . 0 7  
APR 1 . 0 0  1 . 0 0  1 . 0 0  1 . 0 0  1 . 0 0  7 . 0 0  
M A Y  1 . 0 1  1 . 0 1  1 . 0 1  1 . 0 0  0 . 9 9  0 . 9 7  
J U N  1 . 0 1  1 . 0 0  0 . 9 9  0 . 9 9  0 . 9 7  0 . 9 4  
J U L  1 . 0 1  1 . 0 1  1 . 0 0  1 . 0 0  0 . 9 8  0 . 9 5  
A U G  1 . 0 1  1 . 0 0  1 . 0 0  1 . 0 0  0 . 9 9  0 . 9 7  
SEP 0 . 9 9  0 . 9 9  1 . 0 0  1 . 0 0  1 . 0 0  1 . 0 0  
O C T  1 . 0 0  1 . 0 1  1 . 0 2  1 . 0 4  1 . 0 7  1.11 
N O V  1 . 0 4  1 . 0 8  1 . 1 3  1 . 2 0  1 . 3 2  1 . 4 7  
DEC 1 . 1 4  1 . 1 4  1 . 1 3  1.11 1 . 0 8  1 . 0 0  

A 2 1  H U T H  A N G L E = l 8 0  
T I L T  ANGLE 

5 1 0  1 5  20 30 45  

JAN 0 . 6 1  0 . 6 1  0 . 6 0  0 . 6 0  0 . 5 8  0 .55  
F E B  0 . 7 2  0 . 4 7  0 . 4 1  0 . 4 1  0. 40  0. 38 
M A R  0 . 8 4  0 . 6 9  0 . 5 4  0. 39 0 . 3 2  0. 31 
APR 0 . 9 3  0 . 8 6  0 . 7 8  0 . 7 0  0 . 5 3  0 . 3 9  
M A Y  0 . 9 9  0 . 9 5  0 . 9 1  0 . 8 7  0 . 7 7  0 . 6 0  
J U N  1 . 0 0  0 . 9 8  0 . 9 6  0 . 9 3  0 . 8 6  0 . 7 3  
J U L  1 . 0 0  0 . 9 7  0 . 9 4  0 . 9 1  0 . 8 3  0 . 6 8  
A U G  0 . 9 6  0 . 9 1  0 . 8 6  0 . 8 0  0 . 6 7  0 . 5 1  
SEP 0 . 9 0  0 . 8 0  0 . 6 9  0 . 5 8  0. 4 1  0. 38 
O C T  0 . 7 9  0 . 6 0  0 . 4 4  0 . 4 3  0 . 4 3  0 . 4 1  
N O V  0 . 5 2  0 . 4 6  0 . 4 5  0 . 4 5  0. 44 0 . 4 2  
DEC 1 . 4 3  1 . 8 3  2 . 2 1  2 .58  3 . 2 7  4: 1 6  

A Z I X U T H  ANGLE-45 
T I L T  A N G L E  

5 1 0  1 5  20 30 45 

1. 50 1. 96 2. 4 1  2. 84  3. 65 4.  6 7  
1 . 2 0  1 . 4 0  1. 59 1 . 7 6  2 . 0 9  2 . 4 7  
1 . 0 9  1. 1 9  I .  2 8  I .  37  1. 52 I .  67 
1. 05 1 . 0 9  I. 1 3  1. 17  1 . 2 2  1 . 2 6  
1. 03 1 . 0 5  I .  06  I .  0 8  I .  09 1. 07 
1 . 0 2  I .  02 1. 0 3  I .  0 3  1 . 0 2  0 . 9 9  
1. 03 1. 04 1. 0 4  1. 05  I .  05 1. 02 
I .  04 I .  06 1. 0 9  1. 11 I.  1 4  I .  I 4  
1 . 0 6  1 . 1 2  I .  18 1 . 2 3  1. 32 1. 39 
I .  1 4  I .  27  I .  4 0  1. 52  I .  74 1. 98 
1. 44 I .  8 4  2. 2 4  2. 6 3  3. 34 4 .  22 
1. 1 4  1. 1 4  I. 1 3  I .  11 I.  08 I .  00 

AZIMUTH A N G L E = 1 3 5  
T I L T  A N G L E  

5 I O  1 5  20 30 45 

0. 66 0. 6 1  0. 6 0  0. 60 0. 5 8  0. 55 
0. 81  0. 65  0. 55 0. 46 0. 4 0  0. 43 
0. 89 0. 79 0. 7 0  0. 64 0. 5 5  0. 50 
0. 95 0. 90 0. 85 0. 79 0. 71  0. 64 
0 . 9 9  0 . 9 7  0 . 9 4  0. g o  0 . 8 0  0 . 7 4  
1 . 0 0  0 . 9 9  0. 97 0. 94 0. 88 0. 79 . 
1. 00 0 . 9 8  0 . 9 6  0 . 9 3  0. 85  0. 77 . 
0. 98  0. 9 4  0. 9 0  0. 85 0. 77  0. 70 
0. 93  0. 86  0. 7 9  0. 73  0. 65  0. 59 
0. 86 0. 74  0. 6 4  0.  58  0. 43 0.  48 
0. 66 0. 46 0. 45  0. 45 0. 4 4  0 .  4 2  
1. 3 2  1 . 5 9  1 . 8 6  2 .  1 2  2. 60  I .  00  
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J A N  
F E B  
HAR 
APR 
M A Y  
J UN 
JUL 
AUG 
SEP 
OCT 
NOV 
DEC 

J A N  
FEB 
M A R  
APR 
M A Y  
J UN 
J UL 
AUG 
SEP 
OCT 
NOV 
DEC 

J A N  
P E B  
M A R  
APR 
M A Y  
J UN 
JUL 
AUG 
SEP 
OCT 
NO V 
DEC 

GULKANA 
VALUES FOR R ( RtINCLINED RADIATION/HORIZONTAL RADIATION) 

AZIMUTH ANGLEaO 
TILT ANGLE 

5 I O  15 20 30 45 

I. 49 I. 96 2. 41 2. 84 3. 66 4. 68 
1. 23 I. 45 1. 66 1. 87 2. 23 2. 68 
1. 1 2  1. 23  I. 34 I. 45 1. 6 2  1. 8 1  
1. 06 1. I1 I. 16 I. 20 1. 27 I. 31 
I. 04 1, 06 1. 08 1. 09 1. 10 I. 07 
I. 03 1.04 1.04 1.04 I. 04 0. 99 
1. 03 1. 05 I. 06 1.06 1. 06 1. 02 
I. 05 1.08 I. I1 1.14 1.17 1. 17 
I. 08 1. 15 1. 23 1.29 1.39 1. 49 
I. 17 1. 34 1.51 1.66 1. 94 2. 26 
I. 40 1. 77 2. 13 2.49 3. 14 3. 95 
I. 48 1. 93 2. 36 2. 78 3. 56 4. 56 

AZIMUTH ANGLES90 
TILT ANGLE 

5 10 15 20 30 45 

I. 03 1. 06 1. I O  1. 14 I. 23 1. 33 
1. 00 1.01 1.03 1.05 1.09 I. 1 3  
0. 99 0. 99 I. 00 1.01 1.02 I. 03 
I. 00 1.00 1.00 0.99 0.99 0.98 
1.01 I. 01 1.00 1.00 0.98 0.95 
I. 01 1.01 1.00 0.99 0.97 0.93 
1.01 1.01 1.00 0.99 0.98 0.94 
1.00 1.00 I. 00 0.99 0.98 0.95 
0.99 0.99 0.99 0.99 0.99 0.98 
1. 00 1. 00 1. 01 1. 03 1. 05 I. 08 
1. 0 2  1. 04 I. 07 1. 1 1  I. 18 1. 27 
1. 04 I. 06 1. 09 I. 13 1. 19 1. 26 

AZIXUTH ANGLE=180 
TILT ANGLE 

5 10 15 20 30 45 

0. 60 0. 52 0. 51 0. 51 0. 50 0. 47 
0. 77 0. 55 0. 41 0. 40 0. 40 0. 38 
0. 86 0. 73 0. 59 0. 45 0. 32 0. 31 

0. 98 0. 95 0. 91 0. 87 0. 77 0. 59 

0. 99 0. 97 0. 94 0. 90 0. 82 0. 66 
0. 96 0. 91 0. 86 0. 80 0. 67 0. 48 
0. 90 0. 81 0. 71 0. 61 0. 41 0. 37 
0. 81 0. 63 0. 47 0. 39 0. 39 0. 37 
0. 65 0. 47 0. 47 0. 46 0. 45 0. 43 

0. 93 0. 86 0. 79 0. 71 0. 54 0. 37 

I. 0 0  0. 98 0. 96 0. 93 0. 85 0. 71 

0. 70 0. 70 0. 69 0. 68 0. 67 0. 63 

AZIMUTH ANGLE=45 
T I L T  ANGLE 

5 10 7 5  20 30 45 

I. 35 I. 68 I. 99 2. 30 2. 86 3. 55 
1. 16 1, 32 I. 47 1. 61 1. 86 2.15 
1. 0 8  1. I 6  I. 24 1. 3 2  1. 44 1. 5 7  
1.04 1.08 1.12 I. 15 1. 20 1.23 
1.03 1.05 1.06 1. 07 1.08 1.05 
1. 02 I. 03 1. 03 I. 03 I. 03 0. 99 
1.03 1.04 1.04 I. 05 1. 05 1.01 
1.03 I. 06 1.08 I. 10 1. 13 1. 12 
1. 05 I. 11 I. 16 1. 21 1. 28 1. 34 
1. 12 1. 24 1. 36 I. 46 1. 65 I. 86 
I. 28 1. 55 I. 80 2. 04 2. 49 3. 03 
7. 35 I. 66 I. 96 2. 26 2. 80 3. 47 

AZIMUTH ANGLEs135 
TILT ANGLE 

5 IO 15 20 30 45 

0. 72 0. 52 0. 51 0. 51 0. 50 0. 47 
0. 84 0. 70 0. 60 0. 53 0. 40 0. 44 
0. 90 0. 81 0. 73 0. 66 0. 57 0. 50 
0. 95 0. 90 0. 85 0. 80 0. 71 0. 62 
0. 99 0. 97 0. 93 0. 90 0. 82 0. 73 
I. 00 0. 99 0. 97 0. 94 0. 87 0. 77 
I. 00 0. 98 0. 95 0. 92 0. 80 0. 75 
0. 97 0. 94 0. 90 0. 85 0. 77 0. 68 
0. 93 0. 87 0. 80 0. 74 0. 65 0. 58 
0. 87 0. 75 0. 66 0. 59 0. 48 0. 47 
0. 76 0. 58 0. 47 0. 46 0. 45 0. 43 
0. 76 0. 70 0. 69 0. 68 0. 67 0. 63 
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HOMER 
V A L U B S  F O R  R ( R = I N C L I N E D  R A D I A T I O N / H O R f Z O N T A L  R A D I A T I O N )  

A Z I M U T H  A N G L E t O  
T I L T  A N G L E  

5 1 0  1 5  2 0  30 45 

J A N  1 . 3 7  1 . 7 2  2 . 0 6  2 . 3 9  3 . 0 0  3 . 7 5  
F E B  1 . 1 8  1 . 3 6  1 . 5 3  1 . 6 9  1 . 9 8  2 .32  
MAR 1.10 1 . 1 9  1 . 2 9  7 . 3 7  1 . 5 1  1 . 6 5  
A P R  1 . 0 5  1 .10  1 . 1 4  1 .17  1 . 2 2  1 . 2 4  
Y A Y  1 . 0 3  1 . 0 5  1 . 0 7  1 . 0 8  1 . 0 8  1 . 0 5  
J U N  1 . 0 3  1 .03 1 . 0 4  1 . 0 4  1 . 0 3  0 . 9 8  
J U L  1 . 0 3  1 . 0 4  1 . 0 5  1 . 0 6  1 . 0 5  1 . 0 0  
AUG 1 . 0 4  1 . 0 7  1 . 0 9  1.11 1 . 1 4  1 . 1 3  
S E P  1 . 0 6  1 . 1 3  1 . 1 9  1 . 2 4  1 . 3 3  1 . 4 0  
O C T  1 . 1 4  1 . 2 9  1 . 4 2  1 . 5 5  1 . 7 7  2 .02  
NOV 7 . 3 1  1 . 6 1  1 .90  2 . 1 8  2 .69  3 . 3 2  
D E C  1 . 3 9  1 . 7 5  2 . 1 1  2 . 4 5  3 . 0 8  3 . 8 7  

A Z I M U T H  A N G L E S 9 0  
T I L T  A N G L E  

5 I O  1 5  2 0  30 45 

J A N  1 . 0 2  1 . 0 4  1 . 0 6  1 . 0 9  1 . 1 5  1 . 2 2  
F E B  1.00 1 . 0 0  1 . 0 1  1 . 0 2  1 . 0 5  1 . 0 7  
MAR 0 . 9 9  0 . 9 9  0 .99  0 . 9 9  1 .00  0 . 9 9  
A P R  1.00 1 . 0 0  0 .99  0 . 9 9  0 .98  0 . 9 5  
MAY 1 . 0 1  1.00 1 . 0 0  0 . 9 9  0 . 9 7  0 . 9 3  
J U N  1 . 0 1  1 . 0 1  1 . 0 0  0 . 9 9  0 . 9 7  0 . 9 2  
J U L  1 . 0 1  1 . 0 1  1 . 0 0  0 . 9 9  0 . 9 7  0 . 9 2  
AUG 1 . 0 0  1 . 0 0  0 . 9 9  0 . 9 9  0 . 9 7  0 . 9 3  
S E P  0 . 9 9  0 . 9 9  0 .99  0 . 9 8  0 . 9 8  0 . 9 5  
O C T  0 . 9 9  1 . 0 0  1 . 0 0  1 . 0 1  1 . 0 2  1 . 0 3  
NOV 1 . 0 1  1 . 0 3  1 . 0 5  1 . 0 7  1 . 1 2  1 . 1 8  
D E C  1 . 0 3  1 . 0 4  1 . 0 7  1 .10  1 . 1 5  1 . 2 1  

A Z I M U T H  A N G L E - 1 8 0  
T I L T  A N G L E  

5 I O  1 5  2 0  30  45 

J A N  0 .  6 7  0 .  4 8  0. 47' 0. 47 0. 46 0. 44 
FEB 0 . 8 1  0 . 6 3  0 . 4 7  0 . 4 2  0 . 4 1  0 . 3 9  
MAR 0.88 0. 77  0 . 6 5  0 . 5 3  0 . 3 5  0 . 3 4  
A P R  0 . 9 4  0.88 0 . 8 1  0 . 7 4  0 . 5 9  0. 39 
MAY 0. 9 8  0.  9 5  0 . 9 1  0. 87  0 . 7 7  0 . 6 0  
J U N  1 . 0 0  0 . 9 8  0 . 9 5  0 . 9 2  0 . 8 5  0 . 7 0  
J U L  0 . 9 9  0 . 9 7  0 . 9 4  0 . 9 0  0 . 8 2  0 . 6 6  

S E P  0 . 9 2  0 . 8 3  0 . 7 5  0 . 6 6  0 . 4 8  0 . 4 0  
O C T  0 . 8 4  0 . 6 9  0 . 5 4  0 . 4 1  0 . 4 0  0 .38  
NOV 0 . 7 1  0 . 4 7  0 . 4 4  0 . 4 3  0 . 4 2  0 . 4 0  
D E C  0. 69  0 .  6 0  0. 59  0. 59 0. 57 0.. 54  

A U G  0 . 9 6  0. 92  0 . 8 7  0 . 8 2  0 . 7 0  0 . 5 0  

A Z I M U T H  A N G L E = 4 5  
T I L T  ANGLE 

5 10 1 5  20 30 45 

1. 2 7  1. 5 1  1. 75 1. 98  2. 39  2 .89  
I. 1 3  I. 25 1. 3 7  I. 48 I. 6 8  1. 90  
1. 0 7  1. 1 4  1. 2 0  1. 26 I. 36 I. 45 
1 . 0 4  1 . 0 7  1.10 1. 1 3  I. 1 6  1 . 1 8  
I. 03 1. 0 4  1. 05 1 . 0 6  1. 0 6  1. 03 
1 . 0 2  1 . 0 3  1 . 0 3  1 . 0 3  1. 02 0. 97  
1 . 0 2  1 .03 1 . 0 4  1 . 0 4  I. 0 4  1 . 0 0  
1 . 0 3  1 . 0 5  1 . 0 7  1 . 0 8  1. 1 0  1 . 0 9  
1 . 0 4  1 . 0 9  1 . 1 3  1. 1 7  1. 2 3  1 . 2 7  
I. 10 1. 2 0  I. 29 1. 38 I. 53 1. 69 
I. 22 1. 43 1. 6 4  1. 83 2. 1 8  2. 59  
I. 2 8  I. 5 4  1. 7 8  2. 02  2. 4 5  2 .98  

A Z I M U T H  ANGLEs135 
T I L T  ANGLE 

5 I O  1 5  2 0  30 45 

0. 7 8  0 . 6 0  0. 48  0 . 4 7  0. 46  0. 44 . 

0. 8 7  0. 75  0. 6 5  0. 58  0. 4 5  0. 46 
0. 9 1  0. 8 4  0. 76  0. 7 0  0. 6 0  0. 52  
0 .  96  0. 9 1  0. 86 0. 82 0. 73 0. 63  
0. 99 0. 9 7  0. 9 3  0. 90 0. 8 2  0. 7 2  
1. 00 0. 99  0 .  96  0. 94  0. 8 7  0. 76 
I. 00 0. 98  0. 95 0. 92 0. 8 4  0. 75 
0 .  97  0. 9 4  0. 9 0  0. 86 0. 7 8  0. 69  
0 .  9 4  0. 88 0. 82  0. 77  0. 6 8  0. 59  
0 .  89 0. 79  0. 70  0. 63 0. 54  0. 48 
0. 8 0  0. 64  0. 52  0. 43 0. 42  0. 4 1  
0. 7 8  0. 63 0. 59  0. 59 0. 5 7  0. 54 
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J U N E A U  
V A L U E S  FOR R ( R t I N C L I N E D  R A D I A T I O N / H O R I Z O N T A L  R A D I A T I O N )  

A Z I M U T H  A N G L E - 0  
T I L T  A N G L E  

5 1 0  1 5  2 0  30 45 

J A N  1 . 2 6  1 . 5 0  1 . 7 4  1 . 9 7  2 . 3 8  2 . 8 8  
F E B  1 . 1 3  1 . 2 6  1 . 3 8  1 . 5 0  1 . 7 0  1 . 9 3  
MAR 1 . 0 7  1 . 1 5  1 . 2 2  1 . 2 8  1 . 3 8  1 . 4 8  
A P R  1 . 0 4  1 . 0 8  1.11 I. 1 4  1 . 1 8  1 . 1 8  
MAY 1 . 0 3  1 . 0 4  1 . 0 6  7 . 0 6  7 . 0 6  1 . 0 2  
J U N  1 . 0 2  1 . 0 3  1 . 0 3  1 . 0 3  7 . 0 2  0 . 9 6  
J U L  1 . 0 3  1 . 0 4  1 . 0 4  1 . 0 4  1 . 0 3  0 . 9 8  
AUG 1 . 0 3  1 . 0 6  1 . 0 8  7 . 0 9  1 . 1 0  1 . 0 8  
S E P  1 . 0 5  1 . 1 0  1 . 1 4  1 . 1 8  1 . 2 4  1 . 2 8  
O C T  1 . 0 9  1 . 1 8  1 . 2 7  1 . 3 4  1 . 4 8  1 . 6 2  
NOV 1 . 2 1  1 . 4 0  1 . 5 9  1 . 7 7  2 . 1 0  2 .49  
D E C  1 . 2 3  1 . 4 4  1 . 6 4  1 . 8 4  2 . 1 9  2 .62  

A Z I M U T H  A N G L E 9 9 0  
T I L T  A N G L E  

5 I O  1 5  2 0  30 45 

A Z I M U T H  A N G L E = l 8 0  
T I L T  A N G L E  

5 I O  1 5  2 0  30  45 

J A N  0 . 7 7  0 . 5 8  0 . 5 7  0 . 5 7  0 . 5 5  0 . 5 2  
FEB 0 . 8 6  0 . 7 2  0 . 5 9  0 . 5 3  0 . 5 1  0 . 4 9  
MAR 0 . 9 0  0 . 8 1  0 .  7 2  0. 62  0. 45 0 . 4 3  
A P R  0 . 9 5  0 . 9 0  0 . 8 4  0. 7 8  0 . 6 4  0 . 4 5  
HAY 0 .99  0 . 9 6  0 . 9 2  0 . 8 8  0 . 8 0  0 . 6 4  
J U N  1 . 0 0  0 . 9 8  0 . 9 6  0.93 0 . 8 6  0 . 7 2  
J U L  0 . 9 9  0 . 9 7  0 . 9 4  0 . 9 1  0.83 0 . 6 9  
AUG 0 . 9 7  0 .93  0 . 8 9  0 . 8 4  0 . 7 4  0 . 5 6  
SEP 0 . 9 3  0 . 8 7  0 . 8 0  0 . 7 3  0 . 5 8  0 . 4 9  
O C T  0 . 8 9  0 .79  0 . 6 9  0 . 5 9  0. 56  0 . 5 3  
NOV 0 . 8 0  0 . 6 3  0 . 5 7  0 . 5 6  0 . 5 5  0 . 5 2  
D E C  0 . 8 1  0 . 7 1  0 . 7 1  0 .70  0 . 6 8  a . 6 4  

A Z I M U T H  A N G L E = 4 5  
T I L T  ANGLE 

5 1 0  1 5  20  30 45 

1. 19  I. 3 6  1. 52  1. 67 1. 95 2. 28  
1. 09 1. 1 8  1. 27 I. 34 I. 48 1. 62  
7 . 0 5  I. I O  1. 1 5  I. 1 9  1. 26 1. 3 1  
1. 0 3  1. 0 6  1. 08 1. 1 0  1. 1 2  1. 1 2  
1. 02 .I. 0 3  I. 04 1 . 0 5  I. 04 1. 00 
1. 02 1. 03  I. 03 1. 02  I. 0 1  0. 96  
1. 02 1 . 0 3  1 .03  1. 03 1 . 0 2  0 . 9 7  
1 . 0 2  1. 0 4  1. OS 1. 06 1. 0 7  I. 0 4  
I. 03 1. 07 1. I O  I. 1 2  1. 1 6  1. 1 7  
1. 0 6  1. 1 2  I. 1 8  I. 23 1. 32 I. 40 
1. 1 5  1. 2 9  I. 42 1. 54  1. 76 2. 0 1  
1. 1 7  I. 3 1  I. 45 I. 59 1. 82  2. I O  

A Z I M U T H  A N G L E = 1 3 5  
T I L T  A N G L E  

5 I O  1 5  2 0  30 45 

0. 8 4  0. 70 0. 6 2  0. 5 7  0. 55 0. 5 2  
0. 90  0. 8 1  0. 73  0. 6 7  0. 5 7  0. 5 4  
0. 93  0. 8 7  0. 8 1  0. 75 0. 66  0. 58  
0. 9 6  0. 9 2  0. 8 8  0. 84  0. 75 0. 66  
0. 99  0. 97 0. 9 4  0. 9 1  0. 84  0. 74  
1 .00  0 . 9 9  0 . 9 7  0 . 9 4  0 . 8 8  0 . 7 7  
I. 00 0. 9 8  0. 9 6  0. 93  0. 86 0. 76  
0. 9 8  0. 9 5  0. 9 2  0. 88  0. 8 1  0. 7 1  
0: 95 0. 90  0. 86  0. 8 1  0. 73 0. 6 4  
0. 9 2  0. 8 5  0. 79 0. 73  0. 65 0 .  5 9  
0. 8 7  0. 7 5  0. 66  0. 59 0. 55 0. 53  
0. 8 7  0. 76  0. 7 1  0. 70  0. 68 0. 6 4  
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R I N G  SALMON . 

VALUES FOR R ( R = I  N C L I  NED RADI A T 1  O N /  HORI Z ONTAL R A D I  AT1  O N )  

AZIMUTH ANGLE=O 
T I L T  ANGLE 

5 10 15 20 30 45 

J A N  1.35 1.68 2.00 2.31 2.87 3.57 
FEB 1.18 1.35 1.52 1.68 1.96 2.29 
MAR 1.09 1.19 1.28 1.36 1.50 1.63 
APR 1.05 1.09 1 . 1 3  1.16 1.20 7.22 
HAY 1.03 1.05 1.06 1.07 1.07 1.03 
J U N  1.02 1.03 1.04 1.04 1.02 0.97 
J U L  1.03 1.04 1.05 1.05 1.04 0.99 

S E P  1.06 1.12 1.18 1.22 1.30 I. 36 
OCT 1.14 1.28 1.41 1.53 I. 75 1.99 
NOV 1.30 1.58 1.85 2.11 2.59 3.18 
DEC 1.41 1.79 2.17 2.53 3.20 4.03 

A U G  1.03 1.06 1.08 1.10 1.11 1.09 

AZIMUTH A N G L E 3 9 0  
T I L T  ANGLE 

5 10 15 20 30 45 

J A N  1.02 1.03 1.05 1.08 1.14 1.20 
PEB 1.00 1.00 1.01 1.02 1.04 1.06 
HAR 0.99 0.99 0.99 0.99 0.99 0.98 
A P R  1.00 0.99 0.99 0.98 0.97 0.94 
M A Y  1.01 1.00 1.00 0.99 0.97 0.92 
J U N  1.01 1.01 1.00 0.99 0.96 0.91 
J U L  1.01 1.01 1.00 0.99 0.96 0.91 
AUG 1.00 1.00 0.99 0.98 0.96 0.91 
SEP 0.99 0.99 0.99 0.98 0.97 0.94 
OCT 0.99 1.00 1.00 1.01 1.02 1.02 
NOV 1.01 1.02 1.04 1.06 1.11 1.16 
DEC 1.02 1.04 1.07 1.10 1.16 1.23 

AZIMUTH A N G L E = l 8 0  
T I L T  ANGLE 

5 10 15 20 30 45 

J A N  0.69 0.46 0.45 0.45 0.44 0. 42 
FEB 0.81 0.63 0.47 0.39 0. 39 0.37 
M A R  0 . 8 8  0.77 0.66 0.54 0.34 0.33 
APR 0.94 0 . 8 8  0.82 0.75 0.61 0. 41 
H A Y  0.98 0.95 0.92 0 . 8 8  0.78 0.61 
JUN 1.00 0 . 9 8  0.95 0.92 0.85 0. 71 
J U L  0.99 0.97 0.94 0.91 0.83 0.68 
AUG 0.97 0.93 0 . 8 8  0.83 0.72 0.54 
S E P  0.92 0.84 0.76 0.68 0.50 0.41 
OCT 0.84 0.69 0.55 0.42 0.39 0.37 
NOV 0.72 0.48 0.42 0.41 0.41 0. 39 
DEC 0. 66 0.51 0.51 0.51 0. 49 0. 47 

AZIMUTH ANGLE-45 
T I L T  ANGLE 

5 10 15 20 30 45 

I. 25 1. 48 1. 70 1.91 2. 30 2. 76 
1.12 1.25 I. 36 1. 47 I. 66 1.87 
I. 06 7. 13 I. 19 I. 25 1. 35 I. 43 

1.02 1. 04 1. 05 1.05 I. 05 1.02 
1.02 1.03 1.03 1.03 1.01 0.96 
1. 02 1. 03 I. 03 1. 04 1.03 0.98 
I. 02 I. 04 I. 06 1. 07 1. 0 8  1. 06 
1.04 1.08 I. 12 I. 16 1. 21 1. 24 
I. 10 1. 19 1. 28 I. 37 1. 51 1. 67 
1.21 1. 41 I. 60 I. 78 2. 10 2.49 
I. 29 1. 56 1. 82 2. 07 2. 53 3. 09 

1.03 1.06 I. 09 I. 12 1. 1 5  I. 15 

AZIMUTH ANGLE=l35 
T I L T  ANGLE 

5 I O  15 20 30 45 

0. 79 0. 61 0. 50 0. 45 0. 44 0. 42 
0. 87 0. 75 0. 65 0 .  58 0. 46 0. 44 
0. 92 0. 84 0. 77 0 .  70 0. 60 0. 52 
0. 96 0. 92 0. 87 0. 82 0. 73 0. 64 
0 .  99 0. 97 0. 94 0. 90 0. 83 0 .  73 
I. 00 0. 99 0. 97 0. 94 0. 87 0. 77 
1. 00 0. 98 0. 95 0. 93 0. 86 0. 76 
0. 98 0. 95 0. 91 0. 88 0. 8 0  0. 70 
0. 94 0. 89 0. 83 0. 78 0. 69 0. 60 
0. 89 0. 79 0. 70 0. 63 0. 54 0. 48 
0. 81 0. 65 0. 53 0. 44 0. 41 0. 40 
0. 76 0. 58 0. 51 0. 51 0. 49 0. 47 



K O D I A K  
VALUES FOR R ( R l I N C L I N E D  R A D I A T I O N / H O R I Z O N T A L  R A D I A T I O N )  

A Z I M U T H  ANGLESO 
T I L T  A N G L E  

5 I O  1 5  20 30 4 5  

J A N  1 . 2 9  1 . 5 6  1 .83  2 . 0 8  2 .55  3 . 1 2  
PEB 1 . 7 5  1 . 3 0  1 . 4 5  1 . 5 8  1 . 8 2  2 . 0 9  
M A R  I. 0 9  1. 17  1. 26 I. 3 3  1 . 4 5  I. 5 7  
A P R  1 . 0 5  1 . 0 9  1 . 1 2  1 . 1 5  1 . 1 9  1 . 2 0  
HAY 1 . 0 3  1 . 0 4  1 . 0 6  1 . 0 6  1 . 0 6  1 . 0 2  
J U N  1 . 0 2  1 . 0 3  1 . 0 3  1 . 0 3  1 . 0 2  0 . 9 6  
J U L  1 . 0 3  1 . 0 4  1 . 0 4  1 . 0 5  1 . 0 4  0 . 9 8  
AUG 1 . 0 3  1 . 0 6  7 . 0 8  1 . 1 0  1 . 1 2  1 .10  
S E P  1 . 0 6  1 . 1 2  1 . 1 7  1 . 2 2  1 . 2 9  1 . 3 4  
OCT 7 . 1 3  1 . 2 6  1 . 3 8  1 . 5 0  1 . 7 0  1 . 9 2  
NOV 1 . 2 5  1 . 5 0  1 . 7 3  1 . 9 6  2 . 3 7  2 . 8 6  
DEC 7 . 3 3  1 . 6 5  1 . 9 5  2 . 2 4  2 .78  3 . 4 5  

A Z I M U T H  A N G L E = 9 0  
T I L T  A N G L E  

5 10 1 5  20  30 45  

J A N  1 . 0 1  1 . 0 2  1 . 0 4  1 . 0 6  1 .10  1 . 1 4  
FEB 1 .00  1 . 0 0  1 .00  1 .01  7 . 0 2  1 . 0 2  
MAR 0. 99  0 . 9 9  0 . 9 9  0 . 9 9  0 . 9 9  0. 97 
A P R  1 . 0 0  0 . 9 9  0 . 9 9  0 . 9 8  0 . 9 7  0 .93  
M A Y  1 . 0 1  1 . 0 0  1 . 0 0  0 . 9 9  0 . 9 6  0 . 9 1  
J U N  1 . 0 1  1 . 0 1  7 . 0 0  0 . 9 9  0 .96  0 . 9 1  
J U L  1 . 0 1  1 . 0 0  1 . 0 0  0 . 9 9  0 . 9 6  0 .97  
AUG 1 . 0 0  1 . 0 0  0 . 9 9  0 .98  0 . 9 6  0 . 9 2  
S E P  0 . 9 9  0 . 9 9  0 . 9 8  0 . 9 8  0 . 9 7  0 . 9 3  
OCT 0 . 9 9  0 . 9 9  1 . 0 0  1 . 0 0  1 . 0 1  1 . 0 7  
NOV 1 . 0 1  1 . 0 2  1 . 0 3  1 . 0 5  1 . 0 8  1 . 1 7  
DEC 1. 02  1 . 0 3  1. 05 1 . 0 7  7 .  1 2  1 - 7 6  

A Z I M U T H  A N G L E z 1 8 0  
T I L T  A N G L E  

5 I O  1 5  20  30 45  

J A N  0 . 7 4  0 . 5 2  0 . 4 9  0 . 4 9  0 . 4 8  0 . 4 5  
F E B  0 . 8 4  0 . 6 8  0 . 5 3  0 . 4 4  0 . 4 3  0. 4 1  
M A R  0 . 8 9  0 . 7 9  0 . 6 8  0 . 5 7  0. 3 6  0 . 3 5  
A P R  0 . 9 5  0 . 8 9  0 . 8 3  0 . 7 6  0 . 6 2  0. 4 1  
M A Y  0 . 9 8  0 . 9 5  0.92 0 . 8 8  0 . 7 9  0. 6 3  
J U N  1 . 0 0  0 . 9 8  0 . 9 5  0 . 9 2  0 . 8 5  0. 7 1  
J U L  0 . 9 9  0 . 9 7  0 . 9 4  0 . 9 1  0 . 8 3  0. 6 8  
AUG 0. 97  0.  92  0. 88  0. 83 0. 7 1  0. 5 2  
SEP 0 . 9 2  0 . 8 5  0 . 7 7  0 . 6 9  0 . 5 2  0 . 4 1  
O C T  0 . 8 5  0 . 7 1  0 . 5 7  0 . 4 4  0 . 3 9  0. 3 8  
NOV 0 . 7 6  0 . 5 4  0 .45  0 . 4 5  0 . 4 4  0 . 4 2  
DEC 0 . 7 1  0 . 5 5  0 . 5 5  0 . 5 4  0 . 5 3  2 . 5 0  

A Z I M U T H  A N G L E = 4 5  
T I L T  A N G L E  

5 I O  1 5  2 0  30  45 

I. 2 1  1. 40  1 . 5 8  1. 76  2. 0 7  2. 44 
1. 11 1. 2 1  I. 3 1  1. 4 0  1. 56  I. 73 
I. 06 1. 1 2  I. 1 8  I. 2 3  1. 3 1  I. 39 
1. 03  1 .06  1 . 0 9  1. I 1  1. 1 4  I. 1 4  
1 . 0 2  1 . 0 3  1 . 0 4  I. 05 1 . 0 4  1 . 0 0  
I. 02 1 . 0 3  1 . 0 3  1 . 0 2  1 . 0 1  0 . 9 6  
1. 02  1 . 0 3  1 . 0 3  1 . 0 3  1 . 0 2  0 . 9 8  
I. 03 1 . 0 4  I. 06 1. 07 I. 0 8  1. 06 
I. 0 4  I. 0 8  1. 1 2  I. 1 5  I. 2 0  I. 22 
1 .09  1 . 1 8  1 . 2 7  1 . 3 4  1. 4 8  I. 62 
1. 1 8  I. 35 I. 5 1  1. 6 7  1. 9 4  2. 26 
1. 2 4  1 . 4 6  1 . 6 7  I. 8 7  2. 2 4  2. 68  

A 2  I HUTH A N G L E = I  3 5  
T I L T  A N G L E  

5 10 1 5  2 0  30  45 

0. 82  0. 67  0. 5 6  0. 49  0. 4 8  0. 46 
0. 88  0. 78  0. 69  0. 6 2  0. 5 2  0. 48  
0. 9 2  0. 85 0. 7 8  0. 7 2  0. 6 2  0. 54  
0. 9 6  0. 92  0. 8 7  0. 8 3  0. 74  0. 6 4  
0. 99  0. 97  0. 94  0. 9 1  0. 8 3  0. 73 
1 . 0 0  0 .99  0 . 9 6  0 . 9 4  0 . 8 7  0 .77  . 
1 . 0 0  0 . 9 8  0 . 9 5  0 . 9 3  0 . 8 6  0 . 7 5  . 
0. 9 8  0. 94  0. 9 1  0. 8 7  0. 79  0. 69 
0. 94  0. 89  0. 8 4  0. 79 0. 7 0  0. 60  
0. 90  0. 8 0  0. 72  0. 6 5  0. 55 0. 49 
0. 83 0. 69  0. 5 8  0. 5 1  0. 44  0. 4 3  
0. 8 0  0. 64  0. 55  0. 5 4  0. 53  0. 5 0  

, . , : r .  . .. .. . \,.. ...I. . .. '.. ...._. ,_ .. . 



K O T Z E B U E  
VALUBS F O R  R ( R = I N C L I N E D  R A D I A T I O N / H O R I Z O N T A L  R A D I A T I O N )  

AZ I MUTH ANGLE=O A Z I M U T H  A N G L E = 4 5  
T I L T  ANGLE T I L T  ANGLE 

5 I O  1 5  20  30 45 5 I O  1 5  20  3 0  45  

J A N  1 . 9 0  2 . 7 5  3 . 5 9  4 . 4 0  5 . 9 3  7 . 9 0  
P E B  1 . 3 4  1 . 6 7  1 . 9 8  2 . 2 9  2 .85  3 . 5 4  
MAR 1 . 1 5  1 . 2 9  1 . 4 3  7 . 5 6  1 . 8 0  2 . 0 6  
APR 1 . 0 7  1 . 1 4  1 . 1 9  1 . 2 5  1 . 3 3  7 . 3 9  
MAY 1 . 0 4  1 .06  1 . 0 9  1 .10  1 . 1 2  1.11 
J U N  0 . 9 9  1 .00  1 . 0 1  1 . 0 2  1 . 0 2  0 . 9 9  
J U L  1 . 0 2  1 . 0 4  1 . 0 5  1 . 0 6  1 . 0 7  1 . 0 4  
AUG 1 . 0 5  1 . 0 9  1 . 1 2  1 . 1 5  1 . 1 9  7 . 2 0  
S E P  1 . 0 9  1 .18  1 . 2 7  1 . 3 5  1 . 4 8  1 . 6 1  
OCT 1 . 2 4  1 . 4 7  1 . 6 9  7 . 9 1  2 . 2 9  2 . 7 6  
NOV 1 . 7 4  2 . 4 5  3 . 1 4  3 . 8 1  5 . 0 7  6 . 6 7  
DEC 1 . 3 9  1 . 3 8  1 . 3 7  I. 35 1 . 3 1  1 . 2 2  

A Z I M U T H  A N G L E . 1 9 0  
T I L T  ANGLE 

5 I O  1 5  2 0  30 45 

J A N  1 . 0 6  1 . 1 2  1 . 1 8  1 . 2 5  1 . 3 7  1 . 5 1  
FEB 1 . 0 1  1. 0 4  I. 07 1. I 1  1. 18. 1. 28 
MAR 0 . 9 9  1 .00  1 . 0 1  1 . 0 3  1 . 0 6  1 . 1 0  
A P R  1 . 0 0  1 . 0 0  1 . 0 1  1 . 0 1  1 . 0 2  1 . 0 3  
HAY 1.01 1 . 0 1  1 . 0 1  1 . 0 0  1 . 0 0  0 . 9 8  
J U N  0 .97  0 . 9 7  0 . 9 6  0 . 9 5  0 . 9 4  0 . 9 0  
J U L  1 . 0 1  1 .00  1 . 0 0  0 . 9 9  0 . 9 8  0 . 9 5  
AUG 1 . 0 1  1 . 0 1  1 . 0 0  1 . 0 0  1 . 0 0  0 . 9 8  
S E P  0 . 9 9  1 . 0 0  1 . 0 0  1 . 0 1  1 . 0 2  1 . 0 2  
OCT 1 . 0 0  1 . 0 2  1 . 0 4  1 . 0 6  1 . 1 2  1 . 1 8  
NOV 1 . 0 5  1 . 1 0  I. 17 1 . 2 4  1 . 3 8  1 . 5 4  
DEC 1 . 3 9  I. 3 8  I. 37 1 . 3 5  1 . 3 1  1 . 2 2  

A Z I M U T H  A N G L E - 1 8 0  
T I L T  ANGLE 

5 I O  1 5  2 0  30 45 

J A N  0.  76 0. 76  0. 75  0. 7 4  0. 72 0. 68  
F E B  0 . 6 8  0 . 4 4  0.  44 0 . 4 3  0 .43  0 . 4 1  
HAR 0 . 8 3  0 . 6 7  0 . 5 0  0 . 3 5  0. 3 3  0 . 3 2  
A P R  0 . 9 3  0 . 8 5  0 . 7 7  0 . 6 8  0 . 5 0  0 . 3 9  
HAY 0 . 9 9  0 . 9 5  0 . 9 2  0 . 8 7  0 . 7 8  0 . 6 2  
J U N  0 . 9 7  0 . 9 5  0 . 9 3  0 . 9 1  0 . 8 5  0 . 7 2  
J U L  0 .99  0 . 9 7  0 . 9 4  0 . 9 1  0 .84  0 . 6 9  
AUG 0 . 9 6  0 . 9 1  0 . 8 6  0 . 8 0  0 . 6 7  0 . 5 3  
S E P  0.89  0. 7 8  0 . 6 7  0 . 5 6  0 . 4 1  0 . 3 9  
OCT 0 . 7 6  0 . 5 3  0 . 4 2  0 . 4 2  0 . 4 1  0. 39 
NOV 0 . 5 8  0 . 5 7  0 .57  0 . 5 7  0 . 5 5  0 . 5 2  
DEC 0.00 0 .00  0 . 0 0  0.00 0.00 Q.00  

I. 6 5  2. 25 2. 84  3. 4 1  4. 4 8  5. 8 4  
I. 2 4  I. 47 I. 69 1 . 9 0  2. 2 9  2. 7 5  
1 .70  1 . 2 1  1 . 3 1  7 . 4 0  1. 5 7  1 . 7 5  
1. 05 I. I O  I. 1 5  I. 1 9  1. 25  I. 3 1  
1 .03  1 . 0 5  1 . 0 7  1 . 0 8  1. 1 0  1 . 0 9  
0. 9 8  0. 9 9  1. 00 1. 00 I. 00 0. 97 
I. 0 2  I, 0 3  1. 04  1. 04  I. 0 5  1. 02  
1. 04  I. 0 7  I. 09 1. 11 1. 1 5  I. 1 5  
1. 06  1. 1 3  1. 1 9  1. 25 1. 3 5  I. 44 
I. 1 7  1. 33 1 . 4 9  I. 64 1. 9 1  2. 22  
1. 5 3  2. 0 3  2. 5 1  2. 98  3. 8 6  4. 9 7  
1. 39  I. 3 8  1 . 3 7  I. 35 1. 3 1  1. 2 2  

A Z I M U T H  A N G L E o 1 3 5 .  
T I L T  ANGLE 

5 I O  1 5  20  3 0  45  

0. 7 6  0. 76  0. 75  0. 74  0. 7 2  0. 6 8  
0. 7 8  0. 6 2  0. 52  0. 43 0. 4 3  0. 43  
0. 8 8  0. 7 8  0. 69  0. 62  0. 5 4  0. 5 1  
0. 95  0. 89  0. 84  0. 78  0. 70 0. 6 4  
0 . 9 9  0 . 9 7  0 . 9 4  0. go 0 . 7 7  0 . 7 5  
0. 97  0. 96  0. 94  0. 92 0. 8 6  0. 7 8  
1. 00 0. 9 8  0. 96  0. 9 3  0. 8 6  0. 7 9  
0. 9 8  0. 94  0. 90  0. 85 0. 7 8  0. 7 1  
0. 9 2  0. 85  0. 78 0. 72  0. 6 5  0. 59  
0. 83  0. 69 0. 60  0. 54 0. 4 1  0. 47  
0. 63  0. 5 7  0. 57 0. 57  0. 5 5  0. 52  
0 .00  0 .00 0 . 0 0  0. 00 0. 00 0. 00 
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MATANUSK A 
V A L U E S  F O R  R ( R = I  N C L I  N E D  R A D I  A T 1  O N /  H O R I  Z O N T A L  R A D I  A T 1  O N )  

A Z I M U T H  A N G L E = O  
T I L T  A N G L E  

5 1 0  1 5  2 0  30 45 

J A N  1 . 5 9  2 .16  2 . 7 2  3 . 2 5  4 . 2 5  5 . 5 1  
FEB 1 . 2 4  1 . 4 7  1 . 6 9  1 . 9 0  2 .29  2 .75  
MAR 1 . 1 2  1 . 2 5  1 . 3 7  1 . 4 8  1 . 6 7  1 . 8 7  
A P R  1 . 0 6  1.11 1 . 1 6  1 . 2 0  1 . 2 6  1 . 2 9  
MAY 1 . 0 4  1 . 0 6  1 . 0 7  1 . 0 9  1 . 0 9  1 . 0 6  
J U N  1 . 0 3  1 . 0 4  1 . 0 4  1 . 0 4  1 . 0 3  0 .99  
J U L  1 . 0 3  1 . 0 4  1 . 0 5  1 . 0 6  1 . 0 6  1 .01  
AUG 1 . 0 4  1 . 0 7  1.10 1 . 1 2  1 . 1 5  1 . 1 5  
S E P  1 . 0 7  1 . 1 4  1 . 2 0  1 . 2 6  1 . 3 5  1 . 4 3  
O C T  1 . 1 5  1 . 3 1  1 . 4 5  1 . 5 9  1 . 8 4  2 . 1 2  
NOV 1 . 4 0  1 . 7 8  2 . 1 5  2 . 5 0  3 . 1 6  3 . 9 7  
D E C  1 . 7 2  2 . 4 1  3 . 0 9  3 . 7 4  4 .97  6 .53  

A Z I M U T H  A N G L E = 9 0  
T I L T  A N G L E  

5 I O  1 5  2 0  30 45 

J A N  1 . 0 3  1 .07  1 . 7 2  1 . 1 8  1 . 3 0  1 . 4 4  
PEB 1 . 0 0  1 .01  1 .03  1 . 0 5  1 . 0 9  1 . 1 5  
MAR 0. 99 7 . 0 0  1.00 1. 0 1  1 . 0 3  1 . 0 5  
A P R  1 . 0 0  1 . 0 0  1 . 0 0  0 . 9 9  0 . 9 9  0 .97  
MAY 1 . 0 1  1 . 0 1  1 .00  0 . 9 9  0 .98 0 . 9 4  
J U N  1 . 0 1  1 . 0 1  1 . 0 0  0 . 9 9  0 .97  0 . 9 3  
J U L  1 . 0 1  1 . 0 1  1 . 0 0  0 .99  0 . 9 7  0 . 9 3  
AUG 1 . 0 0  1 . 0 0  1 . 0 0  0 . 9 9  0 . 9 7  0 .94  
S E P  0 . 9 9  0 . 9 9  0 . 9 9  0 . 9 9  0 . 9 8  0 .96  
O C T  7.00  1 . 0 0  1 . 0 1  1 . 0 2  1 . 0 3  1 . 0 5  
NOV 1 . 0 2  1 . 0 4  1 . 0 7  1.11 1 . 1 8  1 . 2 7  
D E C  1 . 0 4  1 . 0 9  1 . 1 5  1 . 2 1  1 . 3 4  1 . 5 0  

A Z I M U T H  A N G L E = 1 8 0  
T I L T  A N G L E  

5 I O  1 5  2 0  30 45 

J A N  0 . 5 0  0 . 3 6  0 . 3 6  0 . 3 5  0 . 3 5  0 . 3 4  
FEB 0 . 7 6  0 . 5 3  0 . 3 6  0 . 3 5  0 . 3 5  0 . 3 4  
MAR 0. 85  0.  7 1  0. 5 6  0. 4 1  0. 26  0. 25 
A P R  0 . 9 4  0 . 8 7  0 . 7 9  0. 7 2  0 . 5 5  0 . 3 7  
MAY 0. 98  0. 95 0. 9 1  0. 8 7  0. 7 7  0. 59 
J U N  1 . 0 0  0 . 9 8  0 . 9 6  0 . 9 3  0 . 8 5  0 . 7 1  
J U L  0 . 9 9  0 . 9 7  0 . 9 4  0 . 9 0  0 . 8 2  0 . 6 7  
AUG 0 . 9 6  0 . 9 2  0 . 8 6  0 . 8 1  0 . 6 9  0 . 5 0  
SEP 0 . 9 1  0 . 8 3  0 . 7 4  0 . 6 4  0 . 4 5  0 . 4 1  
O C T  0 .83  0 . 6 7  0 . 5 1  0 . 4 3  0 . 4 2  0 . 4 0  
NOV 0 .64  0 . 4 3  0 . 4 3  0 . 4 2  0 . 4 1  0 . 4 0  
D E C  0 . 4 8  0 . 4 7  0 . 4 6  0 . 4 6  0 . 4 5  0 .43  

A Z I M U T H  A N G L E z 4 5  
T I L T  ANGLE 

5 1 0  1 5  20 30 45 

I. 42 I. 8 2  2. 2 1  2. 58  3. 27 4. 1 3  
1. 17  1. 33  1. 49 1. 63 I. 90 2. 2 0  
1. 09 1. 1 8  1. 2 6  1. 34  1. 48 1 . 6 2  
1 . 0 4  I. 08 1. 1 2  1. 1 5  1. 1 9  1. 22 
1 . 0 3  1 . 0 4  1. 06  1 . 0 7  1 . 0 7  1 . 0 5  
1. 0 2  I. 03 1.03 1 . 0 3  I. 0 2  0 . 9 8  
1 .03  1 . 0 3  1 . 0 4  1 . 0 4  1 . 0 4  1 .00  
I. 03 I. 06 1. 0 8  1. 09  I. 11 1. 10  
I. 05 I. 1 0  I. 1 4  1. 1 8  1. 25 1. 30  
1. I 1  I. 2 2  1. 32  I. 4 1  1. 5 8  I. 76 
I. 2 8  I. 55 1 .81 2 .05  2. 50  3. 0 5  
I. 5 2  2. 00 2. 4 8  2. 9 3  3. 7 8  4. 86  

A Z I M U T H  ANGLE=135 
T I L T  A N G L E  

5 10  1 5  20  30 45 

0. 6 5  0. 42  0. 36  0. 35 0. 35 0. 34  
0. 83 0. 69  0. 5 8  0. 50  0. 35  0. 4 0  
0. 8 9  0. 8 0  0. 7 1  0. 64 0. 54  0. 4 7  
0. 9 5  0. 90 0. 8 5  0. 80 0. 7 1  0. 6 2  
0. 99  0. 97  0. 93  0. 90 0. 82  0. 7 3  
1. 00 0. 99  0. 9 7  0. 9 4  0. 87  0. 77  
1. 00 0. 98 0. 9 5  0. 92 0. 82  0. 76 
0. 9 7  0. 9 4  0. 9 0  0. 86 0. 78  0. 6 9  
0. 9 4  0. 8 8  0. 8 2  0. 76 0. 67  0. 6 0  
0. 8 8  0. 7 8  0. 6 9  0. 62 0. 52 0. 4 9  
0. 76  0. 5 7  0. 45 0. 42 0. 4 1  0. 4 0  
0. 6 1  0. 47 0. 46 0. 46 0. 45 0. 4 3  
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MCGRATH 
V A L U B S  FOR R ( R = I N C L I N E D  R A D I A T I O N / H O R I Z O N T A L  R A D I A T I O N )  

A Z I M U T H  A N G L E a O  
T I L T  A N G L E  

5 I O  15  2 0  30 45 

JAN 1 . 5 4  2.05 2 .54  3 . 0 2  3 . 9 2  5 . 0 5  
FEB 1 . 2 4  1 . 4 7  1 . 6 9  1 . 9 0  2 . 2 9  2 . 7 6  
MAR 1 . 1 2  1 . 2 3  1 . 3 5  1 . 4 5  1 . 6 3  1 . 8 2  
A P R  1 . 0 6  1.11 1 . 1 6  1 . 2 0  1 . 2 6  1 . 3 0  
M A Y  1 . 0 4  1 . 0 6  1 . 0 7  1 . 0 9  1 . 1 0  1 . 0 7  
J U N  1 . 0 2  1 . 0 3  1 . 0 4  1 . 0 4  1 . 0 4  0 . 9 9  
J U L  1 . 0 3  1 . 0 4  1 . 0 5  1 . 0 6  1 . 0 6  1 . 0 2  
AUG 1 . 0 4  1 . 0 7  1 . 1 0  1 . 1 2  1 . 1 5  1 . 1 4  
SEP 1 . 0 7  1 .15  1 . 2 1  1 . 2 8  1 .37  1 . 4 6  
O C T  1 . 1 6  1 . 3 2  1 . 4 7  1 . 6 2  1 . 8 7  2 . 1 7  
NOV 1 . 4 3  1 . 8 5  2 . 2 5  2 . 6 4  3 .35  4 .25  
D E C  1 . 5 0  1 . 9 6  2 .41  2 . 8 5  3 . 6 7  4 . 7 0  

A Z I M U T H  A N G L E 5 9 0  
T I L T  A N G L E  

5 10 1 5  2 0  30 45 

J A N  1 . 0 3  1 . 0 7  1 . 7 1  7 . 1 6  1 . 2 5  7 . 3 6  
FEB 1 .00  1 . 0 1  1 . 0 3  1 . 0 5  1 . 1 0  1 . 1 4  
MAR 0 . 9 9  0 . 9 9  1 . 0 0  1 . 0 1  1 . 0 2  1 . 0 3  
A P R  1 . 0 0  1 . 0 0  1 . 0 0  1 . 0 0  0 .99  0 . 9 7  
M A Y  1 . 0 1  1 . 0 1  1 . 0 0  1. 00  0. 9 8  0 . 9 5  
J U N  1 . 0 1  1 . 0 1  1 . 0 0  0 . 9 9  0 . 9 7  0 . 9 3  
J U L  1 . 0 1  1 . 0 1  1 . 0 0  0 . 9 9  0 . 9 7  0 . 9 3  
AUG 1 . 0 0  1 . 0 0  1 . 0 0  0 . 9 9  0 . 9 7  0 . 9 4  
S E P  0 . 9 9  0 . 9 9  0 . 9 9  0 . 9 9  0 . 9 9  0 . 9 7  
OCT 1 . 0 0  1 . 0 0  1 . 0 1  1 . 0 2  I. 0 4  1. 06  
NOV 1 . 0 2  1 . 0 5  1 . 0 8  1 . 1 3  1 . 2 1  7 . 3 0  
DEC 1 . 0 4  1 . 0 6  1 . 1 0  1 . 1 3  1 .19  1 . 2 5  

A Z I M U T H  A N G L E = l 8 0  
T I L T  A N G L E  

5 10 1 5  2 0  3 0  45 

J A N  0 . 5 9  0 . 5 4  0 . 5 4  0 . 5 3  0 . 5 2  0 . 4 9  
FEB 0 . 7 6  0 . 5 4  0 . 4 2  0. 42  0 . 4 1  0. 39  
MAR 0 . 8 6  0 . 7 3  0 . 5 9  0. 45 0 . 3 4  0 . 3 3  
A P R  0 . 9 4  0.87 0 . 7 9  0 . 7 2  0 . 5 5  0 . 4 0  
MAY 0 . 9 9  0 .95  0 .92  0 . 8 7  0. 7 7  0 . 6 0  
J U N  1 . 0 0  0 . 9 8  0 . 9 6  0 . 9 3  0 . 8 6  0 . 7 2  
J U L  1 . 0 0  0 . 9 7  0 . 9 4  0 . 9 1  0 . 8 3  0 . 6 8  
AUG 0 . 9 7  0 . 9 2  0 . 8 7  0 . 8 2  0 . 7 0  0 . 5 3  
S E P  0 . 9 1  0 . 8 2  0 . 7 3  0 . 6 3  0 . 4 4  0 . 4 1  
O C T  0 . 8 2  0 . 6 6  0 . 5 0  0 . 4 6  0 . 4 5  0 . 4 3  
NOV 0 . 6 3  0 . 4 8  0 . 4 8  0 . 4 7  0 . 4 6  0 . 4 4  
DEC 0. 75  0. 75 0. 74  0. 73 0. 7 1  0 ;  6 7  

A Z I M U T H  ANGLE=45 
T I L T  ANGLE 

5 I O  1 5  20  30 45 

I. 39 I. 7 4  2. 09 2. 42 3. 0 4  3. 8 1  
1 . 1 7  I. 33 I. 49 1. 63 1 . 9 0  2 .20  
1 . 0 8  1 . 1 6  1 . 2 4  1. 32 7 . 4 4  1 . 5 7  
1. 0 4  -1. 08 I. 1 2  I. 1 5  1. 2 0  I. 22 
1 . 0 3  I. 05 I. 0 6  1 . 0 7  1 . 0 7  1. 05 
I. 02 1. 0 3  I. 0 3  1. 03  1. 02  0. 98  
1. 03 I. 0 3  I. 0 4  1. 04  1. 0 4  1. 00 
1 . 0 3  1 . 0 5  1 . 0 7  1. 09 1. 11 1 . 1 0  
1 . 0 5  1. 10 I. 1 5  I. 1 9  1. 26 I. 32 
1.11 1. 2 2  1 . 3 3  1 . 4 3  1 . 6 1  1 . 8 0  
I. 3 1  1. 60 1. 8 8  2. 1 5  2. 6 4  3. 25 
1. 36 I. 69 2. 00 2. 3 1  2. 87 3. 58  

A Z I M U T H  A N G L E 1 1 1 3 5  
T I L T  A N G L E  

5 l o  I 5  2 0  30 45 

0. 7 0  0. 5 4  0. 5 4  0. 53 0. 5 2  0. 49 
0. 84  0. 70 0. 5 9  0. 5 3  0. 4 1  0. 44 

0. 95 0. 9 1  0. 8 5  0. 80 0. 7 2  0. 63 
0. 99  0. 9 7  0. 9 4  0. 90 0. 8 2  0. 73 
1. 00 0. 99  0. 97 0. 94  0. 88 0. 78 
1. 00 0. 9 8  0. 9 6  0. 93  0. 80 0. 77  
0. 98 0. 9 4  0. 9 1  0. 87  0. 79 0. 7 0  
0. 9 3  0. 8 7  0. 8 1  0. 76 0. 67  0. 6 0  
0. 88 0. 7 7  0. 6 8  0. 62  0. 5 0  0. 5 0  
0. 7 4  0. 56  0. 4 8  0. 47 0. 46 0. 4 4  
0. 7 7  0. 75  0. 7 4  0. 73 0. 7 1  0. 6 1  

0 .  go  0. 81 0. 73 0. 66 0. 5 7  0. 5 1  



NOME 
V A L U B S  F O R  R ( R l I N C L I N E D  R A D I A T I O N / H O R I Z O N T A L  R A D I A T I O N )  

A Z I M U T H  A N G L E S O  A Z I M U T H  A N G L E = 4 5  
T I L T  A N G L E  T I L T  A N G L E  

5 I O  1 5  20  30 45  5 10 1 5  2 0  30  45 

J A N  1 . 5 6  2 . 0 8  2 .59  3 .08  4 .00  5 . 1 7  
FEB 1 . 2 7  1 . 5 4  1 . 7 9  2 . 0 4  2 .49  3 . 0 3  
MAR 1 . 1 2  1 . 2 5  1 . 3 7  1 . 4 8  1 . 6 7  1 . 8 8  
A P R  1 . 0 6  1 . 1 2  1 .17  1 . 2 2  1 . 2 9  1 . 3 3  
MAY 1 . 0 4  1 . 0 6  1 . 0 8  1 .70  1 . 7 1  1 . 0 9  
J U N  1 . 0 2  1 .03  1 . 0 4  1 . 0 4  1 . 0 4  1 . 0 0  
J U L  1 . 0 3  1 . 0 4  1 . 0 5  1 . 0 6  1 . 0 6  1 . 0 3  
AUG 1 . 0 4  1 . 0 8  1.11 1 . 1 3  1 . 1 6  1 . 1 6  
S E P  1 . 0 8  1 . 1 6  1 . 2 3  1 . 3 0  1 . 4 1  1 . 5 1  
O C T  1 . 1 9  1 . 3 8  1 . 5 6  1 . 7 4  2 . 0 5  2 . 4 1  
NOV 1 . 4 8  1 . 9 4  2 . 3 8  2 . 8 1  3 . 6 1  4 . 6 1  
D E C  1 . 1 5  1 . 1 4  1 . 1 4  1 . 1 2  1 . 0 9  1 . 0 1  

1. 40 1. 7 7  2. 1 2  2. 47  3. 11 3. 9 1  
I. I 9  1. 38  I. 5 6  I. 73 2. 0 4  2. 40  
I. 09 I. 1 8  I. 2 6  I. 3 4  I. 4 8  1 . 6 2  
I. 05 1 . 0 9  I. 1 3  I. 1 6  1. 2 2  I. 26 
1 . 0 3  1 . 0 5  1. 06  I. 0 7  1 . 0 8  1 . 0 7  
1. 0 2  1 . 0 2  I. 03 I. 03 1. 03  0 . 9 9  
1. 02  1 . 0 3  I. 0 4  1.05 1. 0 4  I. 0 1  
1. 03 1 . 0 6  1. 08 I. 10 I. 1 2  I. 11 
1. 05 I. I 1  1. 17 1 . 2 1  I. 2 9  I. 36 
1. I 3  1 . 2 7  I. 4 0  1 . 5 2  I. 73 1 . 9 7  
1. 35 1 . 6 7  1. 98  2. 2 7  2. 8 2  3. 5 1  
1. 1 5  1. I 4  I. 1 4  1. 1 2  I. 0 9  1 .01  

A Z I M U T H  A N G L E = 9 0  A Z I M U T H  A N G L E a 1 3 5  
T I L T  A N G L E  T I L T  A N G L E  

5 I O  1 5  20  30 45 5 1 0  1 5  2 0  3 0  45 

J A N  1 . 0 4  1 . 0 7  1.11 1 . 1 6  1 . 2 5  1 . 3 4  
PEB 1 . 0 1  1 . 0 2  1 . 0 4  1 . 0 7  1 . 1 3  1 .19  
MAR 0 . 9 9  1 .00  1 . 0 0  1 .01  1 . 0 3  1 . 0 5  
A P R  1 . 0 0  1 . 0 0  7 . 0 0  1 . 0 0  1 . 0 0  0 . 9 9  
MAY 1 . 0 7  1 . 0 1  1 . 0 0  1 . 0 0  0 . 9 9  0 . 9 6  
J U N  1 . 0 1  1 . 0 0  1 . 0 0  0 . 9 9  0 . 9 7  0 . 9 4  
J U L  1 . 0 1  1 . 0 1  1 . 0 0  0 . 9 9  0 . 9 8  0 . 9 4  
AUG 1 . 0 1  1 . 0 0  1 . 0 0  0 . 9 9  0 . 9 8  0 . 9 5  
S E P  0 . 9 9  0 . 9 9  0 . 9 9  0 . 9 9  1 . 0 0  0 . 9 9  
O C T  1.00 1 . 0 1  1 . 0 2  1 . 0 4  1 . 0 7  I. 11 
N O V  1 . 0 3  1 . 0 6  1 . 1 0  1 . 1 4  1 . 2 3  1 . 3 4  
D E C  1 . 1 5  1 . 1 4  7 . 1 4  1 . 1 2  1 . 0 9  1 . 0 7  

A Z I M U T H  A N G L E = l 8 O  
T I L T  A N G L E  

5 10 1 5  2 0  3 0  45 

J A N  0 . 6 6  0 . 6 6  0 . 6 5  0 .65  0 . 6 3  0 . 5 9  
F E B  0 . 7 3  0 . 4 9  0 .42  0 . 4 2  0 . 4 1  0 . 3 9  
MAR 0 . 8 5  0 . 7 1  0 . 5 7  0 . 4 2  0 . 3 5  0 . 3 4  
A P R  0 . 9 3  0 . 8 6  0 . 7 8  0 . 7 0  0 .53  0. 3 9  
MAY 0 . 9 9  0 . 9 5  0 . 9 1  0 . 8 7  0 . 7 7  0 . 6 0  
J U N  1 . 0 0  0 . 9 8  0 . 9 6  0 . 9 3  0 .86  0 . 7 2  
J U L  1 . 0 0  0 . 9 7  0 . 9 4  0 . 9 1  0 . 8 3  0 . 6 8  
AUG 0 . 9 7  0 . 9 2  0 . 8 7  0 . 8 1  0 . 6 9  0 . 5 4  
S E P  0 . 9 0  0 . 8 1  0 . 7 1  0 . 6 1  0 . 4 3  0 . 4 1  
O.CT 0. 8 0  0. 6 0  0. 44 0. 43 0. 42 0. 4 0  
NOV 0 . 6 1  0 . 5 5  0 . 5 4  0 . 5 4  0 . 5 2  0 . 5 0  
D E C  1. 42 I. 79 2. 1 5  2. 5 1  3. 1 7  4; 02  

0. 7 2  0. 66 0. 6 5  0. 6 5  0. 6 3  0. 5 9  
0. 82  0. 66 0. 5 6  0. 48  0. 4 1  0. 43  
0. 90  0. 80 0. 7 2  0. 6 5  0. 5 7  0. 5 2  
0. 95  0. 90  0. 85 0. 79 0. 7 1  0. 6 4  
0. 99  0. 97  0. 9 4  0. 9 0  0. 80 0. 74  
1. 00 0. 99 0. 97 0. 9 4  0. 8 8  0. 79  

0. 98  0. 9 4  0. 90  0. 86  0. 79  0. 7 1  

0. 86  0. 74  0. 6 4  0. 5 8  0. 42  0. 48 
0. 73 0. 55 0. 5 4  0. 5 4  0. 52  0. 5 0  

I. 0 0  0. 98  0. 9 6  0. 93  0. 86  0. 77  

0. 93 0. 86 0. 8 0  01. 7 4  0. 6 6  0. 6 0  

I. 3 0  I. 57 1. 8 2  2. 0 7  2. 53  I. 0 1  

. - . . . - ,. . - ,  ..,.. ...,. . .,.- .. _.'_, ...... .... _. .  .-.. . 



S U M M I  T 
VALUES F O R  R ( R = I N C L I N E D  R A D I A T I O N / H O R f Z O N T A L  R A D I A T I O N )  

A Z I  MUTH A N G L E = O  
T I L T  A N G L E  

5 I O  1 5  20  30 45 

J A N  1 . 6 0  2 . 1 8  2 .73  3 . 2 7  4 . 2 8  5 . 5 7  
F E B  1. 25 I. 49 I. 72 1. 9.4 2. 34  2. 82  
MAR 1. 1 2  1. 2 4  I. 36 1. 46 1 . 6 5  1 . 8 5  
A P R  1 . 0 6  1 . 1 2  1 .17  1.2 '1  1 . 2 8  1 . 3 2  
MAY 1 . 0 4  1 . 0 6  1 . 0 8  1 . 0 9  1.11 1 . 0 8  
J U N  1 . 0 2  1 . 0 3  1 . 0 4  1 . 0 4  1 . 0 4  0 . 9 9  
J U L  1 . 0 3  7 . 0 4  1 . 0 5  1 . 0 6  1 . 0 6  7 . 0 2  
AUG 1 . 0 4  1 . 0 8  1 .10  1 . 1 3  1 . 1 5  1 . 1 5  
S E P  1 . 0 8  1 . 1 5  1 . 2 2  1 . 2 9  1 . 3 9  1 . 4 8  
O C T  1 . 1 8  1 . 3 6  1 . 5 3  1 . 6 9  1 . 9 9  2 .33  
NOV 1 . 5 1  1 . 9 9  2 . 4 6  2 . 9 1  3 .76  4 . 8 2  
D E C  1 . 5 3  2 . 0 2  2 .50  2 . 9 6  3 . 8 2  4 .92  

A Z I M U T H  A N G L E 3 9 0  
T I L T  A N G L E  

5 10 1 5  20  30  45  

J A N  7 . 0 4  1 .07  1 . 1 3  1 . 1 8  1 . 2 9  1 . 4 2  
FEB 1 . 0 0  1 . 0 2  1 . 0 3  1 . 0 6  1 . 7 0  1 . 1 6  
MAR 0 . 9 9  7 .00  1 . 0 0  1 . 0 1  1 . 0 3  1 . 0 4  
A P R  1 . 0 0  1.00 1 . 0 0  1 . 0 0  1 . 0 0  0 . 9 8  
MAY 1. 0 1  1. 0 1  1 . 0 0  1. 00 0 . 9 9  0 . 9 6  
J U N  1 . 0 1  1 . 0 1  1 . 0 0  9 . 9 9  0 . 9 7  0 . 9 3  
J U L  1 . 0 1  1 . 0 1  1 .00  0 . 9 9  0 . 9 7  0 . 9 4  
AUG 1 . 0 0  1 . 0 0  1 . 0 0  0 . 9 9  0 . 9 8  0 . 9 5  
S E P  0 . 9 9  0 .99  0 . 9 9  0 . 9 9  0 . 9 9  0 . 9 8  
O C T  1 . 0 0  1 . 0 0  1 . 0 2  1 . 0 3  1 . 0 6  1 . 0 9  
NOV 1 . 0 3  1 . 0 6  1. 1 0  1. 1 5  1 . 2 6  1 . 3 8  
D E C  1 . 0 4  1 . 0 7  1 .10  1 . 1 4  1 . 2 0  1 . 2 7  

A Z I M U T H  A N G L E - 1 8 0  
T I L T  A N G L E  

5 1'0 1 5  20  30 45 

J A N  0 . 5 5  0 . 5 2  0 . 5 1  0 . 5 1  0 .50  0 . 4 7  
F E B  0 .75  0 . 5 3  0 . 4 2  0 . 4 2  0 . 4 1  0 . 3 9  
MAR 0 . 8 6  0 . 7 2  0 . 5 8  0 .43  0 . 3 3  0 . 3 2  
A P R  0 . 9 3  0 . 8 6  0 . 7 9  0 . 7 1  0 . 5 4  0 . 3 8  
M A Y  0. 9 8  0.  95 0 . 9 1  0 . 8 7  0 . 7 7  0 . 5 9  
J U N  1 . 0 0  0 . 9 8  0 . 9 6  0 . 9 3  0 . 8 6  0 . 7 2  
J U L  1 . 0 0  0 .97 0 . 9 4  0 . 9 1  0 . 8 3  0 . 6 8  
AUG 0 . 9 6  0 . 9 2  0 . 8 7  0 . 8 1  0 . 6 9  0 . 5 3  
S E P  0 . 9 1  0 . 8 1  0 . 7 2  0 . 6 2  0 . 4 3  0 . 4 0  
O C T  0 . 8 1  0 . 6 2  0 . 4 5  0 . 4 1  0 . 4 0  0. 3 9  
NOV 0 . 5 7  0 . 4 3  0 . 4 2  0 . 4 2  0 . 4 1  0 . 3 9  
D E C  0 . 7 6  0 . 7 6  0 . 7 5  0 .75  0 . 7 3  0 . 6 8  

A Z I M U T H  A N G L E = 4 5  
T I L T  A N G L E  

5 I O  1 5  2 0  30  45 

1. 43 I. 83 2. 23 2 .60  3. 3 0  4. 1 8  
I. 17 1. 34 I. 5 0  I. 65 I. 9 3  2. 25 
1. 08 1.17 1 . 2 5  1 . 3 3  1 . 4 6  1 . 6 0  
I. 0 4  1. 09  1. 1 2  I. 1 6  I. 2 1  I. 2 4  
1. 03  1. 0 5  1 . 0 6  1. 0 7  1. 0 8  1. 0 6  
I. 0 2  1. 03  1. 03  1. 03  1. 0 2  0. 98  
I. 03  1. 03  I. 04 1. 05 I. 0 4  1. 0 1  
1 .03  I. 0 6  1. 08 I. 09 1. 11 I. I 1  
1 . 0 5  1.11 1 . 1 6  1 . 2 0  1 . 2 8  I. 34 
I. I 3  1 . 2 5  I. 37 1 . 4 9  I. 6 9  1. 9 1  
1. 36 1. 70 2 .03  2 .34  2. 9 3  3. 6 4  
1. 3 8  I. 73 2. 06  2. 3 8  2. 9 8  3. 74  

A Z I M U T H  A N G L E s l 3 5  
T I L T  A N G L E  

5 1 0  1 5  20  30  45 

0. 6 7  0. 52 0. 5 1  0. 5 1  0. 50 0. 47  
0. 8 3  0. 69  0. 5 8  0. 52  0. 4 1  0. 44  
0. 90  0. 8 1  0. 7 2  0. 66  0. 5 7  0. 5 1  
0. 95  0. 9 0  0. 85  0. 80 0. 7 1  0. 63  
0. 99 0. 9 7  0. 93  0. 9 0  0. 8 1  0. 73 
1 . 0 0  0 . 9 9  0 . 9 7  0 . 9 4  0.88 0 . 7 8  . 
I. 0 0  0. 98  0. 96  0. 9 3  0. 8 6  0. 77 
0. 9 8  0. 9 4  0. 90  0. 86  0. 7 8  0. 70  
0. 9 3  0. 8 7  0. 8 1  0. 75 0. 6 6  0. 5 9  
0. 86 0. 75 0. 65 0. 5 8  0. 46  0. 47 
0. 7 0  0. 50  0. 42 0. 42 0. 4 1  0. 39 
0. 77  0. 76 0. 75 0. 75 0. 73 0. 68 



Y U K A T A T  
VALUES F O R  R ( R o I N C L I N B D  R A D I A T I O N / H O R I Z O N T A L  R A D I A T I O N )  

AZI MUTH A N G L E - 0  
T I L T  A N G L E  

5 I O  1 5  2 0  3 0  45 

J A N  1 . 3 0  1 . 5 8  7 . 8 5  2 . 1 1  2 . 5 9  3 . 1 9  
FEB 1 . 1 4  1 . 2 9  1 . 4 2  1 . 5 5  1 . 7 8  2 . 0 3  
MAR 1 . 0 8  1 . 1 7  1 . 2 4  1 . 3 1  1 . 4 3  1 . 5 5  
A P R  1 . 0 5  1 . 0 9  1 . 1 2  1 . 1 5  1 . 1 9  1 . 2 0  
MAY 1 . 0 3  1 . 0 5  1 . 0 6  1 . 0 7  1 . 0 7  1 . 0 3  
J U N  1 . 0 2  1 . 0 3  1 . 0 4  1 . 0 4  1 . 0 2  0 . 9 7  
J U L  1 . 0 3  1 . 0 4  1 . 0 4  1 . 0 5  1 . 0 4  0 . 9 9  
AUG 1 . 0 3  1 . 0 6  1 . 0 8  1 . 0 9  1.11 1 . 0 9  
S E P  1 . 0 5  1.11 1 . 1 5  1 . 2 0  1 . 2 6  1 . 3 1  
O C T  1.11 1 . 2 3  1 . 3 3  1. 43  1 . 6 1  1 . 8 0  
NOV 1 . 2 4  1 . 4 7  1 . 6 9  1 . 9 0  2 . 2 9  2 . 7 5  
D E C  1 . 2 8  1 . 5 3  1 . 7 8  2 . 0 1  2 . 4 5  2 . 9 8  

A Z I M U T H  A N G L E = 9 0  
T I L T  A N G L E  

5 I O  1 5  2 0  30 45 

J A N  1 . 0 2  1 . 0 3  1 . 0 5  1 . 0 7  1 . 1 0  1 . 1 4  
FEB 1 . 0 0  1 . 0 0  1 . 0 0  1. 0 1  1 . 0 2 .  1 . 0 1  
MAR 0 . 9 9  0 . 9 9  0 . 9 9  0 . 9 9  0 . 9 8  0 . 9 6  
A P R  1 . 0 0  0 . 9 9  0 . 9 9  0 . 9 8  0 . 9 7  0 . 9 3  
M A Y  1 . 0 1  1 . 0 0  1 . 0 0  0 . 9 9  0 . 9 6  0 . 9 2  
J U N  1 . 0 1  1 . 0 1  1 . 0 0  0 . 9 9  0 . 9 6  0 . 9 7  
J U L  1. 0 1  I. 0 1  1. 00 0. 9 9  0. 96 0. 9 1  
AUG 1 . 0 0  1 . 0 0  0 . 9 9  0 . 9 8  0 . 9 6  0 . 9 1  
S E P  0 . 9 9  0 . 9 9  0 . 9 8  0. 98 0 . 9 6  0 . 9 2  
O C T  0 . 9 9  0 . 9 9  0 . 9 9  7 . 0 0  1 . 0 0  0 . 9 8  
NOV 1 . 0 1  1 . 0 2  1 . 0 3  1 . 0 4  1 . 0 7  1 . 1 0  
D E C  1 . 0 2  1 . 0 3  1 . 0 4  1 . 0 6  1 - 0 8  1 . 1 0  

A Z I M U T H  ANGLEtl80 
T I L T  A N G L E  

5 I O  1 5  2 0  30 45 

J A N  0 . 7 4  0 . 5 7  0 . 5 7  0 . 5 6  0 . 5 5  0 . 5 2  
PEB 0 . 8 5  0 . 7 0  0 . 5 6  0 . 5 2  0 . 5 1  0 . 4 8  
MAR 0 . 9 0  0 . 8 0  0 . 6 9  0 . 5 9  0 . 4 3  0 . 4 1  
A P R  0 . 9 5  0 . 8 9  0 . 8 3  0 . 7 7  0 . 6 3  0 . 4 5  
MAY 0 . 9 9  0 . 9 6  0 . 9 2  0 . 8 8  0 . 7 9  0 . 6 3  
J U N  1 . 0 0  0 . 9 8  0 . 9 6  0 . 9 3  0 . 8 6  0 . 7 2  
J U L  0 . 9 9  0 . 9 7  0 . 9 4  0 . 9 1  0 . 8 4  0 . 7 0  
AUG 0 . 9 7  0 . 9 3  0 .  8 9  0. 8 4  0 . 7 4  0 . 5 6  
S E P  0 . 9 3  0 . 8 6  0 . 7 9  0 . 7 1  0 . 5 6  0 . 4 8  
O C T  0 . 8 7  0 . 7 4  0 . 6 2  0 . 5 2  0 . 5 0  0 . 4 7  
NOV 0 . 7 8  0 . 5 9  0 . 5 5  0 . 5 5  0 . 5 4  0 . 5 1  
D E C  0 . 7 8  0 . 7 1  0 . 7 0  0. 7 0  0 . 6 8  C .64  

A Z I M U T H  ANGLE-45 
T I L T  ANGLE 

5 I O  1 5  20 30  45 

I. 2 1  1. 4 1  I. 6 0  1. 78  2 .  1 1  2. 5 0  
I. I O  I. 2 0  1 . 2 9  1 . 3 8  1 . 5 3  1 . 6 9  
1 . 0 5  I. 11 1. 17 1 . 2 2  I .  30 1. 36 
1 . 0 3  1 . 0 6  1 . 0 9  1.11 1 . 1 4  1 . 1 4  
1 . 0 2  1 . 0 4  1. 04  1 . 0 5  1 . 0 5  1 . 0 1  
I. 0 2  I. 03 I. 03 1 . 0 3  1 . 0 1  0. 9 6  
I. 0 2  1. 03 I. 03 1 . 0 3  1 .  0 2  0. 9 8  
1 . 0 2  1 . 0 4  1 . 0 5  1 . 0 6  1 . 0 7  1 . 0 5  
I. 0 3  1. 07 I. 10 1. 13  1. 1 7  1. 1 9  
I. 0 8  I. 16 1. 23  1 . 3 0  I. 4 1  1. 5 3  
I. 17  1. 3 3  1, 48  1 . 6 3  I. 8 9  2.  19  
I. 2 0  1. 38 1. 5 5  1 . 7 1  2 . 0 1  2. 36 

A Z I M U T H  ANGLE=13S. 
T I L T  ANGLE 

5 I O  1 5  20 3 0  45 

0. 8 2  0. 6 7  0. 5 8  0. 56 0. 55  0. 5 2  
0. 8 9  0. 79 0. 71  0. 65 0. 54  0. 5 3  
0. 9 2  0. 8 6  0. 79  0. 73 0. 6 4  0. 5 6  
0. 96  0. 9 2  0. 8 8  0. 83 0. 75  0. 6 5  
0. 99  0. 9 7  0. 94  0. 91  0. 84  0. 7 4  
1. 00 0. 9 9  0. 97 0. 94 0. 8 8  0. 7 8  
'1. 00 0. 9 8  0. 96 0. 93 0. 86 0 .  7 7  
0. 9 8  0. 9 5  0. 92  0. 88 0. 8 1  0. 7 1  
0. 9 5  0. 90 0. 85  0. 8 0  0. 72  0. 6 3  
0. 9 1  0. 8 2  0. 75 0. 69  0. 6 1  0. 55  
0. 85 0. 7 2  0. 6 3  0. 5 5  0. 54 0. 5 1  
0. 85 0. 73  0. 70 0. 70  0 .  68  0 .  6 4  
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GEOGRD 

INPUT INSTRUCTIONS 

INPUT TYPE 
SEQ NAME DESCRIPTION 

A. Run Title - One iine required. 
1 TITLE Up to 80 characters to appear on the printed and plotted 

output. 

B. Run Controls - One line required. 
* 1 if node and element input data are to be echo printed. 1 IPRT 
* 2 if both input data and complete network specifications 

* 0 otherwise 
are to be printed. 

. 2 IPPN 

3 IPEN 

4 IPO 

5 IPP 

6 IFWN 

"1 if node numbers are to be plotted. 
* 0 otherwise. 

*1 if element numbers are to be plotted. 
* 2 if material types are to be plotted. 
* 3 if both element numbers and material types are to be 

* 0 otherwise. 
plotted. (option does not always work). 

* 0 if no plot is to be drawn. 
* 1 if only network is to be plotted. 
* 2 if only boundary is to be plotted. 
* 3 if both network and boundary are to be drawn. The 

boundary will identically overlap the extremities of 
the network if plotter does not advance the paper. 

* 1 if a subsection of the network is to be drawn. This 

* 0 otherwise. 
will require input type D. 

* 1 if this run is to refine an existing network by 
subdivision of existing elements. This will require 
input type H as shown on Figure 4-2 in the operating 
instructions manual. 

* 0 otherwise. 

D- 1 



GEOGRD Kont.) 
INPUT TYPE 
SEO NAME DESCRIPTION 

7 IGIN * 0 if new grid is to be generated. 
Fortran logical unit number of existing GEOGRD output file 
"LUNIT.DAT" to be modified. 

8 LUNIT Fortran logical unit number on which the file "LUNIT.DAT" 
will be written with the results of the GEOGRD run. This 
file will be used as input to GEOGRD andor GEODYN. 

9 IGEN * 1 if a grid is to be generated from its quadrilateral 
corner points. This will require input type I. 

* 0 otherwise. 

10 NXZL Number of Line segments in the network on which the 
program is to internally calculate exact nodal coordinates 
to assure a straight line. A non zero value will require 
input type G. 

11 IRO * 1 if GEORGD is to internally rearrange the element order 
for more efficient GEODYN calculations. The printed 
output numbering will be unchanged. This option will 
require input type J. 

* 0 otherwise. 

C. Plotting Scale Factors - One line required. 

1 HORIZ * 0 if XSCALE (C.3) and YSCALE (C.4) are used. 
* Otherwise the maximum horizontal size of plot. -in. 

If HORIZ and VERT are not zero the plot size will be 
adjusted so that a natural horizontal to vertical scale 
will be maintained and the entire plot will fit on the 
paper with one axis filled. The HW475 plotter 
assumes the long dimension of the paper is horizontal. 

2 VERT * 0 if XSCALE ( C.3) and YSCALE (C.4) are used. 
* Otherwise input the maximum vertical size of the plot - 

in. 

3 XSCALE * 0 if HORIZ (C.1) and VERT (C.2) are used. 
* Otherwise the horizontal scale factor, ie. (inches 

on the plot)/ (units in the mesh). The HP7475 plotter 
assumes the long dimension of the paper is horizontal. 

D- 2 



GEOGRD (Cont. 1 
INPUT TYPE 
SEO 

4 

5 

6 

7 

NAME DESCRIPTION 

YSCALE * 0 if HORIZ (C.l) and VERT (C.2) are used. 
* Otherwise the vertical scale factor, ie. (inches on the 

plot)/ (units in the mesh). 

AR 

XFACT 

YFACT 

The clockwise angle in degrees from the horizontal axis on 
the plot to the X-axis in the mesh. Zero and -90 are 
typically used. 

Scale factor for the X-coordinates. All X-coordinate 
values will be multiplied by XFACT. (Default = 1.0). 

Scale factor for the Y-coordinates. All Y-coordinate 
values willbe multiplied by YFACT. (Default = 1.0). 

D. Subsection Plot Control - One line required if IPP (B.5) =l. Omit if 
IPP (B.5) = 0. 

NXPMIN Node number of node with minimum X-coordinate in the 
partial network to be plotted. (Default = network 
minimum). 

NXPMAX Node number of node with maximum X-coordinate in the 
partial network to be plotted. (Default = network 
maximum). 

NYPMIN Node number of node with minimum Y-coordinate in the 
partial network to be plotted. (Default = network 
minimum). 

NYPMAX Node number of node with maximum Y-coordinate in the 
partial network to be plotted. (Default = network 
maximum). 

E. Element Definition - One line required for each element to be 
generated individually. Must include a 99991 line even if no elements 
are input. 

1 J  Element number. 

2 IMAT(J) Soil Zone number to be used in GEODYN. 
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GEOGRD (Cont.) 
INPUT TYPE 
SEO NAME DESCRIPTION 

3 NOP(J,K) Enter 3 or 6 node numbers for triangular elements and 4 
or 8 node numbers for quadralateral elements. If only the 
corner nodes are specified, GEOGRD will insert the 
midside nodes midway between the corners. Start at any 
corner and proceed counterclockwise. 

>>>>> Signal end of list of elements by an additional line containing 
only 9999/. 

F. Node Definition - One line required for each node to be input 
individually. Must include a 9999/ line even if no nodes are input. 

1 J  Node number 

2 CORD(J,l) X-coordinate. - ft. (m). 

3 CORD(J,2) Y-coordinate. - ft. (m). 

4 WD(J) Network width at node J. - ft. (m). (Default = 1.0). 

>>>>> Signal end of list of nodes by an additional line containing only 
9999/. 

G. Line Segment Coordinate Generation - NXZL (B.lO) lines required. 
Omit if NXZL = 0. 

1 NA Node number at one end of line segment. Must be a corner 
node of an element. 

2 NB Node number at other end of line segment. Must be a 
corner node of an element. 

3-16 NIP Up to 14 corner node numbers that are to lie on the line. 
The X-cordinate is assumed to be correct and the Y- 
cordinate will be adjusted so that the point lies on the 
line. 
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GEOGRD (Cont.) 
INPUT TYPE 

SEO NAME DESCRIPTION 

H. Element Refinement - One line required for each area if 
IRFN (B.6) = 1. Omit if IRFN = 0. 

1-4 NEW Four node numbers (include a trailing 0 for triangular 
elements) that are to become the new comer nodes of the 
refined element. The nodes may be comer or midside 
nodes of an existing element (See Figure 4-2 of the 
GEOGRD Operating Instructions Manual). 

>>>>> Signal end of list of refined elements by an additional line 
containing only 9999/. 

I. Automatic Grid Generation - One line required for each area to be 
subdivided. Omit if IGEN (B.9) = 0. 

1 IBLK 

2 NXI 

3 NYI 

4 ITP 

5 ISHP 

6 TC(1) 

7 TC(2) 

8 TC(3) 

9 TC(4) 

10 TC(1) 

11 TC(2) 

Numeric designator of the block being defined. The 
number is arbitrary. 

Number of subdivisions (elements) to be made in the X 
direction. (Limit 1 to 25). 

Number of subdivisions (elements) to be made in the Y 
direction. (Limit 1 to 25). 

Material type number to be assigned to all of the elements 
generated within this area. 

* 0 if quadrilateral elements are to be generated. 
* 1 if triangular elements are to be generated. 

X-coordinate of the upper left corner of area to be 
subdivided. - f t  (m). 

Y-coordinate of the upper left corner. - ft  (m). 

X-coordinate of the lower left corner. - ft  (m). 

Y-coordinate of the lower left corner. - ft (m). 

X-coordinate of the lower right corner. - ft  (m). 

Y-coordinate of the lower right corner. - ft  (m). 
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GEOGRD (Cont.1 
INPUT TYPE 

SEO NAME DESCRIPTION 

12 TC(3) X-coordinate of the upper right corner. - ft  (m), 

13 TC(4) Y-coordinate of the upper right comer. - ft (m). 

14 ELC(1) Width of upper left corner of area being subdivided. - 
ft  (m). (Default = 1.0). 

15 ELC(2) Width of lower left corner. - ft (m). (Default = 1.0). 

16 ELC(3) Width of lower right corner. - ft (m). (Default = 1.0). 

17 ELC(4) Width of upper right corner. - ft (m). (Default = 1.0). 

>>>>> Signal end of list of nodes by an additional line containing only 
99991. 

J. Element Renumbering - One line required for each list of starter 
nodes that are to be tried if IRO (€3.11) = 1. Only the one producing the 
most efficient operation will be retained for future use. The 
renumbering will not effect the numbers printed in the output or used 
in input specifications. Omit if IRO = 0. 

1-50 NLIST Up to 50 node numbers from which the program will 
reorder the internal sequence of elements to obtain the 
most efficient GEODYN program operation. As a general 
rule, at least two starting locations should be tried, one at 
each end of the grid. A single node number is enough to 
create a renumbered sequence. The list may include corner 
nodes and/or midside nodes and the results are sometimes 
slightly different even though the nodes all lie along a 
line. 

>>>>> Signal end of list of trial starting locations by an additional line 
containing only blanks. 
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GEODYN 

INPUT INSTRUCTIONS 

INPUT TYPE 
SEO NAME DESCRIPTION 

0. Units Control - One line required. 
1 MORE * 1 if Metric units are to be used. 

* 2 if English units are to be used. 

A. Run Title - One line required. 
1 TITLE Up to 80 characters to appear on the printed output. 

B. Run Controls - One line required. 
1 NCD 

2 NPX 

3 NMAT 

4 IS1 

* 0 If all elements to be used are included in file 
LUNIT.DAT from GEOGRD, a restart file LI.DAT from a 
previous GEOGRD run, or input type K of this data set. 

* Number of elements to be defined individually. 

* 0 If all nodes to be used are included in file 
LUNIT.DAT from GEOGRD, a restart file LI.DAT from a 
previous GEOGRD run, or input type K of this data set. 

* Number of nodes to be defined individually. 

Number of material zones. Each unique combination of 
characteristics constitutes a different zone. This must 
conform to the constraints placed in GEOGRD if a geogrd 
input file is used. (Limit 1 to 20). 

Control for initial temperature conditions. 
* 0 if all initial temperatures are to be input in a restart 

file LI.DAT from a previous GEODYN run. 
* >O The number of nodes at which the initial temperature 

is to be explicitely input. The temperatures of all 
nodes will be set initially to the temperature of the 
first node specified, ie., if the entire field is to have 
the same initial temperature, only one node need be 
specified. Each additional value modifies the first 
value. Midside nodes must be included. The nodes and 
initial temperaturese are specified on input type M. 
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GEODYN (Cont.) 
INPUT DATA TYPE 
SEO NAME 

5 IPRT 

6 NSPN 

7 ISOC 

8 LUNIT 

9 LI 

10 IT 

11 IS5 

DESCRIPTION 

* -1 or -2 The initial nodal temperatures will be set 
according to the equation given below: 

T = T1 + (T2 - T1)e-kl 
Where: 

TI = temperature at 1 = 0. 
T2 = temperature at 1 = infinity. 
k =constant. 
1 = X if IS1 = -1 and Y if IS1 = -2. 

T1, T2, and k are input in input type N. Note that, if IS1 

upon the initial coordinate system used and the 
location of the network in that coordinate system. 

0, the initial temperature distribution is dependant 

* 1 if nodal coordinates, nodal connections, and element 

* 0 otherwise. 
areas are to be printed. 

Number of nodes to be used in a summary of temperatures 
at each time step to be output at the end of the printout. 
The node numbers will be included in input type H. (Limit 0 
to 12). 

* 1 if the program is to calculate and print the location of 

* 0 otherwise. 
the freezing isotherm. 

FORTRAN logical unit number for the input file LUNIT.DAT 
that was generated by GEOGRD. 

FORTRAN logical unit number for the restart file LI.DAT 
that was generated by a previous run of GEODYN. The file 
was named IT.DAT during creation and must be renamed. 

FORTRAN logical unit number for the output restart 
file IT.DAT to be used by a future GEODYN run. It must be 
renamed LI.DAT before it is used. 

FORTRAN logical unit number for the complete time 
history output file IS5.DAT from this simulation. The file 
can be used for post processing such as input to program 
GEOPLT. It must be renamed LUG.DAT before it is used in 
GEOPLT. 
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INPUT DATA TYPE 
SEO NAME 

12 ISINO 

13 NSFl 

14 NSF'2 

15 NBCG 

16 IRO 

DESCRIPTION 

Number of surface boundary nodes at which an annual 
sinusodial temperature variation is to be imposed. These 
nodes will be the last ISINO node numbers assigned for 
boundary condition specifications and are listed in input 
type T. Midside nodes must be included. (Note: ISINO and 
NSFl (B.13) can not both be non-zero). (Limit 0 to Total 
number of surface nodes). 

Number of element sides (faces) which define the network 
interface to receive full energy balance calculations. If 
NSFl > 0, data types P1 through P5 and W 1 and W2 will be 
reqired. (Note: NSFl and ISINO(B.12) can not both be 
non-zero). (Limit 0 to 100). 

Number of element sides (faces) which define the network 
interface to receive a specified thermal flux. The thermal 
flux is specified in input type R. It is assumed that the 
thermal flux is 0 on all surface element faces unless 
otherwise specified. 

Number of profiles of annual surface boundary 
temperatures. The profiles are specified by input type S. 

* 1 if GEODYN is to internally reorder the elements for 
more efficient computation. The printed output 
numbering system will be unchanged. The reordering 
will be specified by input type L. Reording may have 
already been done in GEOGRD. 

* 0 otherwise. 

C. Numeric Solution Controls - One line required. 
1 MAXI Maximum number of Newtonian iterations for a given time 

step for a given level of numeric integration. Usually 
start with 10. (Limit 1 to 25). 

C. (Cont.) 
2 MINGP Minimum level of numeric integration. Usually start with 

1. (Limit 1 to 5 and MINGP <= MAXGP). 

3 MAXGP Maximum level of numeric integration. Usually start with 
2. (Limit 1 to 5 and MINGP <= MAXGP). 
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INPUT DATA TYPE 
SEQ NAME DESCRIPTION 

4 NUW The iteration number at which the program will apply an 
under relaxation factor of 0.5 for the Newtonian iteration. 
Normally this is set to 0 and if convergence problems 
develop the value is changed to 8. 

5 MAXSUB The program will automatically half the time specified 
step if a stable solution cannot be reached. MAXSUB is the 
maximum number of times this will be allowed before the 
program stops on error. Usually start with 4. 

6 CONVC The temperature convergence criteria. - OF (oC). The 
program will stop on error if this limit is exceeded by a 
factor of 10 on the last iteration. Normally start with 
0.01 OF (oC). 

7 ALPHA The Alpha factor used in the time iteration scheme shown 
in equation 1.6 of the operating instructions for GEODYN. 
Usually start with 1.5 and modify if convergence problems 
develop. (Limit 1.0 to 2.0). 

D. Scale Factors - One line required. 
1 XSCALE X- direction (or R-direction) inputs for nodal locations 

will be multiplied by this factor to change input values to 
field values of feet (meters). For example, if the input 
value was 2.5 because it was 2.5 inches (centimeters) 
from the origin of the paper on which it was drawn but it 
should be 5.0 feet (5 meters) in the field, XSCALE would 
be 2.0, because the input number was a unitless 2.5 and the 
program will use the units of feet (meters). 

2 YSCALE Y-direction (or Z-direction) inputs for nodal locations 
will be multiplied by this factor to change scaled input 
values to field values of feet (meters). 

D. (Cont.) 
3 WSCALE Thickness inputs for nodal locations will be multiplied by 

this factor to change scaled input values to field values of 
feet (meters). 

4 USCALE x- direction ( R-direction) inputs for groundwater velocity 
will be multiplied by this factor to change scaled input 
values to field values of feethour (metershour). 
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GEODYN (Cont.) 
INPUT DATA TYPE 
SEO NAME DESCRIPTION 

5 VSCALE Y- direction ( 2-direction) inputs for groundwater velocity 
will be multiplied by this factor to change scaled input 
values to field values of feedhour (metedhour). 

E. Time Step Controls - One line required. 
1 NTIME Number of time steps in this simulation. 

2 NTSEG Number of calculation time steps between printouts. If 
NTSEG = 1, printouts will occur at every calculated time 
step. 

3 NVTS Number of different time steps to be read in input type F. 
(Limit at least 1). 

4 TSTARTStarting time in days after January 1 for this run. This 
value will be overridden if a restart file is used. 

F. Time Step Length - NVTS (E.3) lines required. 
1 N  Number of time step. 

2 DELTX * 0 if a steady state solution is desired. If DELTX = 0, 
MAXI (C.l) should be 1. 

* >O Time step size in days. 

G. Sinusoidal Temperature Boundary Condition - Omit if ISINO (B.12) = 0. The 
equation used is as follows: 

Day + PHASE 
T = TMEAN + AMP*Sin(---------------- * 90) 

365 
TMEAN Base temperature for the sinusoidal temperature 

relationship. There will be 182.5 days of higher and 182.5 
days of lower temperature in the year. This is 
node temperature and not air temperature. - OF, (OC). 

AMP1 Maximum amplitude of sinusoidal temperature in summer, 
ie., the absolute value of the difference between TMEAN 
and the maximum summertime temperature. - OF, (OC). 

AMP2 Maximum amplitude of sinusoidal temperature in winter, 
ie., the absolute value of the difference between TMEAN 
and the minimum summertime temperature. - OF, (OC). 
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GEODYN Cont.) 
INPUT DATA TYPE 
SEO NAME DESCRIPTION 

4 PHASE PHASE relates to the time between the coldest day and 
January 1. Input the negative of the number of days after 
January 1 that the temperature equals TMEAN on rising 
temperature. A value on the order of -120 is frequently 
appropriate. 

H. Time History Summary Nodes - Omit if NSPN (B.6) = 0. 
1-12 ISPN Node Numbers for which complete time history summaries 

will be printed out at the end of the computer run. (Limit 
1 to 12). 

I. Zone Material Properties - NMAT (B.3) lines required. 
1 J  Material Zone Number. Corresponds to element zone 

definitions in file LUNIT.DAT from GEOGRD, the restart file 
LI.DAT from a previous GEODYN run, or IMATL (K.10) 

from this data set. 

2 ORT(J,l) Frozen thermal conductivity in the X or R-direction. - 
B T U / ~ ~ - ~ - O F  (W/m-oc). 

3 ORT(J,2) Frozen thermal conductivity in the Y or 2-direction. - 
'TU~fi-k-oF (W/m-oc)* 

4 ORT(J,3) Unfrozen thermal conductivity in the X or R-direction. - 
BTU/fi-k-o~ ( w/m-oc) * 

5 ORT(J,4) Unfrozen thermal conductivity in the Y or Z-direction. - 
B T U / ~ ~ - ~ - O F  (W/m-oc). 

I. (Cont.) 
6 ORT(J,S) Frozen volumetric heat capacity. - 

BTU/$ -OF ( kJ/m3-~c). 

7 ORT(J,6) Unfrozen volumetric heat capacity. - 
-OF ( kJ/m3 -0~). 

8 HEATL(J) Heat of fusion. - BTu/fi3, (&/m3). 



GEODYN (Cont.) 
INPUT DATA TYPE 
SEO NAME DESCRIPTION 

9 ALPE(J) Alpha in the soil moisture - temperature function for 
this material. The relationship shown in figure land is 
given as Eq. 1.3 and is shown pictorily on Fig. B-6 in the 
operating instruction for GEODYN". Examples of Alpha 
values are given in Figure 2. 

1 .o 

E 

Weight o f  W a t e r  
Cubic Foot  w T = Tempera tu re  

Cold T f TEMPERATURE 
Figure 1 Relationship between moisture content 

and temperature. 

10 GAME(J) Fraction of moisture not frozen isothermally . 

Warm 

11 EPSE(J) Absolute value of the temperature range over which 
isothermally released latent heat takes place. (Limit > 0, 
but calculational efficiency drops drastically if EPSE(J) 
is less than about 0.5 OF. - OF (oC). 
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INPUT DATA TYPE 
SEO NAME DESCRIPTION 

m 

"2 2 24 26 O F  28 30 32 
-10 -8 -6 oc -4 -2 0 

Temperature 
Figure 2. Example values of Alpha 

J. Node Definitions - NPX (B.2) lines required. Omit if NPX = 0. 
1 J  Node number. 

2 CORD(J,l) X or R-coordinate location. - ft  (m). 

3 CORD(J,Z) Y or Z-coordinate location. - ft (m). 

4 WD(J) Width of network at this node. (default = 1). - f t  (m). 

K. Element Defininition - NCD (B.l) lines required. Omit if NCD = 0. 
1 J  Element number. 

2-9 NOP(J,K) Eight node numbers, starting at a comer and going 
counterclockwise around the element. For triangular 
elements the last two node numbers must be 0. 

10 IMAT(J) Material number used in input type I to be used with this 
element. If 0 is used it will null the element and, in 
effect, remove it from the mesh without regenerating 
the mesh. 
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GEODYN (Cont.) 
INPUT DATA TYPE 
SEQ NAME DESCRIPTION 

L. Element Renumbering - One line required for each list of starter nodes that 
are to be tried if IRO (B.16) = 1. Only the data set producing the most efficient 
operation will be retained for future use. The renumbering will not effect the 
numbers printed in the output or used in input specifications. Omit if IRO = 0. 

1-50 NLIST Up to 50 node numbers from which the program will 
reorder the internal sequence of elements to obtain the 
most efficient GEODYN program operation. As a general 
rule, at least two starting locations should be tried, one at 
each end of the mesh. A single node number is enough to 
create a renumbered sequence. The list may include corner 
nodes and/or midside nodes and the results are sometimes 
slightly different even though the nodes all lie along a 
line. 

>>>>> Signal end of list of nodes by an additional line containing only 
99991. 

M. Initial Temperature Specification at Individual Nodes - IS1 (B.4) 
lines required. Omit if IS1 <= 0. 

1 J  Node number at which the initial temperature is to be 
explicitly input. 

2 TNEW(J,) Initial temperature of node J. 

N. Initial Temperature Relationship Specified bv Equation - One line 
required. Omit if IS1 (B.4) <= 0. See input type B.4 for a complete description 
of the input parameters. 

l T 2  Initial temperature on axis. - O F  (OC). 

2 T1 Initial temperature at inifinity. - OF, (OC). 

3 K  The exponential decay factor to transition from T2 to Tl. 

P & 0 & W Surface Energv Balance 

Note: Data types Pland P2 are used to initially define the parameters for a full 
surface energy balance across particular element faces with arbitrary time 
intervals. Data types Q1 through Q3 are used to define the parameters for a full 
surface energy balance if regular time intervals are used. Data type Q is used if 
NSFl (B. 13) is not 0. Data type P may be used if NSF = 0 but may be omitted by 
including a 9999/ line. 
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GEODYN (Cont.) 
INPUT DATA TYPE 

SEO NAME DESCRIPTION 

P. Pl&P2 Surface Eneryy Balance with Arbitrary Time Intervals - 
May only be used if NSFl (B.13) = 0. To omit if NSF = 0, include only a 9999/ 
line. 

Note: Data types P1 and P2 are taken in pairs to define element faces for a 
complete surface energy balance. The node numbers numbers defined by data 
type P1 are used with the data defined by data type P2. A 9999/ line must follow 
the last pair of lines. Data types W 1 and W2 are used to update the data in data 
types P1 and €2 at arbitrary time intervals. The control for data types W 1 and 
W2 is NSF (T.3). 

P1. Nodes for Surface Enerm Balance. - Omit if data types P1& P2 are 
not desired. 

1 - 100 NSM(1) List of midside node numbers of the element sides to be 
treated with a full surface energy balance according to the 
input defined by input type p2. 

P2. Initial Surface Flux Parameters - Omit if data types P1 & P2 are not 
desired. 

1 QSWJ Short wave solar radiation on surface with no cloud cover. 
BTU/fi2 h, w/m2>. 

2 TAIRJ Air temperature. OF, (OC). 

3 WSPDJ Wind Speed. mi//hr, (km/h). 

4 CLDCVJFractional cloud cover. (Limit 0 to 1.0). 

5 EVPRTJ Evapotranspirtation flux. BTU/ft2 h, (W/m2>. 

6 SDEPJ Snow depth. ft, (m). 

7 SDENJ Relative density of snow. (Limit 0.1 to 0.9) 

8 ALXJ Short wave radiation albedo. Use the albedo of snow if 
there is snow on the ground. (Limit 0 to 1). 

P2. (Cont.) 
9 EMXJ Long wave radiation emissivity. Use the emissivity of 

snow if there is snow on the ground. (Limit 0 to 1). 



GEODYN (Cont.) 
INPUT DATA TYPE 
SEO NAME DESCRIPTION 

10 RUFJ Surface roughness. Use the roughness of snow if there is 
snow on the ground. ft, (m). 

>>>>>> End data set with a line containing only 999% 

0. 0 1  through 0 3  Surface Energy Balance with monthly propertv 
variations - omit all three data types if NSFl (B.13) = 0. 

0 1  Meteroloyical Conditions - Twelve cards required, one for each month. 

1 N  Month. (Limit 1 to 12). 

2 
3 

DOM(N) Day of year corresponding to this month. (Limit 1 to 365). 
QSW(N) Short wave solar radiation for this month. - 

BTU/*2 (W/,2). 

4 TAIR(N) Air temperature this month. - OF (OC). 

5 WSPD(N) Wind speed for this month. - "i/h, ch/b). 

6 CLDCV(N) Fractional cloud cover for this month. (Limit 0 to 1.0). 

7 flux for this month. - 

8 SDEP(N) Snow depth for this month. - ft  (m). 

9 SDEN(N) Relative density of snow for this month. (Limit 0.1 to 0.9) 

02. Meteoroloyical Data Multipliers 
1 CVF(1) Multiplier applied to QSW (Q1.3). 

2 CVF(2) Multiplier applied to TAIR (Q1.4). 

3 CVF(3) Multiplier applied to WSPD (Q1.5). 

4 CVF(4) Multiplier applied to CLDCVR (Q1.6). 
02. (Cont.) 

5 CVF(5) Multiplier applied to EVPRT (Q1.7). 

6 CVF(6) Multiplier applied to SDEP (Q1.8). 
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GEODYN (Cant.) 
INPUT DATA TYPE 

SEQ NAME DESCRIPTION 
7 CVF(7) Multiplier applied to SDEN (Q1.9). 

03. Surface Energy Balance Parameters - NSFl (B.13) lines required. 
1 NLISTl(J,2) Midside node number of an element face which is to be 

included in a surface energy balance calculation. 

2 ALGND(J) Short wave radiation albeto for this face when snow 
free. (Limit 0 to 1.0). 

3 ALSNO(J) Short wave radiation albeto for this face when snow 
covered. (Limit 0 to 1.0). 

4 VFACT(J) Short wave view factor. (Limit 0 to 1.0). 

5 EMGND(J) Long wave radiation emissivity for this face when 
snow free. (Limit 0 to 1.0). 

6 EMSNO(J) Long wave radiation emissivity for this face when 
snow covered. (Limit 0 to 1.0). 

7 RBARE(J) Surface roughness for this face when snow free. - 
ft (m). 

8 RSNOW(J) Surface roughness for this face when snow covered. - 
ft (m). 

9 EFACT(J) Ratio of the monthly evapotranspiration flux to the 
evapotranspiration flux assigned to this element face. 
(Limit 0 to 1.0). 

10 TFACT(J) Ratio of the monthly snow depth to the snow depth 
assigned to this element face. (Limit 0 to 1.0). 

11 DFACT(J) Ratio of the monthly snow density to the snow density 
assigned to this element face. (Limit 0 to 1.0). 

R. Constant Heat Flux - NSF2 (B.14) lines required. Omit if NSF2 = 0. 

which a flux is to be specified. 
1 NLIST2(N.2) The midside node number of an element face across 

2 FLUXC(N) The constant flux to be applied across the element face. 
A positive value is an input and a negative value is a 
withdrawl. - BTU/ft2-h (W/m2). 
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INPUT DATA TYPE 
SEO NAME DESCRIPTION 

S. Time Denendant Boundary Condition - One line required if NBCG 
(B.15) >= 0. Omit if NBCG = 0. 

1 JJ The time series order number. This number will be IG (B.3) 
used for reference purposes when the boundary conditions 
are specified on data type U. 

2 N  Number of day temperature pairs used to define the annual 
temperature schedule. (Limit 2 to 20). 

3-22 TBC,VBC N (S.2) pairs of Julian day (TBC) and the associated 
temperature (VBC). The temperature at intermediate days 
will be linearly interpreted detween the two adjacent 
pairs. (Limit on TBC, 0 to 365). 

Note: The set of T, U, V and W input types may be repeated for as many time 
steps as desired. After the last set of inputs has been exhausted, the program will 
use the last set of values read for the remainder of the run. The temperature 
boundary conditions and/or convective velocities may be time dependant. If, for 
example, one wished to change only 10 of the 25 originally specified velocities 
and leave the temperatures alone, the proper specification would be NXX = 0 and 
NVEL = 10. 

T. Boundarv Condition Control - One line required. 
1 NXX Number of nodes to which the time dependant boundary 

conditions specified by data type S are to be applied, plus 
ISINO (B.12) which is the number of nodes to which the 
sinusodial temperature boundary conditions specified by 
input type U are to be applied. (Limit 0 to total number of 
nodes). 

2 

T. (Cont.) 

NVEL Number of nodes at which a groundwater velocity is to be 
specified by input type V. 

Number of sets of surface heat flux updates (input type W 1 
& W2 pairs) to be used in the next time step. 

3 NSF 

U. Temnerature Boundary Conditions - NXX (T. 1) lines required. 
1 J  Node number where the boundary condition is to be applied. 



GEODYN (Cont.) 
INPUT DATA TYPE 

SEO NAME DESCRIPTION 

2 TNEW Node temperature if a constant temperature is to be 
applied to this node. If TNEW is to be used, IG (U.3) must 
be 0. If an annual temperature profile defined by data type 
S is to be applied to this node, then IC will be greater than 
0 and the value of TNEW will be overridden so any value 
may be used for TNEW. O F  ( O C ) .  

3 IG * 0 if a constant value of TNEW is to be used for this node. 
* IG > 0 will result in the temperature being taken from 

the IG annual temperature profile specified by input 
type S .  

V. Flow Velocitv Boundarv Conditions - NEVL (T.2) lines required. Omit 
if NEVL = 0. 

1 N  Node number where flow velocities are to be defined. 

2 ux The Darcy flow velocity to be assigned to the node in the 
X-direction. This value will be multiplied by USCALE (D.4). 
to convert this unitless number to the correct units of 
feet/hour (meters/hour). 

2 u Y  The Darcy flow velocity to be assigned to the node in the Y 
direction. This value will be multiplied by VSCALE (D.5). 
to convert this unitless number to the correct units of 
feet/hour ( meter] hour). 

W1. Surface heat flux nodes to be updated. - Omit if NSF (T.3) = 0. 
1- NSM(1) List of node numbers to have updated surface energy 

balance parameters. The node numbers must be in the list 
of nodes originally specified by data type P1 but not all of 
those nodes must be upgraded. The parameters specified 
remain in effect until they are changed by a W 1 & W2 
combination. 

W2. Surface Flux Parameters for Element Sides Specified In Input 
TvDe W1- Omit if NSF (T.3) = 0. _ _  

1 QSWJK Short wave solar radiation on surface with no cloud cover. 
- BTu/j32 hr (w/m2). 

2 TAIRJK Air temperature. - OF (OC). 

3 WSPDJKWind Speed. - m'/h (km/h). 
E -  14 
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INPUT DATA TYPE 
SEQ NAME DESCRIPTION 

4 CLDCVJK Fractional cloud cover. (Limit 0 to 1.0). 

5 EVPRTJK Evapotranspirtation flux. - BTU/ft2 hr (w/m2). 

6 SDEPJK Snow depth. - ft (m). 

7 SDENJK Relative density of snow. (Limit 0.1 to 0.9) 

8 ALXJK Short wave radiation albedo. Use albedo of snow if there 
is snow on the ground. (Limit 0 to 1.0). 

9 EMXJK Long wave radiation emissivity. Use emissivity of snow if 
there is snow on the ground. (Limit 0 to 1.0). 

10 RUFJK Surface roughness. Use roughness of snow if there is snow 
on the ground. - ft  (m). 
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GEOPLT 

INPUT INSTRUCTIONS 

INPUT TYPE 
SEO NAME DESCRIPTION 

A Title 
1 TITLE Up to 80 characters to be used in file 0UT.DAT. Does not 

appear on plots. 

B Run Controls 
1 LUG FORTRAN logical unit number containing the output file 

LUG.DAT from GEODYN. This file is named IS5.DAT when 
it is output from GEODYN. (Default = 1). 

2 LUV Number of plots to be made. (Limit 1 to 100). 

3 IBPP * 1 if the outer boundary of the network and/or a series of 
connected straight line segments forming element 
sides is to be plotted. 

* 0 otherwise. 

4 NX Number of grid lines in the X-direction to be used in 
developing the contour plot. (Limit 10 to 65). 
(Default = 35). 

5 NY Number of grid lines in the Y-direction to be used in 
developing the contour plot. (Limit 10 to 65). 
(Default = 35). 

6 XSCALE Scale factor applied to the X-coordinate values before 
plotting, ie. (size on plot in inches)/(units in the mesh). 

7 YSCALE Scale factor applied to the Y-coordinate values before 
plotting, ie. (size on plot in inches)/(units in the mesh). 

8 NXPMIN Node number which has the minimum X-coordnate to be 
used in the plot. (Default = network minimum). 

9 NPXMAX Node number which has the maximum X-coordnate to be 
used in the plot. (Default = network minimum). 

F - 1  
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INPUT TYPE 
SEQ NAME DESCRIPTION 

10 NPYMIN Node number which has the minimum Y-coordinate to be 
used in the plot. (Default = network minimum). 

11 NYPMAX Node number which has the maximum Y-coordinate to be 
used in the plot. (Default = network minimum). 

C File Record Numbers 
1-100 List List of file record numbers (ie., time step numbers) to be 

plotted from the GEODYN file LUG.DAT. LUV (B.2) numbers 
must be included. The numbers may be in any order. 

Note: Input types D through G are repeated for each plot. There 
must be LUV (B.2) sets of these input types. 

D Plot Outline Control - Omit if IBPP (B.3) = 0. 
1 NPTS * 0 if only the boundary of the network is to be plotted 

along with the temperature contours. 
* IF NPTS c 0, the series of lines defined by connecting the 

NPTS points given in input type E will be plotted along 
with the temperature contours. (Limit -400 to -1). 

* If NPTS > 0, the network boundary and the series of lines 
defined by connecting the NPTS points given in input 
type E will be plotted along with the contours. 
(Limit 1 to 400). 

E Specified Line Definition - Omit if NPTS (D.l) or IBPP (B.3) = 0). 
List of NPTS (D.l) node numbers following element sides 
which define a series of connected lines to be plotted 
along with the temperature contours. 

1-400 NPB 

F Plot Title 
1 LITL Up to 80 characters to be included on the plot. 

G Contour Specifications 
1 NUMV The number of contours to be attempted on this plot. 

(Limit 1 to 20). 

2-2 1 The contour values to be plotted. - O F  ( O C )  

F - 2  
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CHAPTER I 

INTROOUCTI ON 

The purpose o f  the computer program G E O G R O  is to generate 
two-dimensional finite element grids for use by other computer programs 
such as G E O D Y N .  As such, GEOGRD is not a simulation program, but rather 
a data preprocesssor in RMA's  modeling system. 

The specific capabilities of GEOGRD are the following: 

To read, edit and print all geometric data required for the 
G E O D Y N  computer program. Input for this process may come 
either from cards or a file written by a previously executed 
app 1 i cat i on of GEOGRD. 

To refine, update, modify and change a network which has 
been generated by a previous run of GEOGRD. 

To generate quadrilateral or triangular grids from the 
specification of outside corners. 

To produce a graphical plot of the entire user-defined 
network as i t  i s  perceived by the finite element program. 

To produce a graphical plot of outside limits of the network 
which Can be used as a check on network construction. 

To write a data file which can be used as input to GEOOYN. 



CHAPTER 2 

PROGRAM ORGAN I Z A T  I ON AND DESC R I PT I ON 

The GEOGRD program consists of one master routine and several 
subroutines, as shown in Figure 2-1. Pen plots are produced through 
calls to standard Calcomp library routines. GEOGRD plots curved sided 
elements according to the same mathematical functions as are used by the 
finite element shape functions. Brief descriptions of each o f  the 
program's routines are provided below (in alphabetical order after the 
main routine). 

MAIN ROUTINE 

The main routine is used as a starting point for the program and to 
issue calls to various program subroutines. Program execution is 
initiated in the main routine after which the specified input data i s  
read either from cards or an input file. As a general rule all input 
data will be echo printed out imnediately after input. 

The first item o f  input is the run control information. This 
information sets various internal switches to direct the program's 
logical activity. Following that, the program reads a set of plot and 
coordinate scale factors and an optional set o f  limits on the extent o f  
the network to be plotted. Next, the user-defined element definitions 
and coordinate locations are input, with subroutine FILL called to fill 
in any missing node numbers. If requested, subroutine REFINE is then 
called and will undertake the refinement of the currently defined 
network according to user specifications. At this point the program 
will output to the line printer the current status of the network (i.e., 
element definitions and nodal locations) and then (optionally) call the 
network generation subroutine, GNET. Upon return from GNET, the program 
will apply the user-defined scale factors and write a file for 
subsequent use by GEODYN. At this point the user may request a call t o  
subroutine PRTNET which will output a final sumnary o f  the network 
generation exactly as it has been written to the output file. 

Subsequent to writing the output file the program will either halt 
or continue to the plotting function. If  plotting is requested, the 
network will be drawn element side by element side via calls to 
subroutine FIT .  In this process the element numbers, node numbers and 
material zone numbers may or may not be plotted as the user desires. 
Following the plotting o f  the full network, the outer boundary of the 
network may be plotted separately by a call to BNDIT; if the network 
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has beerr refined this is a useful check to make Sure no "holes" have 
beem l e f t  in the network. Following the Plotting, the program 
terminates. 

Subroutine BND IT 

If the user so requests, subroutine BNDIT will plot the outside 
boundary of the network. This option is used mainly as a check to see 
that no internal regions have been omitted from the network in the 
generation or refinement process. 

Subroutine BNDIT is called from the main program and makes no 
additional calls except to standard Calcomp plotting routines. 

Subroutine FILL 

If the user elects to hand number the network . (or a port on 
thereof) he will be required to define either six noded triangu ar 
elements or eight noded quadrilateral elements. In either case, n de 
numbers are needed at the corners of these elements as well as at 
midside locations between the corners. To facilitate data entry, if the 
user defines only the corner nodes of an element (either 3 or 4 values), 
FILL will assign midside node numbers as required. The option for the 
user to assign only corner node numbers can be used in any combination 
with fully defined elements, and in no way alters numbers assigned by 
the user. 

In order to find out what midside node numbers have been assigned 
by FILL, the user must inspect the printed and/or plotted program 
output. Subroutine FILL i s  called from and returns to the main program 
and makes no further subroutine calls. 

Subroutine FIT 

When a plot of the network is requested, the main routine generates 
a list of the nodes which define each element side and then plots each 
side via calls to FIT. The x and y coordinates of  the three nodes on a n  
element side are passed to FIT. This enables FIT to pass a finite 
element shape function tnrough the points and to plot, i n  a piecewiss 
linear fashion, the exact shape o f  both straight and curved element 
sides. 

Subroutine GIJET 

As a program option, the user may generate four-sided network 
regions automatically by using subroutine GNET. T h i s  routine, which 
will generate either triangular or quadrilateral elements, begins by 
reading and outputing to the printer the specifications for the area to 
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be generated. alone 
type o r  can be an addition to an existing network. In either case, GNET 
will assign element numbers, zone types, nodal numbers and nodal 
coordinates according to user specifications, and all assignments will 
be compatible with network definition existing at the The order in which 
node numbers are assigned by GNET can be influenced by the user's order 
of specification o f  the corners of the area to be generated. 

Such a network generation can be either of a stand 

Subroutine GNET is called from the main routine and returns control 
after completing all generation activities. It makes no further calls, 
but the user should invoke PRTNET and the plotting options if GNET has 
been used. 

Subroutine PRTNET 

Subroutine PRTNET outputs to the line printer the exact network 
specifications after all generation and data input is complete. This 
routine i s  called by a user option. It is a very good idea to use this 
routine ta produce a hard copy of the final network once generation is 
complete to ensure that errors in the network do not exist. Subroutine 
PRTNET is called from the main routine and makes no further calls. 

Subroutine REFINE 

As a program option, the user may subdivide existing triangular' or 
quadrilateral elements into new elements according to a set of input 
specifications. This option is quite useful if the need arises to add 
additional detail into selected portions o f  an existing network. 

To provide this option, subroutine REFINE reads and prints the 
existing node numbers of what are to be the new corner node numbers of a 
subdivided element. If an input node number does not exist, an error 
message is printed and program execution is stopped. Assuming proper 
specifications, REFINE defines a new element from the old, and adds 
additional midside node numbers as required. The material zone type of 
the original element i s  assigned to the new element created. 

This process is repeated until all refinement is complete. A l l  the 
elements in the network are then renumbered to eliminate voids, and the . 
new element numbers and nodal connections output t o  the printer, 
Subroutine REFINE is called fron the main routine and makes no further 
calls. If subroutine REFINE is called, the user should plot both the 
new network and the network boundary to check for errors in network 
construction. 
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CHAPTER 3 

EXAMPLE PROBLEM 

To demonstrate the operation of GEOGRD, a test problem has been 
constructed as an example. Various views of the test network are shown 
in Figures 3-1, 3-2 and 3-3 and presents a two-dimensional 
representation of a pipeline in a soil mass. The major subdivisions in 
Figure 3-1 are zones of different material properties while Figure 3-2 
shows an enlarged view of the network in the region near the pipe. 
Figure 3-3 provides another plot of the entire network, but in this case 
the 12 zones which were defined by GEOGRD's network generation option 
are shown by heavy outlines. 

Proper network layout is a fundamental aspect of finite element 
modeling and one which becomes considerably easier with experience. The 
reader is referred to the example problem for a graphical interpretation 
of the proper procedure for network layout. The first step in the 
layout procedure is to get a diagram or map of the system and sketch out 
the problem's overall boundaries. This should be done with the 
prototype's major chracteristics in mind so as not to be overly 
concerned with local details. A s  a general rule, the extremeties of the 
system should be set at locations where boundary conditions can be 
reasonably specified. The general rule is to provide extra detail in 
those areas where large thermal gradients are expected, such as near 
load points or shape changes in system geometry; when in doubt, provide 
extra detai 1. 

Once the network's overall limits have been set it is usually 
advisable to construct a series of lines more or less parallel to the 
long axis of the problem. The position and frequency of these lines 
should reflect the areas of special importance i n  the problem. Once 
such lines have been located, transverse lines can be drawn, again 
recognizing the requirements and details of the problem. After the 
basic network has been established, the triangular and/or quadrilateral 
structure can be filled in  with special attention to corners and other 
areas where gradients are expected to be large. Node and element 
definitions can be made either manually or via GEOGRD's grid generation 
option. 

To accommodate irregular boundaries, and to eliminate shar;, 
corners, GEOGRD will accept any combination of triangular or 
quadrilateral elements with curved sides. Each side of each element is 
defined in terms of the coordinates of the three nodal points which lie 
along the element side. In all cases there exists a nodal point at each 
end of an element side with an internal, or midside node, at an 
arbitrary location between the end points. For straight element sides 
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the position of the midside node i s  internally calculated from the 
position o f  the end nodes, and lies exactly midway between the ends. On 
input, the user need only input the coordinates of the COrner.nodes for 
straight element sides. 

If the user wishes to define an element side as being other than 
straight, he simply inputs to the program the coordinates of the three 
nodes along the desired curve. The program will then pass a smooth 
curve through the three points which define the element side. The shape 
o f  the curve is approximately quadratic and will pass exactly through 
the end and midside nodes. 

The only practical way for a user to determine and examine the 
exact shape o f  a curved sided element is to plot the internally 
generated shapes. The user is urged to make a plot of any and all 
networks which will be used with the finite element programs. 

The test network shown in Figures 3-1 and 3-3 was run from the card 
input reproduced as Figure 3-4. As can be seen, curved sided elements 
were desired around the outside o f  the pipe. The input coordinates are 
all specified in inches and will be later modified by scale factors in 
the simulation program. 

The printed output from the example problem is reproduced as Figure 
3-5 (the plotted output is shown in Figures 3-1, 3-2 and 3-3). the 
output is self documented and straightfoward and is produced in the same 
order as data is input to the program. 

All 

In reviewing this output, the reader should be aware o f  the fact 
that this network was developed by a combination o f  specific node and 
element definitions using a network generator, This procedure allows 
development of large and complicated networks at a very rapid pace. 
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16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 

29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 

4 3  
4 4  
4 5  
4h 
4 7  
4R 

t a  

a: 

NODES 
1 2  
3 4  
IO 1 1  
20 21 
22 23 
48 49 
33 54 
29 30 
39 40 
41 42 

4 5  87 
88 e9 
26 91 
9 2  93 
7 95 

96 97 
45 72 
58 61 

100 101 
85  10s 
73 74 
7s 76 
77 78 
79 80 
81 113 
81 e2 

I16 117 

5 135 
6 138 

24 137 
a6 35 
45 47 
48 144 
48 69 
48 51 
48 145 
8 1 4 6  
P I49 
27 148 
28 150 
63 152 
64 153 
53 56 
4 4  1 4 3  
53 71 

59  98 

a3 106 

l i e  119 

3 
5 

12 
27 
24 
so 
S J  
31 
4 1  
4 3  
IO0 

E 8  
63 
92 
27 
96 

B 
31 
63 
102 
I07 
75 
77 
79 
81 
124 
e3 
I07 
1 le 
I20 
6 
7 

25 
43 
50 
7 7  
79 
s3 
81 
9 
IO 
28 
29 
64 
& J  
58 
A @  
a3 

14 
15 
19 
33 
34 
52  
s7 
72 
67 

84 
a6 
62 
90 
36 
94 
17 
38 
99 
104 
104 
1 0 9  
110 
I l l  
I12 
I23 
I14 
I15 
130 
131 
136 
16 

I 40 
142 
49 
60 
70 
70 

I47 

151 
37 
154 
61 
I55 

4 6  
RZ 

48 

ao 

ie 

22 
24 
31 
41 
43 
35 
60 
65 
75 
77 
e3 
55 
60 

63 
92 
27 

101 
107 
IO2 
116 
120 
122 
122 
122 
126 
128 
134 
134 
23 
26 
44 
44 
48 
4 3  
77 
01 
79 
28 
29  
6 4  
65 
58 
58 
8 1  
4 3  
81  

a8 

e5 

21 
23 
30 
40 
42 
5 4  
59 
37 
74 
7 b  
71 
5 2  
117 
87 
89 
91 
93 
103 
101 
106 
103 
117 
I19 
121 
1 1 1  
I12 
123 
127 
133 
130 
137 
139 
141 
140 
143 
46 
144 
143 
69 
148 
150 
152 
153 

5 9  
154 
70 
141 
1 5 5  

20 
22 
29 
39 
4 1  
53 
58 
0 
73 
75 
0 
50 
55 
45 
88 
26 
92 
102 
100 
83 
0 

116 
118 
I 20 
0 
0 

124 
126 
132 

0 
24 
25 
4 3  
25 
44 
0 
0 
0 
0 
27 
28 
63 
64 
60 
0 
0 
0 
0 

13 
14 
18 
37 
33 
51 
56 
0 
66 
67 
0 
47 
86 
35 
90 
16 
94 
99 
98 
84 
0 

I00 
109 
1 1 0  
0 
0 

113 
114 
129 
0 
1s 
I36 
34 
I39 
I42 
0 
0 
0 
0 
17 
I47 
36 

IS1 
62 
0 
0 
0 
0 

ZONE 
3 
3 
4 
3 
3 
3 
3 
4 
3 
3 
3 
5 
5 
5 
5 
5 
5 
4 
3 
1 
1 
3 
3 
3 
3 
1 
1 
1 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 

FIGURE 3- 5  
( con t i  nued ) 
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INPUTS FOR NETUORU EENERAJION 

INPUTS FOR SUBAREA IDENT I 

H G R I Z  DIVISIONS = 2 
VERT OIVISIONS - 2 
UATERIAC CLASS - 3 

0 SHAPE(O=REC. I = T R I )  

SUBAREA COORDINATES 
CORNER X-CORD Y-CORD 

I 9 00 4 00 
L 9 00 0. 00 
3 17 00 0 00 
4 17 00 4 00 

7 

INPUTS FOR SUBAREA IDENT 2 

HORIL DIVISIQNS = 3 
VERT DIVISIONS - = 2 
nATERlAL CLASS = 2 
SHAPE(O-REC, l-TR I ) 0 

SUBAREA COORDINATES 
CORNER X-CORD Y-CORD 

1 17 00 4 00 
2 17 00 0. 00 
3 38.00 0. 00 
4 38.00 4 00 

INPUTS FOR SUBAREA IDENT 3' 

HORIZ DIVISIONS - 2 
VERT DIVISIONS - 2 
MATERIAL CLASS 1 
SHAPE(O=REC. 1-TR I )  0 

SUBAREA COORDINATES 
CORNER X-CORD Y-CORD 

I 9 00 8. 00 
7 9 00 4 00 
3 17 00 4 00 
4 17 00 8 00 

:r.CUTS FOR SUBAREA [DENT 4 

nORIZ DIVISIONS - 3 
/EQT 31'.:SIOPlS ?. 2 

P A T E R I A L  CLASS = L -I 

S&PE(O=REC. l = T R I )  0 

SUJAREA COORDINATES 
CORNER X-CORD V-CORD 

2 17 00 4 00 
3 3 8 . 0 0  4 0; 
1 38 00 8 30 

I 17 00 a. 00 

TH ~ C K N E S S  
I 00 
I 00 
1 00 
I 00 

THICHNESS 
1 00 
1 00 
I 00 
1 00 

THICKNESS 
I .  00 
1. 00 
I .  00 
1. 00 

THICKNESS 
I 00 
I GJ 
1 JO 
1 33  

FIGURE 3 - 5  
(continued ) 
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I N P U T S  FOR SUBbREA I D E N T  I) 

&PI2 D I V I S I C N S  - 1 
'vEPT D I V I S I 0 F : S  * 4 
Y A T E S I A L  CLASS = 1 
SHAPE ( 0-REC. I =TR I ) 0 

SUBASEA COCRDINbTES 
C3RNER X-CORD Y-CORD W I C K N E S S  

I 0 00 32. 00 I 00 
L 0 00 P so 1 00 
3 0 7 s  9 50  I 00 
4 0 7 s  32.00 I 00 

7 

!PIPUTS FOR SUBAREA I O E N T  6 

F O R I 2  D I V I S I O N S  - I 
VERT D I V I S I O N S  = 4 
mATERIAL C L A S S  1 
SHAPE(O-REC. l = T R  I )  0 

S U B A R E A  COORDINATES 
THICKNESS tORt4ER I- CORD Y-CORD 

1 0 75 32. GO 1 00 
2 0 75 9 5 0  1 00 
3 I so 8 00 1 00 
4 1 so 32 00 1 00 

I N P U T S  FOR SUQbREA I D E N T  7 

N R I Z  D I V I S I O N S  - 1 
'.Z'RT D I V I S I O N S  - 4 
P A T E R I A L  C L A S S  = I 
SHAPE(O=REC. l = T R I )  0 

SUBAREA COORDINATES 
CDRNER X-CORD Y-CORD THICKNESS 

1 I .  sa 32.00 1. 00 
2 1. 50 8. 00 1 00 
3 3. 00 8. 00 1. 00 
4 3. 00 32. 00 1. 00 

l N P U T f  FCR SUBAREA I D E N T  9 

- C R I L  D I V I S I O N S  = 3 
.ERT DIVISIONS - 4 
* A T E R I A L  CLASS = 1 
IPAPE(O=@CC.  l=TR I )  9 

31- :ARE4 C t 0 . 9 0  I N A T E 5  
: I=YER X-CORD Y-CCRD THICKNESS 

1 3 00 33 co 1 00 
e 3 00 a 00 1 00 
3 9 CO e GO 1 00 
-1 0 00 3 2  00 t 00 

9 

FIGURE 3 - 5  
(con t inued)  
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1NPUTf FOR S U B A R I A  IDENT 0 

M R I Z  OIVISIONS i. 2 
VERT OIVISIONS 4 
Y A T E R f A L  CLASS 9 1 
SHAEE(Osr7EC. l = T R I )  0 

SUBARE; TZ3QD I Y A T E S  
CERNER I - C O R D  Y- CORD 

I Q 00 32.00 . Q 00 e. 00 

4 17 00 32.00 
3 17 56 a 00 

INPUTS FOR SU3kREA IDENT 10 

h G R I Z  DI'JISICNS = 3 
VERT 5IVISIONS = 4 
H A T E i l I A L  CLASS = L 

SHAPE( O=REC, 1 =TR ! ) 0 
1 

SUBAREA CGZRDINATES 
CORNER X-COR0 Y-CORD 

I 17 00 32.00 
2 17 00 9. 00 
3 38.00 B 00 
4 3a 00 32. 00 

INPUTS FOR SWOAREA IDENT 11  

H O R I Z  3 1 V I S I O F l S  I 2 
VERT DIVISIOM = 4 
RATERIAL CLASS = 2 
SHAPE(0-REC. I = T R 1 )  0 

SUBAREA COORDIN4TES 
CORNER x-cam V-CORD 

1 36.00 e. oo 
z 33.00 0. 00 
3 62 .00  0. 00 
4 b Z . 0 0  e. 00 

INPUTS FOR SUDAREA IDENT 12 

C M R I Z  D I V I S I C N S  - I 
VERT O I v I S I O r ~ S  = 4 
R A T E R I A L  CLASS * 2 
sHa=Eco-nEc. t = T q : )  0 

SUBAREA C G C R D  I tJriTES 
CORNER %-CORD v-caRD 

I 3a c? 32.00 
;a. co  8 00 

3 a2 00 a 00 
4 61 04 32.00 

-9 

THICKNESS 
1 3 3  
1 GO 
! 35 
1 GG 

T Y I  C R N E S ~  
I .  00 
1 00 
I OJ 
I 00 

THICKNESS 
1.00 
1 00 
1. 00 
1 00 

FIGURE 3-5 
(cont i nued ) 
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, .  

GROEA 
1 
2 

4 
S 
6 
7 
8 
3 

10 
I 1  
12 
13 
14 
IS 
15 
17 

I ?  
20 
I 1  
22 
23 
24 
2 5  
26 
17 
28 
29 
30 
31 
32 
33 
34 
3s 
36 
37 

39 
40 
J I  
42 
43 
44 
J9 
46 

4e 

:,; 
i l  
52 
53 
5 4  
5 3  
96 
5 7  
73 
:a 

7 - 

ie  

3e 

,- 
..I 

.I4 

.. 

“OEA 
1 
2 
3 
4 
5 
6 
7 

9 
10 
I 1  
I2 
13 
14 
1 5  
16 
t7 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 

39 
40 
41 
42 
43 
44 
4s 
45 
47 
48 
49 
53 
5 1  
S 2  
s3 
s4 
S S  
59 
‘7 
5 8  
.O 

0 ‘3 

e 

ze 

NODES 
1 
3 

10 
20 
22 
48 
53 
79 
39 
4 1  

4 5  

26 
92 
7 

96 
6S 

IO0 
95 
73 
7s 
77 
79 
81 
61 
83 

1 I 6  
118 
5 
6 
24 
26 
45 
40 
40 
40 

8 
9 
27 
28 
63 
64 
53 
44 
¶8 
8 S  
157 
31 
I63 
159 
173 
I75 
la5 
1s; 
IS4 
I23 
i d 7  

se 

Be 

se 

48 

2 
4 

I 1  
2 1  
23 
49  
s4 
30 
40 
42 
sa 
87 
89 
91 
93 
95 
97 
72 
61 

101 
105 
74 
76 
78 
80 
I13 

82 
106 
I17 
1 I‘ 
I35 
138 
137 
35 
47 

144 
69 
Sl 

143 
146 
I49 

1 so 
152 
I ?3 
:a 

1 4 3  
71 
38 

100 
19 

106 
It1 
I78 
177 
147 

i 4e 

I a7 
I sa 
1 1 5  
260 

3 
S 
12 
27 
24 
so 
s5 
31 
J1 
43 

IO0 
80 
63 
92 
27 
96 

31 
6S 

102 
I07 
7s 
77 
79 
91 
124 
83 
107 

120 
6 
7 

2s 
4s 
50 
77 
79 
53 
31 

9 
10 
20 
20 
5 4  
C 5  
‘ 0  
JS 
33 
31 
163 
I2 
I69 
165 
IS2 

171 
1 0 1  
I T3 
107 
z 5 3  

a 

I ie 

I e4 

I4 77 21  
15 24 23 
19 31 30 
33 4 1  40 
3.) 4 3  4 2  
s2 ss s4 
S7 60 5 9  
72 6 S  37 
67 7 S  74 
60 77 76 
84 33 71 

62 00 57 
9 0  98 87 
36 63 8 7  
94 92 9 1  
I7 27 93 

99 102 101 
104 107 I06 
104 102 103 
IO* 118 117 
110 I20 119 
1 1 1  121 1.21 
112 122 1 1 1  
123 122 1 1 1  
114 1 3  12s 
115 129 127 
130 I 3 A  133 
131 134 139 
136 2S 137 
16 26 139 
140 44 141 
142 44 140 
49 48 143 
60 43 4 6  
70 77 144 
70 81 145 
80 79 69 
147 20 148 

10 29 IS0 
1 5 1  64 1 5 2  
37 5 s  IS3 

IS4 53 5 9  
51 ‘9 ICs 
IC9 3 .  2 
46 43 1 4 1  
32 3 1  1 5 s  

121 1 - 3  .03 
la- 135  .-: 
i d s  Io* ‘ : 5  
170 & - I  Isi 

IS3 190 177  
18s 136 I P O  
I?O 1 ? 1  137 
:“Z IO3 123 
1 7 4  17s  .:a 
202 :c\3 2 2 0  
204 2.35 2 3 1  

a6 s5 52 

3e 8s 103 

181 182 178 

20 
22  
23 
3’3 
41 
53 
5 0  
0 
73 
75 
0 

50 
ss 
4s 

26 
92 
I02 
100 
93 
0 

116  
I18 
I20 
0 
0 

124 
126 
I32 
0 

24 
2s 
43 
25 
44 
0 
0 
0 
0 

27 

a3 
04 
00 
9 
9 
J 

1 5 7  
: 59 
133 
125 
173 
175 
177 
122 
I94 

sa 

za 

i es 
197 

13 
I4 

32 
33 
51 
5 6  
0 
66 
67 
0 

57 
86 
35 
90 
16 
94 
99 
90 
84 
0 

1 OB 
109 
I IO 
0 
0 

I13 
114 
129 

0 
IS 
I36 
34 
139 
147 
0 
0 
0 
0 

17 
147 
36 
IS1 
62 

43 
0 
0 
0 

1 5 5  

1-2 
Io4 

7 2  
1’4 
176 

193 
105 
196 

Le 

: :a 

i a i  

ZONE 
3 
3 
4 
3 
3 
3 
3 
4 
3 
3 
3 
5 
5 
5 
5 
5 
5 
4 
3 
1 
1 
3 
3 
3 
3 
1 
1 
1 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 

3 

- 
4 

- - 
2 
1 
1 

FIGURE 3-5 
( con t f  nued ) 
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01 
67 
63 
64 
65 
66 
67 
e9 
57 
7 0  
7 1  
-2 
-3 
75 
i 5  
7a 
77 
79 
79 

?1 
82 
83 
84 
25 
86 
87 
58 
89 
90 
9 1  
91 
Q 3  
94 
9 5  
96 
37 
98 
99 
100 
101 
1 02 
103 
134 
105 
106 
137 
108 
109 
110 
1 1 1  
1 12 
113 
: I 4  
11s 
116 

ao 

117 
118 
1 1 9  . .  

I20 
I21 
1 :2 
lZ3 
124 
I25 
! -5 
1 2 7  
I 2 P  

107 105 81) 156 157 
203 206 157 158 159  
199 201 205 217 218 
209 214 218 219 220 
211 211) 220 221 222 
205 207 159 172 173 
218 223 173 174 ;75 
220 224 171) 176 177 
226 229 231 232 233 
231 234 236 237 238 
236 237 2 4 1  242 243 
2 4 1  244 132 :33 134 
228 1 3 0  233 249 250  
233 235 238 252 2S3 
238 240 243 255 256 
243 245 134 131 120 
247 248 250 261 262 
2SO 251 253 264 265 
253 254 236 267 268 
256 257 120 121 122 

271 276 280 281 282 
273 277 281 233 284 
262 263 265 289 289 
280 285 289 290 291 
282 286 271 292 273 
265 266 268 297 298 
289 294 298 299 300 
291 293 300 301 302 
26% 269 122 123 124 
298 303 124 125 126 
300 304 126 127 129 
275 278 284 312 313 
307 310 313 314 315 

313 316 319 320 321 
293 296 202 324 32:! 
319 322 323 326 327 
302 305 128 196 197 
325 328 197 198 199 
309 311 315 339 340 
331 336 340 341 342 

315 317 321 346 349 
340 34s 349 330 351 
342 346 351 352 353 
321 323 327 357 358 
349 354 358 359 360 
3¶1 355 360 361 362 
327 329 199 208 209 
358 367 209 210 211 
360 364 211 212 213 
213 216 222 372 373 
367 370 173 374 375 
222 225 177 373 3:'Q 
373 376 379 350 331 

379 352 385 336 387 

385 388 391 3'2 393 
335 338 344 JGS 131 
395 398 401 402 SO3 
344 347 353 406 Ji7 
401 404 407 408 409 
353 3 5 6  361 412 4 1 3  

302 365 213 I5a 357 

2 5 9  260 261 279 2ao 

284 287 293 31s 3 1 9  

333 337 342 343 344 

1 7 7  ieo 186 3aa 23s 

la6 189 195 390 3;  

a 0 7  410 4 1 3  i i ~  4 1 s  

4 1 3  416 367 zaa 359 

23b 
207 
21 4 
21 3 
216 
223 
224 
225 
239 
2i5 
23s 
241) 
2 4 8  
2s 1 
254 
257 
260 
263 
250 
269 
276 
277 
279 
285 
286 
297 
294 
295 
2'76 
303 
304 
305 
?:9 
31 1 
316 
317 

323 
328 
329 
336 
337 
338 
345 
346 
317 
354 
3ss 
350 
363 
364 
365 
370 
37 I 
376 
377 
382 

;,a 
337 
2'3 
379  
1;; 
40s 
410 
41 1 
416 
41' 

--I- --- 

-37 --- 

203 
205 
209 
21 1 
21 3 
218 
220 
222 

233 
233 
243 
247 
2so 
2S3 
2S6 
259 
262 
255  
263 
27 1 
273 
27 5 
280 
282 
284 
289 
29 1 
293 
296 
300 
302 
307 
309 
313 
315 
319 
32 1 
325 
327 
331 
333 
335 
340 
347 
344 
349 
35 1 
333 
358 
360 
362 
36 7 
369 
3 7 3  
37s 
i i 7  
331 
53s 

359 
377 
4 3  I 
403 
107 
a 0 9  
4 1 2  
415  

=;a 

--- 
J a  I 

202 
204 
2 C 8  
210 
212 
217 
219 
221 
227 
232 
237 
242 
2 4 0  
249 
252 
255 
258 
26 1 
264 
267 
270 
272 
274 
279 
2s 1 
283 

290 
292 
297 
299 
3a 1 
306 

312 
314 
318 
320 
324 
326 
330 
332 
334 
339 
34 1 
343 
348 
3 50 
352 
357 
359 
36 1 
366 
363 
372 
374 
3-3 
353 
i a  1 
dao 
i74 
29, 
120 
402 
400 
400 
61;' 
4 1 5  

2ee 

39a 

- -  

i 
1 
2 

2 
2 
2 
2 
1 
1 
1 

1 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
2 
2 
2 
2 - 
1 

? 1 

.., 
9 1 

2 - 
7 - 
1 

c 

- - 
1 

1 

- - 
7 

FIGURE 3 - 5  
( con t i nued )  
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FREE FIELD FORMIS 

'.STE 
I 
L .. 
4 
S 
4 
7 
3 
0 

* r  I 4  

:1 
11 
1: 
1 4  
1. 
16 
17  
13 
10 
23 

22 
23 
24 
25  
26 

29 
29 
30 
31 
32 
33 
39 
33 
34  
37 

33 
0 0 
4 1  
4 2  
4 3  
4.a 
4 5  
4 %  
4 7  

4 i  
SO 
SI 
5 2  
3 2  
S4 
55 
5 5  

5-3 
5 ,  
+<. 
5 .  
5: 
6 3  
0.: 

5 3  
bC 
4 7  
C 8  
6P 

9. * A  

_I- .? 

3a 

a q  

.. , I  

-. 
i J  
-7. I .  

7 2  

7.1 
77 
7 b  
7 7  
7 3  
7? 
80 

._I 

'-iOC 
5 00 
0 00 
0 00 
0 00 
0 00 
0 00 
0 00 
0 00 
0 00 
0 00 
0 00 
0 00 
0 so 
0 so 
0 30 
0 60 
0 60 
0 5 0  
I 00 
1 00 
1 00 
1 00 
1 00 
1 00 
1 00 
1 00 
1 00 
1 00 
1 00 
1 so 
2 00 
2 00 
2 00 
2 00 
1 42 
1 4 2  
2 .  00 
3 00 
3 00 
3 00 
3 00 
3 00 
3 00 
2 3 3  
1 70 
3 00 
2 o s  
3 00 
2 63 
2 25  
3 00 
2 4 s  
3 00 
2 7 5  
2 50 
3 00 
2 4 s  
3 00 
2 6 S  
I 3 0  
3 00 
2 G S  
1 70 
2 2 s  
3 03 
d 00 
J GO 
Q 00 
Q 00 
a 00 
6 00 
2 50 
5 00 
5 00 
5 00 
5 00 
s 00 
5 00 
5 00 
7 00 

T U I C K  
1 00 
1 00 
1 00 
1 00 
1 00 
1 00 
1 00 
1 00 
1 00 
1 00 
1 00 
1.00 
1 00 
1 00 
1 00 
1 00 
1 00 
1 00 
1 00 
1 00 
1 00 
1 50 
1 00 
1 00 
1 00 
1 00 
1 GO 
1 00 
1 00 
1 00 
1 00 
1 00 
1 00 
1 00 
I 00 
1 00 
1 00 
1 00 
1 00 
1 00 
1 00 
1 00 
I 00 
1 00 
1 00 
1 00 
I 00 
1 OC 
1 00 
1 GO 
1 00 
1 00 
1 00 
1 00 
1 03 
1 00 
1 50 
! GO 
1 r ;  
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C H A P T E R  4 

PROGRAM INPUT INSTRUCTIONS 

Data for GEOGRO are input through the card reader and may or may 
not be augmented by a previously generated file (the file structure for 
GEOGRD is shown schematically in Figure 4-1). The first card i s  a 
comment which is printed and plotted, and the second card a list of 
program control variables. Next come the plot specifications , the 
element cards and the node cards. If network refinement, network 
generation, or element renumbering to be done, the card inputs for these 
activities follow the node cards. 

The program has a number of options as explained below. Several 
options have to do with scaling the size o f  the plot. If values are 
specified for the horizontal and.vertica1 plot size, the network will be 
scaled to fit within these bounds. This may result in a distortion of 
the plot, but will assure that the plot is contained on the plot page. 
If the sizes are left blank, the program will expect scale factors for 
the coordinates. These should be specified such that the inputs will 
f i t  into the desired space on the plot. 

When preparing data for G E O G R D ,  the following items should be kept 
in mind: 

1. The file written for geometric output is assumed to 
contain all element, coordinate and material zone data. 
For this reason all element type and width information 

. must be on the element and coordinate cards when the 
final file is written. The output file is written on 
the specified logical unit. 

2. Coordinate scale factors for scaling to prototype 
dimensions are included in GEOGRD,  and may be used to 
scale coordinates prior to writing the geometric output 
file. If the scale factors are left blank, values of 
1.0 are assumed. 

3. The plotting scale factors are applied to the input 
coordinates independent o f  the prototype scale factors. 

4. It is recomended that all inputs be made i n  the units 
of the source page plot; this will usually be inches or 
centimeters or some other convenient scale. Scaling to 
final prototype scales can then be done by specification 
of the appropriate scale factors i n  the simulation 
programs. 



PROGRAM 
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-0 LUNIT SAVE 

F I G U R E  4-1 
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5. When specifying the nodes which define an element, the 
user may input only the corner node numbers and the 
program will assign the midside numbers. If this i s  
done, the specification of three nodes will imply a 
triangular element and four node numbers a quadrilateral 
element. The user must enter zeroes for the remaining 
node numbers and specify the material zone type in its 
proper location, 

6. If an element side i s  straight, the user need only 
specify the coordinates of  the corner nodes and the 
program will calculate the coordinates o f  the midside 
nodes . 

OATA INPUT FORMATS 

The following paragraphs sumnarize the exact card formats expected 
by GEOGRD. The user should follow this procedure exactly, and input the 
data in the same sequence as it i s  described. In all cases the program 
will expect to input this information on FORTRAN logical unit 5 unless 
otherwise noted. Finally, the reader is urged to review the input and 
output from the example problem if questions arise. 

Please note that all inputs to GEOGRD are in free field format. 
This means that all data on a specified card image must be supplied, 
with individual values separated by blanks of commas. A slash ( / )  at 
the end o f  a line indicates the end of a record. If less than the 
proper number of items are input on a given card image, the program will 

. look at the next card to complete its list. This is a common error in 
free field input, and must be checked carefully by the user. 
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Card I npu t FORTRAN 
TY Pe Sequence Name Descri p t i  on 

A .  Job T i t l e  
1 

B .  Job  Controls 
1 

2 

3 

4 

5 

6 

7 

8 

TITLE 

I PRT 

I PNN 

I PEN 

I PO 

I PP  

IRFN 

IGIN 

LUNIT 

Any 80 column comments; this comment 
will appear on b o t h  the Printed and 
p l o t t e d  o u t p u t .  

Enter 1 i f  node and element i n p u t  d a t a  
are t o  be echo printed. Enter 2 i f  both 
i n p u t  data and the complete network 
specifications a re  t o  be printed; other- 
wise en ter  zero. 

Enter 1 i f  node numbers are t o  be 
p l o t t e d ;  otherwise enter zero. 

Enter 1 i f  element numbers are  t o  be 
plotted;. Enter? i f  the material types 
are t o  b e  plotted; enter 3 i f  b o t h  
element numbers and element material 
types a r e  to  be plotted; otherwise 
enter zero. 

Enter 1 i f  only a network plot i s  t o  
be drawn. Enter 2 i f  only a boundary 
i s  t o  be drawn. 
network and boundary are  t o  be drawn; 
otherwise enter zero. 

Enter 3 i f  both a 

Enter 1 if  the program i s  t o  produce 
a p l o t  of a subsection of the network; 
otherwise enter  zero. 
fied an  a d d i t i o n a l  card wi l l  be required 
as specified a t  Card Type D ,  below. 

I f  a 1 i s  speci- 

Enter a 1 i f  the program i s  t o  refine 
an exis t ing network by subdivision o f  
existing elements; otherwise enter 
zero. I f  a 1 i s  specified a d d i t i o n a l  
cards will  be required as specified a t  
Card Type H below (see Figure 4-2 
f o r  a n  explanation o f  network refinement). 

I f  a n  exis t ing network is  t o  be i n p u t  
for  processing, enter the number o f  the 
FORTRAN logical u n i t  upon w h i c h  i t  re- 
s ides;  otherwise enter zero. 

Enter the FORTRAN logical u n i t  number 
u p o n  which the resul ts  of  the network 
processing are t o  be wr i t t en .  
f i l e  w i l l  serve as subsequent i n p u t  t o  
GEOGRD and G E O D Y N .  I f  no f i l e  i s  t o  
be writ ten,  enter  zero. 

This 
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3 t 

4 

1 I 1 
* . )  1 

To refine the origfnal element to  the 
configuration shown,  use the fol lowing 
i n p u t  speci  f i ca ti ons : 

8 1 2 0  

8 6 7 0  
2 3 4 0  

6 8 2 4  
6 4 5 0  

The  program w i  1 1  generate a ? ?  other re- 
quired fnfomation. 

FIGURE 4-2 

N ETWOR K RE F I NEMENT E XAMPL E 
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Card I n p u t  FORTRAN 
TY Pe Sequence Name Description 

9 IGEN Enter 1 i f  a network ( o r  network sub- 

A non-  

section) i s  t o  be generated from speci- 
f icat ion of i t s  quadrilateral corner 
points; otherwise enter zero. 
zero entry here wil l  require inputs 
a t  Card Type I ,  b e l o w .  

10 NXZL Enter the number o f  network l ine  seg- 
ments for which the program wil l  internally 
calculate exact coordinates t o  insure 
a s t ra ight  l ine  o f  equal slope. An 
entry here will require a d d i t i o n a l  
i n p u t  a t  Card Type G ,  below. 

11 I RO Enter 1 i f  the program i s  t o  in te r -  
nally arrange the element order for  
a more ef f ic ien t  numeric s o l u t i o n .  
I f  a 1 i s  specified additional cards 
will be required as defined a t  Card 
Type J .  

C. P l o t  Scaling Factors 

1 HORIZ 

2 VERT 

3 XSCALE 

4 YSCALE 

5 AR 

6 XFACT 

7 Y FACT 

Maximum hor i zon t a l  s i ze  o f  p l o t ,  inches. 
I f  scale p l o t  factors a re  used, enter 
zero. 

Maximum vertical  s i ze  o f  p l o t ,  inches. 
I f  scale p l o t  factors a re  used, enter 
zero. 

Plotting scale factor for X ( h o r i z o n t a l )  
i n p u t s ;  i f  H O R I Z  i s  not zero, s e t  t h i s  
value t o  zero. 

Plotting scale f a c t o r  for Y ( v e r t i c a l )  
i n p u t s ;  i f  VERT i s  n o t  zero, s e t  this  
value t o  zero. 

P l o t  rotation i n  degrees from X a x l s  
(clockwise) . 
Prototype scale factor for X coordinates 
(assumed t o  be 1.0 i f  s e t  t o  zero) .  

Prototype scale factor f o r  Y coordinates 
(assumed t o  be 1 . 0  i f  s e t  t o  z e r o ) .  
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Card I n p u t  FORTRAN 
TY Pe Sequence Name Description 

D. Subsection P'lot Control - omit  i f  I P P  (Card 8.5) = 0 

1 NXPMIN Node number of m i n i m u m  X l o c a t i o n  i n  
a par t ia l  network p l o t .  I f  zero, 
taken a s  network m i n i m u m .  

2 .  NXPMAX Node number o f  maximum X l o c a t i o n  i n  
a par t ia l  network p l o t .  I f  zero,  
taken as network maximum. 

3 NPYF!ItI Node number o f  m i n i m u m  Y l o c a t i o n  i n  
a p a r t i a l  network plot. I f  zero, 
taken as network m i n i m u m .  

4 NYPrlAX Node number o f  a maximum Y location 
in a par t ia l  plot.  
as network maximum. 

I f  zero, taken 

E.  Element Definit ion 

1 J Element number 

2 IMAT(J) Element type number (corresponds t o  
soi l  zone specified for GEODYN).  

3-10 NOP(J,K) Element node numbers; enter 6 (or 3 )  
or 8 ( o r  4 )  numbers s tar t ing a t  any 
corner and moving counterclockwise 
around the element. 

... signal the end of element data w i t h  9999/ card. 

F. Node Definition 

1 J Node number 

2 CORD(J,1) X coordinate location 

3 CORD(J,2) Y coordinate location 

4 WD( J 1 Network w i d t h  a t  node J ;  defaults t o  
1.0 i f  specified as zero, 

... signal end of node d a t a  with 9999/ card. 

G .  Line Segment Coordinate Generation - NXZL (Card B.10) cards required, 
omi  t i f  fJXZL=O . 

1 NA 

2 rlB The corner node number a t  the other 

A corner node number a t  one end o f  a 
s t r a i g h t  l i ne  segment. 

end o f  a s t r a igh t  l ine segment. 
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Card I n p u t  FORTRAN 
TY Pe Sequence Name Description 

3-16 N I P  Up t o  14 corner node numbers between 
nodes NA and I iB  for which the Y coor- 
d i n a t e  i s  t o  be interpolated using the 
input values of the X coordinate. 

H. Element Refinement - IREN (Card 8.6)  cards required, omit  i f  I R E N = O .  

zero f o r  t r iangle  elements) from an 
existing element, e i ther  midside or 
corner, w h i c h  a re  t o  become corner 
nodes f o r  a refined element. See 
Figure 4-2 fo r  a graphical description. 

1-4 NEGI Four node numbers (including t r a i l i ng  

... signal end of element refinement d a t a  w i t h  9999/ 
card. 

I .  Automatic Grid Generation - omit i f  IGEN (Card 8.9) = 0 

1 

2 

3 

4 

5 

6 

7 

a 

IBLK 

N X I  

NY I 

I TP 

I S H P  

T W )  

TC( 2 

TC( 3 

~ 

A numeric designator for the section 
o f  the network t o  be generated. 

The number o f  subdivisions t o  be made 
a long  the X a x i s  for  the network t o  
be generated. 

The number o f  subdivisions t o  be made 
a l o n g  the Y axis for the network t o  
be generated. 

The material type number t o  be assigned 
t o  the elements generated. 

Enter 0 fo r  generation o f  q u a d r i l a t e r a l  
elements; enter  1 for  generation o f  
t r i a n g u l a r  elements. 

The X coordinate o f  the upper l e f t  
corner o f  the area f o r  w h i c h  a net-  
work i s  t o  be generated. 

The Y coordinate o f  the upper l e f t  cor- 
ner o f  the area f o r  w h i c h  a network 
i s  t o  be generated. 

The X coordinate o f  the lower l e f t  
corner o f  the area f o r  w h i c h  a net-  
work is t o  be generated. 
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Card I n p u t  FORTRAN 
Type ' Sequence Name Description 

The Y coordinate o f  the lower l e f t  
corner of the area f o r  which a net-  
work i s  t o  be generated.- 

9 T C ( 4 )  

10 TC(5) The X coordinate o f  the lower right 
corner o f  the area f o r  w h i c h  a net- 
work i s  t o  be generated. 

11 

12 

13 

14 

15 

15 

17 

T C ( a  The Y coordinate o f  the lower right 
corner o f  the area for which a net- 
work i s  t o  be generated. 

T C ( 7 )  The X coordinate o f  the upper r i g h t  
corner o f  the area f o r  which a network 
i s  t o  be generated. 

The Y coordinate o f  the upper r i g h t  
corner o f  the area for  w h i c h  a net- 
work i s  t o  be generated. 

The w i d t h  o f  the network a t  the upper 
l e f t  corner (1.0 w i l l  be assumed i f  
s e t  t o  zero). 

TC(8) 

ELC(1) 

ELC(2) The w i d t h  o f  the network a t  the lower 
l e f t  corner (1 .0  will be assumed i f  
s e t  t o  zero). 

ELC(3) The w i d t h  o f  the network a t  the lower 
r i g h t  corner (1.0 w i l l  be. assumed i f  
s e t  t o  zero). 

ELC(4) The w i d t h  o f  the network a t  the upper 
l e f t  corner (1.0 will  be assumed i f  
s e t  t o  zero). 

. . .signal end of g r i d  generation w i t h  9999/ card. 

J .  Element Renumbering - o m i t  i f  IRO (Card 6.11) = 0 

1-50 NLIST A 1 i s t  o f  node numbers ( u p  t o  50)  
from which the program will reorder 
the internal sequence of elements t o  
obtain the most e f f i c i e n t  operation 
o f  the simulation programs. As a 
general rule a t  l e a s t  two s tar t ing 
locations should be t r i ed ,  one a t  
each end o f  the network. The end 
o f  a l i s t  i s  a blank card f ie ld .  
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CHAPTER 1 

INTRODUCTION 

1.1 FOREWORD 

Engineering analysis of problems in regions subject to freezing and 
thawing presents a number of interesting and difficult technical 
situations. From an analytical point of view, the general problem of 
the temperature distribution expected in a disturbed soil subject to the 
freezeithaw cycle is one of the most difficult to analyze. To overcome 
this difficulty, Resource Management Associates (MA), has undertaken 
the development of a general purpose numerical model which can be used 
by the experienced engineer or technician to develop accurate estimates 
of temperature behavior in freezing conditions. This document provides 
a description of the capabilities of the numerical model, called GEODYN, 
and explains both its technical basis and procedures necessary to use 
the associated computer program. 

The program GEODYN is one o f  three codes that RMA has developed to 
analyze o f  freeze/thaw problems. The other two, GEOGRD and GEOPLT, are 
used to support GEOOYN, and are used as pre- and post-processors, 
respectively. GEOGRD is a stand alone program which can be used to 
develop the complicated finite element grids that are often required o f  
prototype problems, while GEOPLT produces isotherm contour plots o f  
GEODYN's results. Each of these programs has its own individual 
documentation. 

1.2 PROGRAM CAPABILITIES 

GEODYN is a FORTRAN coded, general purpose mathematical model for 
time-dependent analysis of two-dimensional geothermal problems. The 
program solves the equations o f  heat transfer including 
temperature-dependent latent heat effects, specified porous media 
convection, and ground surface/atmospheric heat transfers. GEOOYN 
utilizes the Galerkin finite element technique and can be coupled with 
computer graphics programs in a variety of output modes. 

The program wi 1 1  accept two-dimensional Cartesian problems as well 
as two-dimensional axisymnetric problems. The region modeled may have 
straight or curved internal and/or external boundaries, with arbitrary 
material zones, soi 1 stratigraphy and material anisotropies. The heat 
transfer mechanism included in the model includes both conduction and 
convection, as well as nonisothermal and nearly isothermal phase change. 
The program will accept a wide variety of boundary conditions including 
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fixed temperatures (which may be time dependent) 9 Prescribed thermal 
fluxes and a full surface heat balance calculated from atmospheric 
parameters. 

The primary output from the program consists Of tabular listings of 
temperatures at particular locations as a function of time. The program 
also calculates and displays the spatial location Of particular 
isotherms (i.e., the freezing isotherm), and may output a file for 
subsequent graphical or statistical processing. 

In its present form, GEODYN is considered to be relevant to at 
least the following types of problems: 

Foundation Design - Analysis of short-term and long-term 
ground/foundation stabi 1 ity due to structure/soi 1 thermal 
interaction, including construction disturbance effects. 

Embankment Design - Analysis of embankment/subgrade thermal 
regime and its effect on embankment stabi 1 ity under external 
and internal loadings (ice forces, earthquake forces, 
foundation forces, thermal forces, gravity forces). 

Slope/Thaw Plug Stabi 1 i ty - Analysis o f  time-dependent slope 
thermal regime and its effect on slope movements. 

Liquefaction Potential - Analysis of thaw/frost bulb develop- 
ment for determination o f  effects on liquefaction potential o f  
soils. 

Special Problems Related to Pipelines and Other Facilities 

Thaw Settlement - Determine thaw configuration for thaw set- 
tlement effects on pipe stresses. 

Frost Heave - Analysis of geothermal limits of frost heave 
including investigation of frost heave mitigation design 
techniques. 

Pipel ine Thermal -Hydraul ic Analysis - Geothermal interface 
with pipeline thermal-hydraulic analysis. 

Terrain Stability - Determine time-dependent thermal 
configurations for analysis of construction zone slope 
stabi 1 ity. 

Right-of-way Disturbances - Analysis of thermal disturbance 
d u e v i t i e s  and operations on right-of-way 
thermal regime (thaw settlement and thermal erosion). 
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Right-of-Way Drainage - Determine effects of frostlthaw bulb 
development on subsurface and surface drainage across the ROW 
(including surface icing, surface and subsurface erosion). 

Road Crossin s - Determine effect o f  a (cold) pipe on 
and evaluation o f  mitigative measures. icings 

River Crossings - Analysis of frostlthaw bulb development 
effects on river crossings, including icing, scour, and pipe 
integrity , 

Existing Facilities - Determine impact on existing facilities 
(structures, culverts, utilities, etc.) within pipe thermal 
influence zone. 

Axisymnetric Problems - Analysis of artificial islands in the 
Arctic Coastal Zone and impact of  exploratory drilling in a 
permafrost environment. 

1.3 GOVERNING EqUATIONS 

The two-dimensional form o f  the differential equation solved by the 
model can be written i n  Cartesian coordinates as: 

where T = temperature, "C 

B 1  = the average volumetric heat capacity o f  the soil mass 
(kJ/m3) ; this term i s  temperature dependent 

B2 = the volumetric heat capacity of water (kJ/m3) 

u,v = the components o f  Darcian water velocity in the x and y 
directions, respectively (m/hr) 

K K = thermal conductivity coefficients i n  the x and y direc- 
" tions, respectively (kJ/hr rn " C ) ;  these terms are 

temper at u re depend e nt 

w = the soil thickness normal to the x-y plane (m) 
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a1 = a thermal source or s)nk representing the effects of 
latent heat (kJ/hr m ) ;  this term is temperature de- 
pendent 

u2 = a thermal source or sink term representing a thermal 
flux such as a surface heat flux o r  the flux resulting 
from the geothermal gradient (kJ/m) 

Equation (1.1) represents a generalized, nonlinear statement of the 
equation describing the flow of heat in a saturated or unsaturated soil. 
In reviewing this equation, several comments concerning the assumptions 
made for each term are appropriate. First, in term (1) of Equation 
(l . l) ,  the assumption is made that the heterogeneous soil-water matrix 
can be represented by a homogeneous approximation using a single 
volumetric heat capacity, B ~ .  In general, B r  will be temperature 
dependent, and different values will be used if the local temperature i s  
above or below the freezing temperature. In other words, 61 is 
described in a stepwise fashion, with the step occurring at the phase 
transformation temperature. 

Term (2) of Equation (1.1) represents the thermal effects of 
flowing water the soil matrix, and is usually called the convection 
term. This term is derived directly from thermodynamic considerations 
and can have a profound effect on the behavior of a thermal regime, At 
the present time, it is assumed that all values of convective velocity 
are specified external to the model. If the temperature falls below 
freezing, the local water velocities are assumed to go to zero at that 
point. Terms (4) and (5) represent the diffusive transfer o f  heat 
according to the Fourier analogy. As with the soil properties, the 
diffusion coefficients are assumed to be stepwise temperature-dependent 
at the freeze temperature. It is the analyst's responsibility to 
specify the correct properties for the soil mass above and below the 
freeze point. Also, while not a general situation, it is easily seen 
that Equation (1.1) is formulated to simulate anisotropic diffusion 
properties in the x and y directions. This may be of particular 
interest in axisymmetric problems. The fifth term of Equation (1.1) 
represents the effects of latent heat. Proper formulation of this term 
is essential to the solution o f  the freeze/thaw problem, and a large 
number o f  alternative formulations have been tested. At the present 
time, this term is formulated as: 

in 

where 01 = the net effective heat source/sink term,to wpresent the 
effects of the latent heat o f  fusion (kJ/hr m ) 

= the latent heat of fusion for the soil matrix ( k J / m 3 )  
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At = some finite time interval between times to and tl (hr 

m~ f the unfrozen moisture content of the soil matrix at 
end o f  the time interval t, (fraction of total avai 
unfrozen moisture for phase transformation) 

the 
able 

m, = the unfrozen moisture content o f  the soil matrix at the 
beginning o f  the time interval to  (fraction o f  t o t a l  
available unfrozen moisture for phase transformation) 

Finally, it i s  assumed that the unfrozen moisture content of a soil, m, 
can be approximated as a function o f  the soil temperature. This 
relationship has the form: 

and: 

m = 1.0 for T 2 Tf 

where T = the local temperature ( " C )  

Tf = the freezing temperature ("C) 

The last term o f  Equation (1.1) represents the effects of heat 
fluxes. fluxes may either be specified by the analysis (i.e., the 
geothermal flux), or may result from a calculation of a surface heat 
balance. When done as a surface heat balance, the net surface energy 
balance flux term. i s  approximated by the relationship: 

Such 

- 
q ~ j ~ ~  - Qsw + Q r u  + QTURB - QEVAP 

where Q,, = transmitted shortwave radiation flux 

= transmitted net longwave radiation flux 

= turbulent heat transmitted across the surface 

= evaporative heat flux leaving the boundary surface 

QNLM 

QEVAP 

'TlJR8 

In general the terms of Equation (1.4) are both surface temperature 
dependent and functions o f  one or more atmosphere variables. In order 
to calculate these terms, the user must supply appropr.iate time average 
values of the following meteorological parameters: 
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Available incident solar radiation (kJlday - m 2 )  

Wind velocity (meters per hour) 

Evaporation flux (kJ/day m2) 

Snow depth (m) 

Snow density (grams/cm2) 

Air temperature ("C) 

Cloud cover (fraction of sky) 

Evaluation of Equation (1.4) is completely integrated with the 
calculation of soil temperatures. Complete details of the formulas used 
to estimate component terms is provided in Appendix A o f  this document. 

1.4 METHOD OF SOLUTION 

To solve Equation (l . l) ,  it is necessary to integrate the equation 
in both time and space. Except for very simple boundary conditions and 
material properties this is not possible by direct methods. It i s  
therefore necessary to employ a numerical technique to obtain the 
desired solution. In the case of GEODYN, the isoparametric finite 
element method is used. In the process, Galerkin's criterion is used 
with the method of weighted residuals and the equations are integrated 
by Gaussian quadrature. The resulting set of equations is nonlinear and 
the final solution is found by the Newton-Raphson iteration technique. 

To understand GEODYN, one should be aware of the procedure used to 
integrate spatially the governing equations. The first step in this 
process is to subdivide the region to be simulated into a number of 
subregions or subdomains called finite elements. These subdomains may 
have either triangular or quadrilateral shapes and may have curved 
boundaries or other irregular features. The corners and midside 
coordinates o f  each subdomain side are defined to be node points, and 
the output from the simulation is calculated in terms o f  the node p o i n t  
locations. 

To produce the desired simulation, we first integrate Equation 
(1.1) over each subdomain (element) in terms o f  its nodal point values. 
The influence of all the subdomains is aggregated into a final set of 
algebraic equations to provide the numerical solution. The spatial 
integration is done by a process known as numerical integration. By 
using this technique any sort of function can be integrated over an area 
by making the assumption that: 
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n 
j' f (T) dA = C wif(T)i 
A i = l  (1.5) 

where f(T) = the continuous function (Equation (1.1)) over the area 
" A"  

f(T)i = the value of the function evaluated at a particular lo- 

wi = a weighting factor associated with the particular loca- 

cation, i ,  within the area " A"  

tion i 

The particular locations where the components of Equation (1.5) are 
evaluated are called the Gauss points. The larger the number of Gauss 
points, the more complex f(T) can be and still achieve an exact or 
nearly exact integration o f  the function. GEODYN has a number o f  
different options on the number of Gauss points and will automatically 
use the least number required for a particular problem. This i s  
important as computer time increases with the number of Gauss points in 
the solution. A t  the present time, GEODYN may use 9, 16, 25 or 49 Gauss 
points for a quadrilateral and 7 or 16 points for a triangle. 

The equations developed from the numerical integration are valid at 
all points in space at a particular instant in time. If a steady state 
solution isL desired ( a T / a t  3 0), the appropriate terms are set to zero 
and a solution is made of the equations. If a dynamic problem is 
specified, however, it is necessary to integrate Equation (1.1) in time 
as well as space. This i s  accomplished as follows. First, it is 
assumed that the value of T at a particular point varies.over a discrete 
time interval according to the relationship: 

T = TI + at + bta (1.6) 

where T1 = the value of temperature at the beginning of the time 
step 

T = the value of temperature at the time t 

t = elapsed time from the beginning of the interval 

a,b = coefficients 

If Equation (1.6) is differentiated, we find: 
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which can be substituted into Equation (1.6) to eliminate b and gives: 

We also ,know that at t = 0, aT/at = 1, or (aT/at), = a. If this 
relationship i s  applied, and the subscript 2 is used to denote the value 
at the end of time interval (t = At), w e  f-ind: 

Note that if ct = 1, this reduces to the conventional linear 
integration scheme and if a = 2, the scheme is identical to the 
quadratic integration method. A value of a = 1.5 has been found stable 
for large time staps and also to give good accuracy. 

To incorporate Equation (1.9) into GEOOYN, we make use of the idea 
that our solution is to be valid at a particular instant in time (the 
end of the time step), and that complete information is available for T 
and its time derivative at the beginning o f  the time step. The solution 
is then marched through time in a series o f  discrete intervals (time 
steps) which are specified at the discretion of the user. 

1.5 REPORT ORGANIZATION 

This document is organized into four chapters. The four chapters 
are intended to provide the user of GEOOYN with the information needed 
to understand the program, assuming he is generally familiar with the 
solution of geothermal problems and has some experience with computer 
models and numerical simulation. 

In format, the first chapter provides an overview o f  the model, the 
problems to which it can be applied, and gives a short introduction into 
the governing equations and the solution technique. Chapter 2 provides 
a description of the computer program, and Chapter 3 presents the 
results of an example problem which utilizes most of GEOOYf4 's  options. 
In Chapter 4, the detailed instructions for GEODYN's computer input are 
fully described. In addition to these four chapters, this report 
contains three appendices. Appendix A provides additional detail on the 
formulation of the surface heat balance terms, and Appendix 8 further 
develops the mathematical basis o f  the numerical model. Finally, 
Appendix C reproduces several test cases which compare GEODYN's 
numerical solution against known analytical solutions to phase change 
pro b 1 ems. 
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CHAPTER 2 

PROGRAM ORGANIZATION AND DESCRIPTION 

The computer program GEOOYN consists of a main routine, 19 active 
subroutines and a Block Data subroutine. All the routines are written 
in standard FORTRAN code, and no special system or 1 i brary routines are 
needed. The logical organization of the code is shown in Figure 2-1, 
with the subroutines indicated in the order in which they would be 
called in a normal program execution. The paragraphs which follow 
provide a narrative description of the main routine and each of the 
active subroutines. The subroutine descriptions are provided in 
alphabetical order after the main routine, not the order shown in the 
f i gure. 

Main Routine (GEODYN) 

Program execution begins in the main routine with the 
initialization of program arrays for which lack o f  initialization could 
cause later trouble. Next, subroutine CGP is called to calculate 
normalized Gauss point factors which will be used later for spatial 
integration of the governing equations. Subroutine INPUT is then called 
to input and echo print all nondynamic run control variables and program 
data not associated with surface energy balance. Upon return from 
INPUT, subroutine IOSURF is called to input all data associated with the 
surface energy balance and/or user specified surface fluxes. If a final 
results file is to be output, the geometric data for the problem are 
written to logica.1 unit IS5;  if the problem is time dependent, 
subroutine PRINT will be called to echo print (on logical unit 6) the 
problem's initial conditions. 

Subsequent to printing the initial conditions, the program enters 
the time loop. This loop is executed repeatedly for as many time steps 
as are specified by the user. At the top of this loop the program sets 
the current time step, updates several arrays in time, calls subroutine 
IODYN to update the specified temperature boundary conditions and 
decides if the problem is symmetrical or nonsymmetrical as a result o f  
convective terms. With these operations complete, subroutine LOAD i s  
called to form the cross reference between external node numbers and 
internal equation numbers; at this point the program enters the 
iteration loop. 

Within the iteration loop, subroutine FRONT is called f o r  a 
nonsymnetric problem or subroutine FRONTS called for a symmetric 
problem. In either case, a solution update vector is calculated and the 
temperature arrays incremented by the latest solution. Subroutine 
COtiVRG i s  then called to see if any nodes and/or elements can be dropped 
for subsequent iterations, and the most recent convergence history saved 
for later printing. The program continues to loop until either a 
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converged solution is found or the user set iteration limit is reached. 
If a solution- is found, the program Will call subroutines PRINT to 
output the node point temperatures and subroutine ISOLN to compute and 
print the location of the freezing isotherm. Following this, a restart 
file will be written on unit IT i f  requested. If, at the iteration 
limit a solution is not found, the program may increase the number of 
potential Gauss points and re-enter the iteration loop; this process 
will be repeated until the user defined Gauss point limit is reached. 
If a converged solution cannot be found the program will output an error 
message and exit the time and iteration loops. If converged solutions 
are found the program simply repeats the above process until all time 
steps have been computed. In any case, after leaving the time loop, the 
convergence history for the entire computer run i s  output to the printer 
along with the time history o f  temperatures at certain user defined node 
points. Following this a message indicating the end of the run i s  
printed and program execution stopped. 

Subroutine ADJPT 

As part of GEODYN's frontal solution scheme, the program needs to 
develop a list of the order in which elements can be eliminated to 
achieve the minimum frontwidth. Subroutine ADJPT is used with 
subroutines REORD and ORDER to calculate this list. 

From a computational point of view, subroutine ADJPT prepares a 
matrix (ICON) of the nodes which are connected to a given node, and 
which are thus available for inclusion i n  the equation elimination 
procedure. This information is returned to subroutine ORDER where 
decisions are made on what adjacent nodes are then best brought into the 
elimination to get a minimum frontwidth. 

Subroutine ADJPT is called from subroutine ORDER a variable number 
of times depending on the problem. and makes no 'further calls. 

Subroutine CGP 

Program GEODYN performs its required integrations via a process 
known as Gaussian Quadrature. This process is basically a method 
whereby a series of weighted components is sumned to perform a numerical 
approximation of an exact integral. It is the function of subroutine 
CGP to calculate and store the necessary two dimensional factors as 
calculated from a much simpler set of one dimensional functions. (Note: 
two dimensional factors are multiples of one dimensional factors.) A t  
present, subroutine CGP deals only with quadrilateral shapes; the 
factors for triangles are explicitly set in GEODYN's Block Data 
subroutine. 

Computationally, CGP enters a loop the integration levels, and then 
copies appropriate one dimensional factors into temporary arrays. The 
actual shape function, weighting factors and derivatives are calculated 



by a call to function XN2 for a given location. Upon the return from 
XN2 the results o f  the calculations are stored in Program arrays 
dimensioned in the comnon block GAUSS. 

Subroutine CGP is called Once in each program execution from the 
main program and makes further calls to function XN2. 

Subroutine COEFS 

As explained el sewhere, the finite element method performs spatial 
and temporal integration on an element by element basis and then 
aggregates the individual element contributions to find the final 
solution. The temporal and spatial integration of the governing 
equations for an individual element is the prime function of subroutine 
COEFS. 

To perform the desired computations, the routine first decides i f  
the element i s  a triangle or quadrilateral and then copies the 
appropriate shape functions and weighting factors into temporary program 
arrays. Next, the local element properties are estimated based on 
current temperatures, and then the code enters the loop on the 
individual Gauss points. Within this loop the first task is evaluation 
of the Jacobian and then the evaluation o f  the local state variables. 
Next, the right-hand-side (a vector) and the left-hand-side (a matrix) 
of terms needed by Newton-Raphson iteration scheme are formed by sumning 
individual contributions on a Gauss point by Gauss point basis. Note 
that if the problem is symnetrical, COEFS recognizes this fact and the 
computational effort is reduced accordingly. 

Upon completion of the basic element formulation process, COEFS 
checks to see if any atmospheric surface fluxes have been specified for 
this element. If they have their contribution is incorporated in the 
left and right hand sides matrices via numerical evaluation of the 
appropriate surface flux line integrals. 

Following this, the global right-hand-side vector, R1, is updated 
The global left-hand-side matrices are for all active system equations. 

updated later in the calling routine (FRONT or FRONTS). 

Subroutine COEFS i s  called from subroutine FRONT for a nonsymnetric 
problem or FRONTS for a symmetric problem for each active system element 
at every iteration cycle. It makes one further call to subrout 
MOIST. 

Subroutine CONVRG 

Proaram GEODYN uses an iterative solution techniaue to solve 
governing nonlinear equations. This technique completes a solution 
making successive corrections to a previous solution. It is the  
function o f  subroutine CONVRG to inspect the solution correction vector, 
and to complete one of  two tasks. First, CONVRG inspects the entire 
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solution vector, and compares the maximum solution correction to the 
user specified convergence criterion. If all corrections are less than 
the limit, the soiution is converged and control is returned to the 
point o f  the call. If the solution is not converged, CONVRG will 
inspect the solution to see i f  the equations defining any individuai 
element have converged sufficiently to allow an entire element to be 
deleted on the next iteration. 

Computationally, CONVRG begins with a loop on node points to check 
to overall convergence of the solution vector. In this process relevant 
statistics on the solution are saved for later printing. Assuming the 
solution has not converged, a loop is entered on the system of elements. 
If it is found that each node in an element has cbnverged, the element 
is eliminated from the system by modification of the array IMAT. Once 
all the elements have been checked, subroutine LOAD is called to reform 
the active set of system equations. 

Subroutine CONVRG is called once in each iteration cycle from the 
main routine. Depending on the application, it may or may not call 
subroutine LOAL. 

Subroutine FRONT (and FRONTS) 

Subroutine FRONT and FRONTS are two nearly identical subroutines 
which, for all practical purposes, can be documented by this single 
description. The only difference between FRONT and FRONTS is that FRONT 
i s  capable o f  solviflg a nonsymnetric set of system equations, while 
FRONTS is designed to solve a symnetric set of equations, From a 
programing point of view, FRONTS is a slightly modified version of 
FRONT which recognizes and takes advantage of the synetrical nature o f  
the governing equations. The decisions to use FRONT or FRONTS is made 
in the main routine, and FRONTS is included in GEODYN primarily to 
reduce computer time where possible. In the paragraphs which follow, 
all references to FRONT will also be applicable to FRONTS. 

Subroutine FRONT begins by initializing various program arrays, and 
then modifying the element/node connection array to indicate the last 
appearance of each node in the upcoming equation elimination process. 
Next, the global right-hand-side vector, R1, is initialized; a call is 
then made to subroutine SURFF which will produce a modification to R 1  i f  
surface fluxes are included i n  the problem. 

The routine then enters a price of logic whereby the contribution 
of each active system element to the global system of equations i s  
calculated by a call to subroutine COEFS. The order in which the 
element contributions are calculated and stored i s  provided in the array 
NFIXH which is either set by default or a call to the element reordering 
subroutines. FRONT then accumulates the node point (equation) 
contributions until a forward elimination can be done on a particular 
row and column. In this process, the results of the completed 
(intermediate) eliminations are saved via calls to subroutine WRT. This 
process is repeated until all system equations have been considered. A t  
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this point FRONT begins the back substitution on the system o f  reduced 
equations to find the final solution vector. This is done in a standard 
fashion, with calls to subroutine RED to retrieve the intermediate and 
previously stored values. Once the back substitution is complete, FRONT 
returns control to the main routine where the solution vector, Rl, is 
used to update the nodal temperatures. 

Subroutine FRONT i s  called from the main routine for each cycle of 
iteration for each time step and it calls to subroutines SURFF, WRT and 
RED. 

Subroutine INPUT 

Subroutine INPUT has the function of reading into the computer most 
o f  the user specified data which does not change with time. Most data 
for INPUT comes from the card reader (logical unit 5) and is imnediately 
output to the line printer (logical unit 6) as a check. Subroutine 
INPUT makes few calculations of its own. 

In a logical sense, INPUT reads and echo prints the Run Control 
Parameters, Numerical Solution Parameters and Time Control Parameters 
for each run (see Chapter 3 for examples o f  this output). Next, INPUT 
reads optional data such as the length of the simulation time steps, the 
parameters f o r  sinusoidal boundary conditions and nodes that will have 
special printed output. Following this, INPUT reads the material zone 
properties, the geometric file produced by program GEOGRD, and any 
network update cards; if an axisymnetric problem has been defined, 
INPUT also makes the required adjustment to the system thickness inputs. 
Subsequently, INPUT calls subroutine SIZE to compute element sizes and 
subroutine REORD f o r  element ordering. Next, depending on user options, 
INPUT will output to the printer the complete network definition of 
nodal coordinates and element connections. Finally, the routine reads 
the initial conditions and inputs the specified restart file, if any. 

Subroutine INPUT i s  called once in each program execution from the 
It makes further calls to subroutine SIZE and optionally main routine. 

to subroutine REORD. 

Subroutine IOOYN 

Program GEODYN is designed to accept a wide variety of boundary 
conditions, some o f  which may be updated as the program marcnes through 
time. It i s  the function of subroutine IOOYN to input and specify those 
fixed value temperature boundary conditions which change with time. 

From a logical point of view, this is done by reading the annual 
temperature cycles and information on how many boundary conditions are 
to be changed from the current specifications. New specifications are 
then loaded into the proper program arrays. Following this, sinusoidal 
temperature values are calculated and loaded, if specified, and a1 1 
current values o f  specified temperature boundary conditions output to 
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the line printer on a print cycle. Next, updated values of the 
specified convective velocities will be input and Printed; the format 
of the convective output will depend on whether Of not the convective 
velocities are uniform at all node points or Vary from node Point to 
node point. 

Subroutine I O O Y N  is. called once for each execution Of GEODYN's time 
loop, and makes no further subroutine calls. 

Subroutine IOSURF 

Program GEOOYN can accomnodate two types of surface fluxes, those 
calculated from atmospheric conditions and those specified by the user. 
It is the function of subroutine IOSURF to input to the program all the 
information necessary numerically evaluate both o f  these types o f  
f 1 uxes. 

From a logical point of view, IOSURF begins by testing the user 
specified value of the number of nodes which are to have atmospheric 
fluxes. If it is greater than zero, the program will input and echo 
print all user definitions of the annual meteorologic cycle. This 
includes certain heat fluxes and meteorologic variables that are used in 
the calculation of the full surface heat balance. The reader i s  
referred to Chapter 1 and Appendix A of this report for further details 
on GEODYN's surface energy balance. 

Following their basic definition, the meteorologic variables are 
scaled by user defined factors and the final values output to the 
printer for review. Finally, IOSURF develops a list of the nodes which 
define the atmospheric interface, and will halt if the user has 
specified incorrect nodal definitions (not an outside boundary), 

The second portion of IOSURF inputs and outputs the number and 
location of user specified constant surface fluxes. These may be 
applied to any of a networks outer boundaries, and can be used to 
represent such things as the earth's geothermal gradient. Following 
this, the program again develops a complete list of the nodes which 
define the flux boundary, and will halt if the user has provided an 
incorrect specification. 

Subroutine IOSURF i s  called once in each program execution from the 
main program, and makes no further subroutine calls. 

Subroutine ISOLN 

As one of its program options, program GEOOYN will locate the 
position o f  the freezing isotherm. This option is intended to aid i n  
the interpretation of results, and is done on an element side by element 
side basis. It is the function of subroutine ISOLN to perform the 
CalCUhtionS ncessary to locate the freezing isotherm on an element 
side. 
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Computationally, ISOLN begins this process by entering a loop on 
active system elements. Within this loop, the maximum and minimum 
element nodal temperatures are checked, and only those elements which 
have temperatures above and below freezing are kept for further 
consideration. If an element has been selected, a l oop  is entered to 
determine which element side(s) contain the freezing isotherm. If an 
element side is selected, it is checked to see i f  this i s  the first 
occurence of the side in the search process. If it is, the program uses 
a Newtonian iteration scheme and the isoparametric shape functions to 
locate the exact position o f  the freezing isotherm on the element side. 
This procedure i s  necessary due to the nonlinear nature of both the 
geometric coordinates and the temperature values. At the conclusion of 
these computations the program prints the X and Y coordinates of the 
freezing isotherm, together with some i formation on the element side in 
which it was found. 

Subroutine ISOLN is called by user 
each time step and makes no further cal 

option from the main program for 
5. 

Subroutine LOAD 

As part o f  the bookkeeping design of GEODYN, it i s  necessary to- 
create a cross reference array between internal equation numbers and 
external code numbers. Creation of this array, which is stored in array 
NBC in comnon block BLK3 i s  the sole j o b  o f  subroutine LOAD. 

To create the desired array, LOAD scans each active problem element 
and creates a list o f  potential active equations. Next, equations at 
the location o f  specified temperature boundary conditions are deleted, 
and the final cross reference list created. The total number of active 

.equations is assigned the value NSZF, and this value i s  checked against 
the current program dimension limit IRlMAX. If NSZF IRlMAX a message 
i s  output to the printer and program execution halted. 

In normal program operation, LOAD will be called once in the main 
program for each time step, and may or may not be called from subroutine 
CONVRG; calls from CONVRG are dependent on the dropping of node point 
equations. Subroutine LOAD makes no further subroutine calls. 

Subroutine MOIST 

In its current form, program GEOOYN estimates the frozen moisture 
content of a soil as a function of temperature from the relationship: 

where m = the unfrozen moisture content 

Tf = freezing temperature 
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T = local temperature 

X,a = soil property parameters 

It is the function of subroutine MOIST to evaluate this equation and 
find its derivative with respect to temperature. 

t o  

Subroutine MOIST is called from subrout 
point in the numerical integration loop 
Please note that if moisture functions other 
to be used in GEODYN, subroutine MOIST 
accordingly. 

ne COEFS for each Gauss 
and makes no further calls. 
than that shown above are 
will need to be rewritten 

Subroutine ORDER 

As part of GEODYN's frontal solution scheme, the program needs t o  
develop a list of the order in which elements can be eliminated which 
will result in the minimum frontwidth. Subroutine ORDER is used with 
subroutines REORD and ADJPT t o  calculate this list. 

Subroutine ORDER is a somewhat complicated bookkeeping algorithm 
which performs a pseudo equation elimination in an incremental fashion. 
In this process, ORDER inputs a list of user specified node points and 
begins the elimination process based on the implied element connections. 
When it gets to a point where it needs additional equations to continue 
the elimination process, it selects the best alternative from a list of 
potential nodes which has been prepared by a previous call to subroutine 
ADJPT. This process is repeated until all nodes have been considered, 
at which time control is returned to the calling routine, REORD, Please 
note that this procedure is a directed search, and will not always find 
the global optimum order for a given system of equations. Also ,  as 
presently coded, ORDER does not take account of boundary conditions; in 
some problems this may be a factor. 

Subroutine ORDER i s  called from subroutine REORD. It is called 
once for each user specified list of starting node PO 
echo check of the data it reads. It makes a further 
ADJPT. 

Subroutine PRINT 

The function o f  subroutine PRINT is to outout to 

nts and outputs 
call to subrout 

the line printr 

an 
ne 

7 1  

logical unit 6, the entire array of nodal temperatures. In addition, 
PRINT outputs information on the elapsed simulation time (hour, day, 
month and year) plus an indication o f  which nodes have specified 
temperature boundary conditions and the most recent convergence history. 

Logically, PRINT begins by loading the boundary condition 
identifier array and printing the time data and information relating to 
the nature of the current problem (i.e., steady state or dynamic). 
Next, the temperature history i s  output, followed by a sumnary of 
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current atmospheric Conditions if a surface heat balance is included in 
the simulation. Following this the Current convergence history is 
printed . 

Subroutine PRINT is called at user specified time step intervals 
(NTSEG) in a dynamic simulation, as well as to print initial conditions 
or the results of a steady state problem. PRINT makes no further calls. 

Subroutine RED 

Subroutine RED is used as a virtual memory replacement for a tape 
or disk READ operation. Its function is to retrieve the values of the 
arrays LHS and QS and the scalar LQ which have been generated in the 
solution process and stored via a call t o  subroutine WRT. This is 
accomplished by declaring a large virtual storage area, common block 
FAKE, into which the desired values have been stored. At each call to 
RED the values in the comnon block FAKE are simply copied into the 
appropriate local arrays. 

Subroutine RED is called from either subroutine FRONT or FRONTS for 
most problems, but may not be called at all for small problems. 

Subroutine REORD 

As a part of GEODYN's frontal solution technique, the program must 
be able to develop an element order which results in a minimum front 
width. It is the function of subroutine REORO, working with subroutines 
AOJPT and ORDER, to find such an order. The technique used in GEODYN 
cannot be proved t o  be optimal in all cases, but has given satisfactory 
results in a large number of.widely varying situations. 

From a logical standpoint, the process starts in subroutine REORD. 
As its first task, REORD computes a list o f  all nodes connected to all 
other nodes (array ICON) and then makes an initial estimate of the 
maximum effective front width or bandwidth. Next, REORD calls 
subroutine ORDER to generate a new order resulting from a starting 
sequence supplied by the user. Upon return from ORDER, REORD saves the 
best current order, and then either returns to ORDER for a new try or i s  
signaled that all current trys are complete. In either case, once all 
trys are complete, REORD transforms the nodal order generated in ORDER 
into an equivalent element order, outputs a message, and returns to t h e  
point of the call, 

Subroutine REORD i s  called once by user option from subroutine 
INPUT and makes a futher call to subroutine ORDER. 

Subroutine SIZE 

It i s  the purpose of subroutine SIZE to compute the areas of all 
finite elements active in the current problem. This is accomplished oy 
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numerically integrating a unit function over the element area. The 
results o f  this integration are saved in array XAREA, which is 
dimensioned in the common block BLK4.  

Computational ly, SIZE enters a loop for each problem element, 
Within this loop a determination i s  made as to whether the element i s  a 
triangle or quadrilateral, and approriate shape functions, Previously 
computed in subroutine CGP, are copied into temporary arrays. The unit 
function is then integrated by sumning the appropriate shape functions 
and Gauss point values. 

Subroutine SIZE i s  called from subroutine INPUT once in each 
program execution and makes no futher subroutine calls. 

Subroutine SURFF 

Program GEODYN has the capability to simulate a full surface energy 
balance as outlined elsewhere. It is the function of subroutine SURFF 
to calculate the various factors and constants which are necessary to 
include the surface energy balance in the appropriate system equations. 
SURFF also computes the terms necessary to include the user specified 
constant flux terms in the simulation. 

Computational ly, SURff begins by finding the interpolated values of 
the meteorologic parameters which have been input in subroutine IOSURF. 
Once this is complete, the routine enters a loop on the specified number 
o f  element sides (NSFI) which define the soil/atmosphere interface. 
Within this loop the left and right hand side terms o f  each component in 
the energy balance are individually evaluated and stored in program 
arrays for later use. At the conclusion o f  this process, the program 
will have available f o r  later use, in subroutine COEFS, the aggregate o f  
all the surface heat effects on an element side by element side basis. 

Subroutine SURFF is called from subroutine FRONT (or FRONTS) once 
for each iteration, and makes no further subroutine calls. 

Subroutine WRT 

Subroutine WRT is used as a virtual memory replacement for a tape 
or disk WRITE operation. Its function i s  to save intermediate values of 
the arrays LHS and QS and tne scalar LQ which are generated in equation 
solution process by subroutines FRONT or FRONTS. This is accomplished 
by declaring a large virtual storage area, common block FAKE, into which 
current values are stored for later retrieval. The size of the virtual 
storage space is checked on each entry and the program will write a 
message and stop if the allocation is exceeded. 

Subroutine WRT is called from either subroutine FRONT or FRONTS f o r  
most problems, but may not be called for small problems. 
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Subroutine (Function) XN2 

Program GEOOYN uses Gaussian Quadrature to Perform certain spatial 
integrations of its governing equations. This process entails the 
sunming o f  a number o f  factors over the region Of integration. These 
factors include the various finite element shape functions and their 
derivatives at the sunmation (Gauss) points. I t  i s  the Purpose o f  
function XN2 to evaluate the shape functions and X and Y derivative of 
the shape functions for either triangles or quadrilateral 5 of unit 
dimension at various Gauss points. 

From a logical point o f  view, XNZ is composed o f  two similar 
pieces, one for evaluation o f  triangles and one for quadrilaterals. 
Upon entry, control is directed to the proper portion of the subroutine 
and the proper functional evaluation (shape function or derivative) via 
parameters supplied in the calling sequence. The desired calculations 
are then completed and control returned to the calling routine, CGP. 

XN2 i s  called f r om subroutine CGP for each Gauss point in a 
quadrilateral for each level o f  integration and makes no further calls. 
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CHAPTER 3 

EXAMPLE PROBLEM 

PROBLEM DEFINITION 

To demonstrate the operation of program GEODYN, and to aid users in 
the solution of new problems, a fairly large scale test problem i s  
presented for review. Any user of GEODYN should review this problem 
carefully prior to using the code in order to understand its data 
requirements and to become familiar with what to expect in relation to 
the model's input and output. 

The example problem represents a cold pipe in a large soil mass. 
The network for the problem is assumed to have been defined by the user 
and previously generated via the program GEOGRD (see example application . 

in the GEOGRD documentation). A plot of the basic network showing the 
location of the pipe and the various material zones is reproduced in 
Figure 3-1. As can be seen in the figure, the network i s  synmetrical 
about the vertical axis of the pipe, has five material zones, and is 
assumed to have a ground/atmosphere interface in the indicated location. 
The problem is to be run without convection (all groundwater velocities 
equal to zero) and with a full surface heat balance along the ground 
surface. <The geothermal gradient will be specified as a constant flux 
across the network's lower boundary. 

The data necessary to run this problem generally divide into three 
groups; physical data, initial conditionlboundary condition data, and 
run control data. The physical data are needed to describe the physical 
characteristics of the problem and its environment. For this problem 
the physical data are primarily the material properties of the five 
network zones and the ambient atmospheric conditions. The values used 
for this problem are summarized i n  Tables 3-1 and 3-2 respectively, and 
are typical of inputs required for such a problem. Please note that the 
pipe has been given certain physical properties and will be simulated by 
a single specified temperature at its center and the indicated 
"equivalent thermal properties" from its center to i t s  outer wall. This 
type of representation is only one of several alternative schemes that 
could have been used to represent the pipe (i.e., specified fluxes or 
specified wall temperatures), and it is the responsibility of the 
analyst to chose the method most suitable for a given problem. 

Other data for this problem include definition of the initial 
conditions, which were set just above freezing at O. O 5 6 O C ,  the 
temperature at the center of the pipe of -12.22"C and the selection of 
the simulation time steps (two at 7,604 days and 15.208 days 
thereafter). 
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In addition t o  these data two other types of data have been 
specified that require knowledge of the network's node numbers, The 
first o f  these has t o  do with GEODYN's element re'ordering option. This 
option, which should always be used, requires that the user provide a 
list of nodes from which the program can begin the reordering Operation, 
The reordering may be performed by the GEODYN program at the user's 
option. Since GEODYN's scheme cannot be guaranteed to be globally 
optional, the user may need to do a little experimentation with starting 
lists to find the best overall sequence. 

In the example problem, the reordering option has been given two 
starting lists, one along the ground surface and one along the bottom of 
the network (see Figure 3-2 for definition o f  the node numbers). The 
program will process each of these lists, and save the best element 
order. 

The second type of input data that requires knowledge o f  the 
network's numbering are the surface fluxes. As before, the reader is 
referred to Figure 3-2 for definition o f  the network node numbers. In 
this case, it can be seen in the figure that mid-side node numbers along 
the ground suface have been used to define the location of the 
ground/atmospheric interface, while the mid-side nodes along the bottom 
define the location of the geothermal flux, 

All these data, plus other information and data necessary to 
operate GEOOYN are organized according to the specification provided in 
Chapter 4. An annotated computer listing o f  the GEOOYN input data file 
is reproduced in figure 3-3. The user is referred to the instructions 
provided in Chapter 4 for the exact definition of the various items 
shown in Figure 3-3. 

RESULTS 

Program GEOOYN was operated for six -time steps using the network 
shown in Figure 3-1 and the input data file reproduced in Figure 3-3. 
The results from the simulation are reproduced in Figures 3-4 to 3-11, 
as explained below. 

As its first task, GEOOYfJ reads and echo prints all the various run 
control and system definition data as shown in Figure 3-4. The order 
and definition of this data follow exactly the order of input given in 
Chapter 4 and the user should always review this section of the output 
for confirmation of desired program inputs, 

Next, since the element reordering option is in effect, the program 
will input and process the two starting lists provided by the user. T h e  

22 



results o f  this operation are shown in Figure 3-5, where the 
specifications for the two starting lists are printed along with the 
final element order selected. The user should note that the second 
input list provided the best order, and if this network is to be used 
for additional runs the first list may be deleted from the input stream, 

Following the output of the reordering information, i f  requested . 
the program will output the complete definition of nodal coordinates and 
element/node connections as shown in Figure 3-6. This output should 
always be reviewed carefully at least once for any particular problem. 
In addition to its obvious use to reference the spatial location of 
nodes, this output also provides the element areas and the user should 
check for such things as zero or negative values. If such a value is 
found, a mistake has occurred in problem setup that must be corrected 
before going further. A cornon error which results in negative areas is 
numbering the nodes in a clockwise direction in the element definition. 

If the program is to use a full surface heat balance, the next item 
of output is a sumnary o f  the annual meteorologic conditions as shown in 
Figure 3-7. This output shows both the original input values as well as 
the values which result after multiplication by user defined scale 
factors. 

After printing the meteorologic inputs, the program will output the 
various local factors assigned to nodes (element sides) along the 
soil/atmospheric interface, as we1 1 as any fluxes specified as constant 
values (see Figure 3-8). The values shown here will be held constant 
throughout the entire computer run. 

In any dynamic simulation, the next output will be a complete 
summary of the problems initial conditions as shown in Figure 3-9. T h i s  
report simply lists all the node numbers in the network and shows the 
initial temperature values which have been assigned. Since the accuracy 
and stability of a problem's solution are often highly dependent on a 
correct definition of initial conditions, the user is urged to review 
these values quite carefully prior to beginning a significant 
s imu 1 at i on. 

All of the above outputs have been produced by GEODYN prior to 
actually beginning any simulation. Before beginning any major 
simulations the user should produce and review this information to 
insure proper problem specification. Once a simulation is begun t h e  
program simply marches forward in time, with printed output produced at 
the user specified frequency. In the example problem, the simulation 
was run for six time steps, with the output produced on the last step as 
shown in Figure 3-10. 
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At the top of Figure 3-10, the program recaps the time of the 
output, and then prints a complete history Of all the networks nodal 
temperatures. If a node has a specified temperature boundary condition 
the symbol (*) is printed next to its temperature- Next, if a full 
surface energy balance is being calculated, the Program outputs a 
general recap of the current meteorologic conditions, and then a node by 
node display of current values across the atmospheric interface. The 
nodal values differ from the general conditions by their local factors, 
and show each o f  the various components of the energy balance. Please 
note that in this example there was a snow cover of 0.61 meters, and the 
energy balance was calculated from the heat transfer through the snow, 
not a simple sumnation o f  the various energy terms. 

Following the energy balance terms, the program prints a sumnary of 
the most recent convergence history, and the coordinate location of the 
freezing isotherm. This last display shows not only the absolute X and 
Y locations, but the fractional location along the indicated element 
side and is intended to aid the user in preparing quick sumnaries of the 
results without using the plotting program GEOPLT. 

The program's final output, Figure 3-11, provides a complete recap 
of the problems convergence history. This output sumnarizes the length 
o f  each simulation time step, the final maximum temperature correction, 
the number of active nodes in the last iteration, the integration level 
and the number of iterations necessary to converge the problem, The 
convergence history shown here is typical of what could be expected from 
this type of problem. 

These figures give a good indication of what can be expected f r o m  
the program, and demonstrate most of the program options. Not included 
are the output which results if individual node time-temperature 
histories are requested or any error messages which are self 
explanatory. Note that the program option to output a final results 
file (tape) for subsequent processing by the plotting program, GEOPLT, 
was implemented. The use of this file will be documented in the GEOPLT 
documentation where the results of this example application will be 
shown graphically. 
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T A B L E  3- 1  

ZONE MATERIAL P R O P E R T I E S  FOR 
GEODYN'S. EXAMPLE PROBLEM 

X COND Y CONO X CONO Y COND SPEC nt S P E C  H t  L A T E N T  

(w/m°C) (w /m°C)  (w/m°C) ( w / m ° C >  (kJ/m30C) k J / m 3 " C )  (mJ /m3)  ZONE FROZEN F R O Z E N  THAWED THAWED FROZEN FROZEN HEAT 

1 . 2.077 2.077 1.038 1.038 1944.900 3085.000 201.2 
2.250 1810.800 2347.300 82.0 2 2.942 2.942 2.250 

3 4.327 4.327 2.596 

4 0.026 0.026 0.026 0.026 
5 0.340 0.340 0.340 0.340 6.710 6.710 

2.596 1676.700 2682.600 74.5 
67.100 67.100 0.0 

0 .o 
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TABLE 3-2 

METEOROLOGIC INPUTS FOR 
GEODYN'S EXAMPLE PROBLEM 

SHORT A I R  SNOW SNOU 
TEMP W I MD CLOUDS EVAP DEPTH DEN ( w / m 2 )  (Deg C) (km/hr) ( f r a c )  ( W / m 2 )  ( m )  (gm/cc)  

JUL IAN NAVE MONTH 

1 
2 
3 

4 

5 
6 

7 
8 

9 

10 
11 
12 

16.5 

45.0 

75.5 

105.0 

136.5 

166.0 

197.5 

228.5 

258.5 

289.5 

319.0 

350.5 

7.10 

31.27 

90.93 

165.17 

217.07 
240.99 

215.89 

157.68 
96.68 

40.60 

12.48 

2.76 

- 2 5  .OO 

-21.33 

-13.05 

-1.67 

8.17 

14.44 

15.67 

13.22 

7.80 
-4.33 

-15.89 

-22.17 

4.67 
b. 28 

8 .21  

10.46 

12.39 

11.26 

10.46 

9 . 8 1  

9.81 
8.69 

6.28 

5.15 

0.60 
0.64 

0.60 

0.67 

0.70 

0.73 

0.75 

0.78 
0.75 

0.80 

0.68 

0 .70 

0.00 

0.00 

0.00 

0.00 

12.62 

31 - 4 1  

33.39 

25.63 
14.33 

0.00 

0.00 

0.00 

0.49 0.18 
0.. 60 0.20 

0.61 0.20 

0.65 0.22 

0.00 0.30 

0.00 0.00 

0.00 0.00 

0.00 0.00 

0.00 0.00 

0 .oo 0.00 

0.18 0.20 

0.41 0.17 
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NO Flux - 
No S p e c i f i c a t i o n  

Mid-Side Values De f i ne  
Network/Atmosphere I n t e r f a c e  

‘ U N  h) 
- - - -  N h) OW N N 

V N  h) 
- 1 0  0) 

. N Y W  0 ) -  0 - N U  c w u w  l o ~ r o m ~  o m Q N  f - Q 0) 

I 
i 

I I 

I 

Mid-Sides Def ine  Location o f  S p e c i f i e d  F l u x  

FIGURE 3- 2 

NO F l u x  - , 
No S p e c l f f c a t f o n  1 

GEODYN EXAMPLE PROBLEM NETNORK 
WITH SELECTED NODE NUMBERS 
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W B E R  OF ELT CARDStNCD) 
Mmem OF CORD CARDS(NPX) 
NUMBER OF nAtER1AL TYPEs(MATI 
NUM OF INITIAL COND CARDS(IS1) 
OUTPUT PRINT OPTION(IPRT1 
N W  S W A R V  PRINT NODES(NSPN) 
CALC OF FREEZINC ISOTHRMIISOC) 
INPUT GEOH FILE(LUN1T) 
INPUT RESTART FILEfLIl 
OUTPUT RESTART FILEfIT) 
COHPLEIE SAVE FZLE(IS3) 
NWl SIN/SURCACE NODESfISINO) 
NUH SURFACE NODES(NSF 1 ) 
NU?! CONST FLUX NODES(NSF1) 
NlJH TIHE D6P 8-C CROUP SPECSINOCGl 
REOROERINO OPTION(IRO1 

NUMERICAL SOLUTION ChRAHEIERS 

BAX DYH ITERATIONS(MAx1) 
MIN INTEGRATION LEML(M1NCP) 
MAX INTEGRATION LEVEL(?MXCP) 
CYCLE FOR RELAX(N\JRF) 
MAX TIME DIVtHAXSUB) 
TEMP CONVRO LIHIT(C0NVC) 
TIME INTEORATION FACTOR(u.PHn) 

0 
0 
S 
2 
1 
0 
I 

6 0  
0 
0 

64 
0 
9 
0 
0 
1 

SI UNITS. 

15 
1 
1 
e 
2 

0.  ooze 
1. 5 

SCALE FACTORS 

X SCALb - 0.302 
Y SCALE - 0.305 
bl SCALE - 0.305 
U SCALE - 0 .  000 
V SCALE - 0.000 

***THIS PROBLEM USES CARTESIAN COORDINATES*** 

TIME CONTROL PARAHETERES 

NUMOER OF SOLUTION SfEPS(NTIME1 
PRINT INTERVAL(NTSEGI 
INPUT TIME STEPS(NV1S) 
IN  I TI AL TI HE'( TSTAR T I 

b 
6 
3 

0 0  

I*J=UT tinE STEPS (DAYS) AS FOLLOUS 
7 000 7 .  600 15.200 25. 200 t S .  200 15. 200 

TML [<MAL C l ~ I J I , I I ~ T I V I  T I E S  L LJ/M-C 
vOLUnFTR1C SIICIFIC H C A T ( K J / M 3 - C )  
VOLUHE1RlC LATENT HE&T(MJ/M3) 

? LltJC FROZEN COND THAUED COND SP UEAT SP UEAT 
( X  OR R )  ( Y  OR 1 )  ( x  OR 17) ( Y  OR 2 )  FROZEN THAUED 

1 038 lCdi QOO 3085 000 I 2 077 2 a77 I 038 
1 9 4 7  2 942 2 250 2. ISO l e i 0  BOO 2347 300 

i 4 327 4 327 2 396 I 596 1676 700 2662 600 
I 0 024 0 02& 0 024 0 026 67 000 67 100 

0 3 4 0  0 340 0 340 0 340 6 710 6. 710  

FIGURE 3-4 

LATENT 
HEAT 

201 .2  
82. 0 
74 5 
0 .  0 
0. 0 

ALPHA 
0. 700 
0 300 
0 500 
1 000 
! 000 

CAP.ln4 

1 sc3 
1 030 
0 050 
0 00c 
I ooi 

ECHO PRINT OF RUN CONTROL 
AND NATERIAL PROPERTIES 
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REORDERXNO OPTION HAS BEEN INVOKED 

STARTINC NODES 

1 13 20 37 3 9  66 73 108 116 129 
131 229 726 

STARTINQ NODES 

393 389 387 383 301 377 373 371 369 *I7 
397 

SELECTED ELEMENT ORDER IS LISTED enou 

120 
115 
1 I2 
105 
s2 
61 

41 
97 
78 
13 
23 

9 

ze 

i i a  
113 
109 
102 

5 0  
39 
20 
4 8  
84 
77 
12 
10 
29 

116  
127 
1 04 

5 6  
61 
99 
92 
27 
01 
38 
$ 5  
3 
4 

I14 
125 
103 
33 
60 
97 
e9 
91 
38 
47 
17 
2 
1 

132 246 

415 4 1 1  

128 
123 

5 7  
66 

100 
95 
86 
ee 
as 
44 
14 
30 
72 

FIGURE 3- 5  

241 239 236 134  

409 403 403 399 

1 26 
121 
34 
63 
90 
93 
e3 
e3 
39 

7 
34 
74 
71 

126 
5 8  
67 

110 
96 
Z1  
19 
a t  
37 
4 1  
33 
73 
70 

112 
55 
64 
107 
91 

1 1  
4 6  
24 
40 
16 
74 
69 

ia 

119 
&a 

I l l  
104 
51 
e 

45  
26 
80 

6 
32 
73 

I17 
65 

101 
49 
3 
43 
90 
79 
35 
31 
22 

I oe 

ECHO PRINT OF INFORMATION GENERATED IN 
THE REORDERING OPTION 
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oaoca.w GODYN 
A FINITE ELEr(C:IT =PEEZ-TH*U PROGRW 

LAF~vETTE.  CALIF -- NOVEneER 1 9 0 1  

ZC'JELOPED BY 
RESOURCE PANACERENTS ASSOCIATES 

NODE 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
1 1  
12 
13 
I4 
15 
I6 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
20 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
4 2  
43 
44 
4 5  
46 
47 
48 
49 
50 
51 
s2 
53 
s4 
s5 
56 
57 
58  
59 
60 
61 
62 
63 
64 
65 

FIXED NODAL CMRDINATEB . . .  
x-Loc 

i rlETRE t 
0. 00 
0. I 1  
0. 23 
0. 34 
0. 46 
0. 61 
0. 76 
2. 29 
2. 36 
2. 44 
2.  s9 
2.  74 
0. 00 
0. 23 
0. 46 
0. 79 
2. 26 
2. 44 
2.  74 
0. 00 
0 1 1  
0. 23 
0. 34 
0. 46 
0. 65 
0. 94 
2. 21 
2.  32 
2.  44 
2.  s9 

0. 00 
0. 23 
0. 46 
0. 91 
2 .  13 
2. 44 
2. 74 
0 00 
0. 1 1  
0. 23 
0. 34 
0. 46 
0. 72 
0. 99 
0 78 
1 .  10 
I 10 
I .  I5 
1 20 
I. 31 
1. 37 
I. 52 
I .  s2 
1 . 5 2  
I .  71 
1. 68 
1. 89 
I. 84 
I BO 
2. 16 
1 95 
2. 06 
2. 2s 
2. 44 

2.  74 

V-LOC 
( METRE) 

0 00 
0 00 
0 00 
0 00 
0 00 
0 00 
0 00 
0 00 
0 00 
0 00 
0 00 
0 00 
0 15 
0 15 
0 1 s  
0 la 
0 I9 
0 1s 
0 30 
0 30 
0 30 
0 30 
0 30 
0 30 
0 30 
0 30 
0 30 
0 30 
0 30 
0 4 6  
0 61 
0 61 
0 61 
0 61 
0 43 
0 43 
0 61 
0 91 
0 91 
0 91 
0 91 
0 91 
0 91  
0 72 
0 52 
0 91 
0 b2 
0 91 
0 60 
3 69 
0 91 
0 7 5  
0 91 
0 84 
0 76 
0 91 
0 75 
0 91 
0 81  
0 70 
0 91 
G 62 
0 s2 
0 72 
0 91 

TU 1 CH 
( H€TRE) 

0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0.  3 
0. 3 
0.  3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0.  3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0.  3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0 .  3 
0.3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 

NODE 

140 
141 
142 
143 
144 
145 
146 
147 
I48 
149 
150 
1s1 
152 
1 S3 
154 
155 
136 
1 5 7  
IS8 
159 
160 
161 
162 
163 
164 
165 
166 
167 
I69 
169 
170 
171 
172 
L 73 
I74 
175 
176 
I77 
178 
179 
1 BO 
181  
182 
I83 
184 
185 
186 
187 
1 88 
189 
190 
191 
192 
193 
194 
19s 
196 
197 
198 
199 
200 
20 I 
202 
203 
204 

x-LOC 
( METRE) 

0. 69 
0. 59 
0. 06 
0. 91 
0. 70 
1. 31 
2.  32 
2. 34 
2. 27 
2.  40 
2. 30 
2 .  29 
t. 15 
2. 34 
2.  07 
I .  71 
3.  35 
3.  96 
4. s7 
5 .  18 
3. 96 
5. 18 
3. 35 
3. 96 
4. 57 
5. 18 
3. 96 
5 .  18 
3.  35 
3. 96 
4. 57 
5. 10 
6. 25 
7. 32 
8. 30 
9. 45 

10. s2 
11. s0 
7. 32 
9. 45 
11.56 
6. 2 5  
7. 32 
9. 38 
9 .  45 
10. 52 
11.50 
7. 3 2  
9. 45 

11. 50 
6. 25 
7 .  32 
a. 38 
9. 45 
10. s2 
11. 5 8  
3. 3s 
3. 96 
4. 57 
5.  19 
3. 96 
5. 10 
3. 35 
3. 96 
4.  57 

Y i o c  
(METRE 1 

0 si  
0. 82 
0. 62 
0. 82 
1. 22 
1 22 
0 00 
0 .  1s 
0. 30 
0. 00 
0. 30 
0. SI 
0. 62 
0. 82 
0. e2 
1. 22 
I .  22 
1. 22 
I. 22 
1.  22 
0. 91 
0. 91 
0. 61 
0. 61 
0. 61 
0. 61 
0. 30 
0. 30 
0. 00 
0. 00 
0. 00 
0. 00 
1. 22 
1. 17 
I .  22 
I. 22 
1. 22 
1. 22 
0. 91 
0. 91 
0. 91 
0. 61 
0. 61 
0. 61 
0 61  
0 61 
0. 61 
0. 30 
0. 30 
0. 30 
0. 00 
0. 00 
0. 00 
0. 00 
0. 00 
0 00 
2. 44 
2.  44 
2. 44 
2. 44 
2. 13 
2. 13 
1. e3 
1. 83 
s. e3 

THICK 
I METRE 1 

0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0.3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 7 
0. 3 
0. 3 
0. 3 

..o. 3 
0.3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0.3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0 3  
0. 3 
0. 3 

NODE 

279 
200 
281 
2 8 1  
283 
204 
285 
266 
287 
208 
209 
290 
29 1 
292 
293 
294 
29 5 
296 
297 
298 
299 
300 
30 1 
302 
303 
304 
305 
306 
307 
308 
309 
310 
31 1 
312 
313 
314 
315 
316 
317 
310  
319 
320 
32 1 
322 
323 
324 
32s 
326 
327 
320 
329 
330 
33 1 
332 
333 
334 
335 
336 
337 
330 
339 
340 
34 I 
342 
343 

x-COC 
(PIETRE) 

1. 22 
1. 52 
1. e3 
2. 13 
2.  44 
2.  74 
1. s2 
2.  13 
2. 74 
1. 22 
1. 52 

2. 13 
2. 44 
2. 74 
1. 52 
2 .  13 
2.  74 
1. 22 
1. 52 
1 .  83 
2. 13 
2.  44 
2. 74 
1. s2 
2.  13 
2.  74 
3.  35 
3. 96 
4. 57 
5. 10 
3. 96 
5. I0 
3.  33 
3. 96 
4. 57 
5. l B  
3.  96 
5 .  18 
3.  3s 
3. 96 
4. 57 
s. 18 
3. 96 
5. 19 
3. 3s 
3. 96 
4 57 
3. 18 
3 96 
5 .  18 
6 25 
7 32 
e. 38 
9 4 5  

10. 52 

7. 32 
9 .  4 5  

1 1 .  58 
6 .  25  
7. 32 

9 45 
10. s2 

1. e3 

11. 58 

8 .  33 

Y-LQC 
iR€TRE) 

7 92' 
7 92 
7 92 
7 92 
7 92 

' 7 92 
7 01 
7 01 
7 01 
6 10 
6. 10 
6 10 
6 10 
6 IO 
6 IO 
5 10 
5 19 
5 16 
4 27 
4 27 
4 27 
4 27 
4 27 
4 27 
3 35 
3. 35 
3 35 
9 7s 
9 7s 
9 75 
9 75 
8 94 
e 84 
7 92 
7 92 
7 92 
7 91 
7 01 
7 01 
6 LO 
6 10 
6 10 
6 10 

5 18 
4 27 
4 27 
4 27 
4 27 
3 35 
3 3s 
9 7 5  
9 7 5  
9 7 5  
9 7 5  
9 7 5  
9 75 
e 84 
e e4 
e e4 
7 ?a 
7 ?2  
7 92 
7 92 
7 92 

5 le 

THICK 
1 WTRE 1 

0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0 3  
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
3.  3 
0. 3 
0 3  
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0 3  
0. 3 
0. 3 . 
0. 3 
0. 3 
0. 3 
0. 3 
0 3  
0. 3 
0. 3 
0. 3 
0 3  
0 3  
0 3  

0 3  
0 3  
0 3  
0 3  
0 3  
0 3  
0. 3 
0 3  
0. 3 
5 3  
0 3  
3 3  
5 3  
0 3  
0 3  
5 3  
0 3  
0 3  

a 3  
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66 
67 

69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
00 
81 
82 
83 
a4 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 
100 
101 
102 
I03 
104 
105 
106 
I07 
108 
109 
110 
1 1 1  
112 
113 
114 
115 
116 
117 
I10 
119 
120 
121 
122 
I23 
124 
125 
126 
127 
It8 
I29 
I30 
131 
132 
I33 
134 
135 
136 
I37 
133 
139 

6e 

0.  00 
0. 23 
0. 46 
1 .  04 
1. 52 
1. 97 
2. 5 9  
0 .  00 
0. I 1  
0 23 
0. 34 
0. 46 
0. 72 
0. 98 
I .  25 
I .  52 
I. 78 
2. 04 
'2'16 
2. 74 
1. 52 
1. 26 
1. 52 
1 .  79 
I. 52 
I. 18 
I. 52 
1. 87 
1. 52 
I. 14 
1. 52 
1. 90 
2. 09 
2. 44 
2. 29 
2. 36 
2. 44 
2. 59 
2. 59 
2. 74 
2. 39 
2. 74 
0. 00 
0. 23 
0. 46 
0. 94 
1. 22 
1 .  52 
2. 09 
2. 74 
0. 00 
0. 1 1  
0. 23 
0. 34 
0. 46 
0. 69 
0. 91 
I .  22 
I .  52 
1 03 
2. 13 
2. 44 
2. 74 
0. 00 
0 . 1 3  
0. 34 
0. 00 
0. 1 1  
0. 23 
0. 53 
0. 63 
0 5 5  
0. 69 
0. 74 

1. 22 

1.22 
1. 22 

1.17 
0. 76 
1. 52 
I. s2 
I .  52 
I.  52 
I. 52 
1. 52 
1. 52 
1. 52 
1. 52 
1. 52 
1. 52 
I.  37 
1.22 
0. 64 
0. 52 
0.  5 2  
0. 52 
0. 41 
0. 30 
0.  30 
0. 30 
0 15 
0. 00 
0.  00 
0. 00 
1. 07 
1. 07 
1. 22 
1.22 
1 .  22 
I .  22 
I. 52 
1. 52 
1. 68 
1. 83 
1. 98 
1. 98 
1. 98 
1. 98 
1.98 
1. 98 
1. 98 
2. 13 
2. 44 
2. 44 
2. 44 
2. 44 
2. 44 
2. 44 
2. 44 
2 44 
2. 44 
2. 44 
2. 44 
2. 41 
2. 44 
2. 67 
2. 67 
2. 67 
2. 90 
2. 90 
2. 90 
0. 00 
0. 15 
0. 30 
0. 00 
0 30 

1. 2 1  

1. 2a 

0 .  3 
0. 3 
0. 3 
0.  3 
0. 3 
0.  3 
0. 3 
0. 3 
0. 3 
0.  3 
0.  3 
0.  3 
0. 3 
0.  3 
0.  3 
0. 3 
0. 3 
0. 3 
0. 3 
0 .  3 
0 .  3 
0.  3 
0.  3 
0 .  3 
0. 3 
0.  3 
0 3  
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0.  3 
0.  3 
0.  3 
0 .  3 
0.  3 
0.  3 
0.  3 
0. 3 
0. 3 
0.  3 
0. 3 
0.  3 
0. 3 
0 .  3 
0. 3 
0. 3 
0. 3 
0. 3 
0.  3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0.  3 
0. 3 
0. 3 
0.  3 
0. 3 
0. 3 
0. 3 
0. 3 
0 .  3 
0 3  
0. 3 
0 3  
0 3  
0. 3 
0 3  
0. 3 

20 5 
20& 
207 
208 
209 
210 
21 1 
212 
213 
214 
215 
216 
217 
218 
219 
220 
22 1 
222 
223 
224 
225 
226 
227 
228 
229 
230 
23 1 
232 
233 
234 
235 
236 
237 
238 
239 
240 
24 1 
242 
243 
244 
245 
246 
247 
248 
249 
2 50 
251 
252 
2 53 
254 
235 
256 
257 
258 
259 
260 
261 
2 62 
2 63 
264 
265 
264 
267 
248 
269 
270 
27 1 
272 
273 
274 
275 
276 
277 
278 

5. 18 
3. 96 
5. 18 
6. 25 
7. 32 
8. 38 
9. 45 

11.58 
7 32 
9. 45 
11.58 
6. 25 
7. 32 
8. 38 
9. 45 
10. 52 
11.58 
7. 32 
9.. 45 
11.58 
0. 00 
0. 1 1  
0. 23 
0. 00 
0. 23 
0.  00 
0. I 1  
0.  23 
0.  00 
0.  23 
0. 00 
0. 1 1  
0. 23 
0. 00 
0. 23 
0. 00 
0. 1 1  
0. 23 
0. 00 
0 .  23 
0.  34 
0. 46 
0.  44 
0. 34 
0. 46 
0. 44 
0. 34 
0. 44 
0. 46 
0. 34 
0. 46 
0. 46 
0. 49 
0. 91 
0. 91 
0. 69 
0. 91 
0. 91 
0. 69 
0. 91 
0. 91 
0. 69 
0. 91 
0. 91 
1.22 
I. 52 
I. 83 
2. 13 
2. 44 
2. 74 
1. 52 
2. 13 
2. 74 

10.52 

1. 87 
1. 52 
1 .  s2 
2. 44 
2. 44 
2. 44 
2. 44 
2. 44 
2. 44 
1. 13 
2. 13 
2. 13 
.1. E3  
1. 83 
1. 83 

1.83 
1. 83 
1. 52 
1. 52 
1. 52 
9. 75 
9. 7s 
9 .  75 
8. 90 
8. 90 
8. 04 
8. 04 
8. 04 
7. 18 
7. 18 
6. 32 
4. 32 
6. 32 
5. 47 
5. 47 
4. 61 
4. 61 
4. 61 
3. 75 
3. 75 
9 73 
9 75 

7. 98 
7. 92 
7. 01 
6. 21 
6. 10 
5 18 
4. 44 
4. 27 
3. 35 
9. 75 
9. 75 

7. 92 
7 92 
7. 01 
6. 10 
6. 10 
5. 18 
4 27 
4 27 
3. 35 
9 73 
9 .  75 
9.  75 
9. 75 
9 75 
9. 75 
0 84 
8. 04 
8.  84 

1. e3 

8. a4 

8.  e4 

0.  3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0 .  3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0.  3 
0. 3 
0. 3 
0. 3 
0.  3 
0. 3 
0. 3 
0. 3 
0 .  3 
0. 3 
0.  3 
0.  3 
0. 3 
0.  3 
0. 3 
0. 3 
0. 3 
0.  3 
0. 3 
0. 3 
0. 3 
0.  3 
0. 3 
0. 3 
0 .  3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0.  3 
0. 3 
0. 3 
0 3  
0. 3 
0. 3 
0 .  3 
0. 3 
0 3  
0. 3 
0 .  3 
0. 3 

344 
745 
346 
347 
348 
349 
3 50 
351 
352 
353 
354 
355 
356 
357 
358 
359 
360 
341 
362 
363 
364 
365 
366 
367 
368 
369 
370 
37 1 
372 
373 
374 
375 
376 
377 
378 
379 
380 
38 I 
382 
383 
384 
305 
386 
307 
368 
309 
390 
39 1 
392 
393 
394 
395 
394 
397 
398 
399 

40 1 

403 
404 
A 0 5  
40& 
A 0 7  
408 
409 
410 
41 1 
412 
413 
414 
415 
416 
417 

4 0 0  

402 

11.58 
7 32 
9 45 
11.58 
6. 2 5  
7 32 

9 45 
10. 52 
1 1 .  50 
7. 32 
9 45 

11. se 
6. 25 
7. 32 
8.  38 
9 45 
10.52 

e. 38 

11. 5 0  
7. 32 
9. 45 
11.58 
13. 41 
15. 24 
17.07 
18.90 
15. 24 
LE. 90 
13. 41 
15.24 
17. 07 
18.90 
15. 24 
18.90 
13. 41 
15. 24 
17. 07 
18.90 
15.24 
18.90 
13. 41 
15.24 
17. 07 
18.90 
15. 24 
10. 90 
13. 41 
15.24 
17. 07 
18.90 
13. 41 
15.24 
17. 07 

15. 24 
18. 90 
13. 41 
15. 24 
17. 07 
18. 90 
15. 24 

13. 41 
15. 24 
17. 07 
18.90 
15. 24 
18. 90 
13. 41 
15.24 
17 07 
IS. 90 
15 24 
IS. 90 

le. 90 

le 90 

7 92 
7 01 
7 01 
7 01 
6 10 
6 LO 
6 10 
6 10 
6 IO 
6 10 
s 18 
5 19 
5 10 
4 27 
4 27 
4 27 
4 27 
4 27 
4 27 
3 35 
3 3 5  
3 35 
2 44 
2 44 
2 44 
1 44 
2 13 
2 13 
1 03 
1 03 
I e3 
i e3 
1 52 
1 52 
1 22 
I 22 
I 22 
1 22 
0 91 
0 91 
0 61 
0 61 
0 61 
0 61 
0 30 
0 30 
0 00 
0 00 
0 00 
0 00 
9 75  
9 75 
9 7 5  
9 75 
a e4 
8 04 
7 92 
7 92 
7 92  
7 92 
7 01 
7 01 
6 10 
b IO 
b 10 
b LO 
s 10 
5 I 0  
4 27 
4 27 
4 27 
4 27 
3 3s 
3 35  

0. 3 
0 3  
0. 3 
0. 3 
0. 3 
0 3  
0. 3 
0. 3 
0 .  3 
0. 3 
0 3  
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0.  3 
0. 3 
0. 3 
0 3  
0.  3 
0. 3 
0. 3 
0. 3 
0 .  3 
0. 3 
0. 3 
0 3  
0 3  
0 3  
0. 3 
0.  3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0. 3 
0.  3 
0. 3 
0 3  
0. 3 
0 3  
0. 3 
0. 3 
0.  3 
0 3  
0. 3 
0 3  
0. .3 
0 3  
0 3  
3 3  
0 3  
0 3  
0 3  
3 3  
0 3  
3 3  
0 3  
0 3  
0 3  
9 3  
9. 3 
0 3  
3 3  
3 3 
3 3  
3 3  
0 3  
3 3  
3 3  
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PROGRAM CEODVN 
A F I N I T E  ELEPlENT FREEZ-THAU P R O C R M  

OEVELOPED DY 
RESOURCE nAN*OSnENTS ASSOC IATES 

LAFAVPTTE, CWIF -- WWBER 1901 

E X M L E  R U N  FOR OEODVN W C W € N T A T ~ W . .  . SI UNITS. 

NOOK CONNECTIONS AND U A T E R 1 K  WBERS..  . 
ELEMENT NOOES(COUNTERCL0CnUISE) 

1 I 2 3 14 22 21 20 13 
2 3 4 5 I5 14 23 22 I4 
3 10 1 1  12 19 31 30 29 I 8  
4 20 21 22 33 41 40 39 32 
S 22 23 24 34 43 42 41 33 
6 40 49 5 0  52 55 54 53 51 
7 53 54 55 57 60 59 58  56 
8 29 30 31 72 65 37 0 0 
9 39 40 41 67 75 74 73 66 
10 41 42 43 68 77 76 71 67 
I 1  58 90 100 84 83 71 0 0 
I2 45 07 88 86 55 52 SO 47 
13 E 0  09 63 62 60 57 55 06 
14 26 91 92 90 88 87 43 35 
15 92 93 27 36 63 89 88 90 
16 7 95 96 94 92 91 26 16 
17 96 97 8 17 27 93 92 94 
10 65 72 31 38 85 103 102 99 
19 58 61 63 99 102 101 100 90 
20 100 101 102 104 107 106 83 84 

22 73 74 75 109 118 117 116 108 
23 75 76 77 110 120 119 110 109 
24 77 70 79 1 1 1  122 121 120 110 
25 79 80 81 112 122 1 1 1  0 0 
26 81 113 124 123 122 112 0 0 
27 81 82 87 114 126 125 124 113 
20 03 106 107 115 128 127 126 114 
29 116 117 110 130 134 133 132 129 
30 118 119 120 131 134 130 0 0 
31 5 133 6 136 25 137 24 15 
32 6 138 7 16 26 139 25 136 
33 24 137 25 140 44 141 43 34 
34 26 35 45 142 44 140 25 139 
35 45 47 50 49 40 143 44 142 
36 48 144 77 68 43 44 0 0 
37 48 69 79 70 77 144 0 0 
30 40 S1 53 70 81 145 0 0 

40 8 146 9 147 20 140 27 17 
41 9 149 10 18 29 150 28 147 
42 27 148 28 IS1 64 I52 63 36 
43 28 I50 29 37 63 153 '64 151 
44 63 IS2 64 154 59 59 60 62 
45 64 153 65 61 30 134 0 0 
46 53 S 6  58 155 81 70 0 0 
47 44 143 40 46 43 141 0 0 
40 58 71 83 82 81 155 0 0 

SO 157 140 163 164 165 161 159 150 
SI 31 19 I2 168 169 166 163 162 
5 2  163 166 169 170 171 167 163 I64 
S3 159 161 165 181 182 170 173 172 
54 173 178 182 187 104 179 175 174 
S 5  175 179 184 105 1E6 180 177 176 
S 6  165 167 171 190 191 LE7 182 181 
57 182 187 191 192 193 188 184 183 
58 184 I88 193 194 195 109 186 183 
S9 I20 115 107 202 203 200 197 196 
a0 197 200 203 204 205 201 199 198 
41  107 I05 85 .I56 157 206 203 102 
a2 203 206 IS7 158 139 207 205 204 
63 199 201 205 217 210 214 209 200 
64 209 214 218 219 220 213 211 210 

21 ea io5 107 104 102 103 o o 

39 4 8  145 ai 80 79 69 o o 

49 a5 30 31 162 163 160 157 134 

LOM SEQ 4 
3 120 
3 1 1 8  
4 116 
3 114 
3 128 
3 126 
3 124 
4 122 
3 119 
3 117 
3 115 
5 I13 
5 127 
5 .  115 
S 123 
3 I21 
5 50 
4 53 
3 60 
1 hS 
I 112 
3 109 
3 106 
3 103 
3 57 
I 54 
I 67 
1 64 
3 1 i 1  
3 108 
3 I05 
7 io2 
3 5 6  
3 5 3  
3 66 
3 63 
3 110 
3 I07 
3 104 
3 101 
3 5 1  
3 5 0  
3 62 
3 60 
3 100 
3 99 
3 96 
3 94 
3 5 1  
3 49 
3 61 
3 59 
2 99 
2 97 
2 95 
2 93 
2 21 
2 18 
I 8  
1 3  
1 28 
I 20 
2 92 
2 89 

W 3 - M  
0. 070 
0. 070 
0. 139 
0. 139 
0. 139 
0. 069 
0. 057 
0. 093 
0. 139 
0. 139 
0. 090 
0. 091 
0.091 
0. 132 
0. 132 
0. 224 
0 224 
0. 139 
0. 107 
0. 190 
0. 093 
0.209 
0 . 2 0 9  
0.446 
0.251 
0. 279 
0. 5 1 6  
0.492 
0. 105 
0.052 
0.052 
0.049 
0.120 
0.081 
0.093 
0. 195 
0.159 
0. 130 
0. 167 
0. 026 
0.029 
0. 057 
0 .002  
0 .085  
0.034 
0.111 
0.063 
0. 158 
0.743 
0.743 
0.743 
0.743 
I. 301 
1. 301 
I. 301 
1. 301 
1.301 
1. 301 
0.743 
0.743 
0.743 
0.743 
1. 301 
1. 301 

ELENENT NOOES(COUNTERCL0CKUISE) ZONE SEQ 

6b 205 207 159 172 173 223 218 217 2 83 
67 218 223 173 174 175 224 220 219 2 19 
68 120 224 175 176 177 225 222 221 2 1 1  
69 226 229 231 232 233 230 228 227 I 45 
70 231 234 236 237 238 235 233 232 1 43 
71 236 239 241 242 243 240 230 237 I 41 
72 241 244 137 133 134 245 243 242 1 48 
73 220 230 233 249 250 240 247 24L 1 27 
74 233 235 230 252 2S3 251 2SO 249 I 91 

65 211 215 220 221 222 216 213 212 2 86 

7S 230 240 243 255 256 254 2S3 252 I 88 
76 243 245 134 131 120 237 256 255 I 83 
77 247 240 250 2dl 262 260 259 250 1 82 
70 2SO 251 253 264 265 263 262 261 1 46 
79 233 254 256 267 268 264 265 264 I 26 
80 256 257 120 121 122 269 260 267 1 90 
81 259 260 262 279 280 274 271 170 1 87 
82 271 276 280 281 282 277 273 272 I 64 

84 262 263 265 288 289 283 200 279 1 38 
83 280 205 209 290 291 206 282 281 I 25 
86 202 286 291 297 293 207 204 203 1 39 
87 265 266 260 297 290 294 209 200 1 37 

89 291 293 300 301 302 294 293 292 1 EO 
90 268 269 122 123 124 303 290 297 I 79' 
91 298 303 124 I25 126 304 300 299 I 70 
92 300 304 1PI 127 128 305 302 301 1 77 

94 307 310 313 314 311 311 309 300 1 47 
95 294 207 293 318 319 316 313 312 I 44 
94 313 31d 319 320 321 317 315 314 1 7 
97 293 296 302 324 325 322 319 318 I 42 
90 319 322 325 326 327 323 321 320 I 40 
99 302 305 128 194 197 320 325 324 1 6 

101 309 311 315 339 340 336 331 330 2 13 
102 331 336 340 341 342 337 333 332 2 12 
103 333 337 342 343 344 330 335 334 2 15 
104 315 317 321 340 349 345 340 339 2 :7 
105 340 345 349 350 351 346 342 341 2 14 
106 342 346 351 352 353 347 344 343 2 34 
107 321 323 327 357 3S8 354 349 348 2 33 
108 349 354 358 359 360 355  351 350 2 Ib 
109 351 355 360 361 362 356 353 352 2 32 
110 327 329 199 208 209 363 358 357 2 31 
1 1 1  330 363 209 210 211 364 360 359  2 23 
112 360 364 211 212 213 365 362 361 2 LO 
113 213 216 222 372 373 370 367 366 2 5 
114 367 370 373 374 375 371 349 368 2 2 
115 222 225 177 378 379 376 373 372 2 30 
I 1 6  373 376 379 380 381 377 375 374 2 76 
117 177 180 186 384 385 382 379 378 2 7 3  
110 379 382 385 386 387 383 381 380 2 7 5  

120 385 388 391 392 393 389 387 385 2 22 
121 335 338 344 400 401 398 391) 394 7 9 

122 395 390 401 4C2 403 399 397 396  2 29  
123 344 347 353 406 407 404 401 400 I 4 

124 401 404 407 4CB 409 405 403 402 2 
125 353 356 362 412 413 410 407 406 2 72 
126 407 410 413 414 415 411 409 408 2 7 !  
I27 361 363 213 366 367 416 413 412 2 '1: 
128 413 416 367 368 369 417 415 414 2 bq 

a3 273 277 202 283 204 270 273 274 I 8 1  

80 209 294 298 299 300 293 291 290 t 24 

93 775 278 204 312 313 310 307 306 1 36 

100 325 328 197 198 199 329 327 326 I 35 

119 106 189 195 390 391 388 385 384 z 73 

 AREA-^^ 
1 301 
1.301 
I. 301 
1. 301 
0.392 
0. 392 
0. 392 
0. 392 
0.405 
0. 403 
0. 405 
0. 40s 
0. 036 
0. E36 

0. 836 
I I15 
1.115 
1.115 
1.115 
I. 115 
I. I15 

'. 1.113 
1. 115 
I .  It:. 
I. 11: 
I .  11: 
1 . 1 1 :  
2. 23C 
2. 23C 
2. 23c 
2. 23C 
7.  73c 
2. 230 
2. 23C 
2. t 3 c  
3. 902 
3 902 
3 90: 
3.902 
3 90; 
3 90; 
3 90; 
3 90; 
3 90; 
3. 90; 
3 90; 
3 90; 
2 23C 
1 23C 
2 .  23C 
2 23c 
2 23C 
2 23c 
2 23C 
2 23C 
b 083 
0 665 

0. e36 

b aes 
t, has 
b 689 
0 689 
b 

3 a59 
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NODE 
I 
2 
3 
4 
5 
6 
7 
8 
9 

10 
1 1  
12 
13 
14 
15 
1b 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
4 5  
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
5 6  
57 
S 8  
59 
bO 

EXARLE RUN FOR CEOWN WCIJSNTATXON.. . SX UNITS. . 

***THIS PROBLErl USES CARTESIAN COORDINATESO** 

INITIAL CONDITIONS 

TIME STEP 0 OF 6 
TIME STEP IS 7.60(DAVS) 
RESULTS A T  0. OOtHRS) 0.  OO(DAVS) 0. OO(WO5) 0 OO(VR9) 

THE SYrreOL DENOTES A SPECIFIED VALUE 

i m p  
0 .  056 
0 056 
0 056 
0. 056 
0. 056 
0 .056 
0 056 
0. 056 
0. 056 
0. 056 
0 056 
0. 056 
0 056 
0. 056 
0 .  056 
0. OS6 
0 056 
0. 056 
0 056 
0. 056 
0 056 
0 056 
0. 056 
0 056 
0 .056  
0. 056 
0. 056 
0. 056 
0. 056 
0. 056 
0. O S 6  
0 . 0 5 6  
0.  056 
0. 056 
0 056 
0. 056 
0 056 
0 056 
0. 056 
0 056 
0. 056 
0. 056 
0 056 
0 . 0 5 6  
0 .  056 
0 .  056 
0. 056 
0. 056 
0. 056 
0. 056 
0. 056 
0.  056 
0 .056  
0. 056 
0. 056 
0 . 0 5 6  
0. 056 
0 056 
0 056 
0. 056  

- 
97 
98 
99 
100 
101 
102 
103 
104 
105 
106 
107 

NODE TEMP 
85 0 056 
86 0 056 
87 0 0 5 6  
88 0 056 
89 0 056 
90 0 O S 6  
91 0 056 
Q2 0 056 
93 0 056 
94 0 056 
95 0 056 
Qh -12. 222 

0 056 
0 056 
0 056 
0 056 
0 O S 6  

08 
09 
10 
I 1  
12 
13 
14 
15 
16 
117 
I18 
I19 
120 
121 
122 
123 
124 
125 
126 
127 
128 
129 
130 
131 
132 
133 
I34 
135 
136 
137 
138 
139 
140 
141 
I42 
143 
144 

0. 056 
0. O S 6  
0. 056 
0. 056 
0. 056 
0 .056  
0. 056 
0. 056 
0. 056 
0. 056 
0 .056  
0. 056 
0. 056 
0. 056 
0. 056 
0. 056 
0 . 0 5 6  
0. 056 
0. 056 
0. 056 
0. 056 
0.056 
0. 056 
0. 056 
O . * O 5 6  
0. 056 
3 .056  
0. 056 
0. 056 
0 . 0 5 6  
0. 056 
0 . 0 5 6  
0. 056 
0. 056 
0 O S 6  
0 .  056 
0 .  O S 6  
0 .  056  
0 .  O S 6  
0. 056 
0 .  056  
0 056 
0. 056 

NODE 
169 
170 
171 
I72 
173 
17.4 
175 
I76 
177 
178 
179 
180 
181 
182 
183 
184 
185 
i 06  
187 
188 
189 
190 
191 
192 
193 
194 
19s 
I96 
197 
I90 
199 
200 
20 1 
202 
203 
204 
205 
206 
207 
208 
2 09 
2 10 
711 
212 
213 
214 
215 
216 
217 
218 
219 
220 
221 
222 
223 
224 
225 
226 
227 
228 

TEPP 
0. 056 
0. 056 
0 .056  
0. 056 
0. 056 
0. O S 6  
0. 056 
0 .056 
0. 056 
0. 056 
0. 056 
0. 056 
O . O S 6  
0 .056  
0. 056 

0 . 0 5 6  
0. 036 
0. 056 
0 .056  
0.056 
0. 056 
0. 056 
0. 056 
0 .056  
0.056 
0.056 
0.056 
0.056 
0. 056 
0. 056 
0 .056  
0. 056 
0. 056 
0. 056 
0. 056 
0. 056 
0.056 
0 .056 
0. 056 
0. 056 
0. 056 
0. 056 
0. 056 
0. 056 
0. 056 
0. 056 
0. 056 
0 .056  
0. 056 
0. 056 
0. 056 
0. 056 
0. 056 
0. 056 
0. 056 
0. 056 
0. 056 
0. 056 
0. 056 

0.  056 

NODE 
253 
254 
255 
256 
257 
258 
759 
260 
261 
267 
263 
264 
265 
266 
267 
268 
269 
270 
271 
272 
273 
274 
275 
276 
277 
278 
279 
280 
28 1 
282 
283 
284 
285 
286 
287 
288 
289 
290 
29 1 
292 
293 
294 
295 
296 
297 
298 
299 
300 
30 1 
302 
303 
304 
30 5 
306 
307 
308 
309 
310 
31 1 
312 

TEnP 
0 .056 
0 .056 
0 .056 
0. O S 6  
0. 056 
0. 056 
0. 056 
0.056 
0. 056 
0. 056 
0.056 
0. 056 
0 .056 
0. 056 
0.  O S 6  
0. 056 
0. 056  
0 .056 
0. 056 
0 .056 
0 .056 
0 .056 
0. 056 
0 .056 
0 .056 
0 .056 
0 .056 
0.056 
0. 056 
0 .056 
0 .056 
0. 056 
0.056 
0.056 
0 .056  
0. 056 
0.056 
0.056 
0 . 0 %  
0 . 0 5 6  
0.056 
0.056 
0 .056 
0. 056 
O . O S 6  
0. 056 
0 .056  
0. 056  
0.056 
0. OS6 
0.056 
0. 056 
0 .056 
0. 056 
0 .056 
0. 056 
0. 056 
0. 056 
0 O S 6  
0. 056 

NODE 
337 
338 
339 
340 
34 1 
342 
343 
344 
34 5 
346 
347 
348 
349 
350 
35 1 
352 
353 
334 
355 
3 56 
357 
358 
359 
360 
36 I 
361 
363 
364 
36s 
366 
367 
368 
369 
370 
371 
372 
373 
374 
375 
376 
377 
378 
379 
380 
38 1 
382 
383 
384 
385 
386 
387 
380 
389 
390 
39 I 
392 
393 
394 
395 
396 

TEnP 
0 .056 
0. 056 
0. 056 
0. 056 
0. 056 
0 . 0 %  
0. 056 
0. 056 
0. 056 
0. O S 6  
0. 056 
0 .056  
0. O S 6  
0. 056 
0. 056 
0. 056 
0. 056 
0. 056 
0 .056  
0 . 0 5 6  
0 .056 
0. 056 
0. 056 
0.056 
0.056 
0.056 
0 .0% 
0 .056  
0.056 
0 .056  
0 .056  
0. 056 
0.0% 
0.056 
0 . 0 5 6  
0 . 0 5 6  
0. 056 
0. 056 
0 .056  
0. 056 
0. 056 
0. 056 
0. 056 
0. 056 
0. 0?6 
0. 056 
0. 056 
0. 056 
0 .056  
0 .056  
0. 056 
0.056 
0. 056 
0. 056 
0. 056 
0. 056 
0. O S 6  
0. 056 
0. 056 
0. 056 

FIGURE 3-9 

SUMMARY OF INITIAL CONDITIONS 
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6 1. 
67 
63 
64 
65 
66 
67 
60 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 

81 
eo 

e2 
e3 
e4 

0 .056  
0 .056  
0 . 0 5 6  
0. 056  
0. 056 
0. 0 5 6  
0. 056 
0. 056 
0. 056 
0. 056 
0. 056 
0. 056 
0 . 0 5 6  
0 .056 
0 .056  
0. 056 
0. 056 
0 . 0 5 6  
0 .056 
0 . 0 5 6  
0. 056 
0 056 
0 . 0 5 6  
0. 056 

145 
146 
147 

I49 
1 so 
151 
I s2 
I53 
I54 
155 
1 S 6  
157 

1 S9 
I60 
161 
162 
I63 
I64 
165 
I66 
167 
168 

14e 

I 5e 

0 . 0 5 6  
0. 056 
0. 056 
0. 056 
0. 056 
0 . 0 5 6  
0. 056 
0. 056 
0. 056  
0 056 
0. 056 
0. 056 
0. 056 
0 056 
0 . 0 5 6  
0 .  056 
0. 056  
0. 056 
0 . 0 5 6  
0. 056 
0. 0 5 6  
0. 056 
0. 056  
0. 056  

229 
230 
231 
231 
233 
234 
23s 
236 
237 

239 
240 
241 
2 42 
243 
2 u  
245 
2 46 
247 
240 
2 49 
2 50 
251 
2 52 

238 

NODE TEnP DTDT 
: 96 -12.22 0.oooE-01 

0. 056 
0. 056 
0. 056 
0. 056 
0 .  056 
0 .056  
0. 056 
0. 056 
0 . 0 5 6  
0 .056 
0 .05& 
0.  056 
0 . 0 5 6  
0 .056  
0.0% 
0. 056 
0. 056 
0. 056 
0. 056 
0.056 
0. O S 6  
0. 056 
0.016 
0 .056  

313 
314 
315 
316 
317 

319 
320 
323 
322 
323 
324 
315 
326 
327 
358 
319 
330 
33 1 
332 
333 
334 
335 
336 

318 

0 .036  
0 .056 
0. 056 
0 .  056 
0. 056 
0 . 0 5 6  
0. 056 
0 .  O S 6  
0.056 
0 .056  
0. 056 
0 .056 
0. 056  
0 . 0 5 6  
O . O S 6  
0.054 
0. 056 
0. 056 
0. 056  
0 .056 
0 .056 
0. 056 
0 .056 
0 .056  

397 
398 
399 
400 
401 
402 
403 
404 
405 
406 
407 
400 
409 
410 
41 1 
412 
413 
414 
41 5 
416 
417 

0 . 0 5 6  
0. 036 
0. 056 
0. 056 
0 . 0 5 6  
0 . 0 5 6  
0 . 0 5 6  
0 . 0 5 6  
0 .056  
0 .056  
0. 056 
0. 056 
0. 056 
0. 056 
0 . 0 5 6  
0. O S 6  
0. 056 
0. 056 
0 .056  
0 . 0 5 6  
0 .  054 

FIGURE 3-9 
(con t i nued ) 



7lHE STEP 6 OF b 
TIfiE STEP 15 15.ZO(DAVSl 
RESULTS AT 1824.0fHR91 76.OO(DAVS) 2. SOLflOS) 0. ZI(YRS1 

THE 6YHBOL t DENOTES A SPECIFIED VALUE 

NJtl TEMP 
I -0 256 
2 -0 188 
3 -0 120 
4 -0 063 
5 -0 040 
4 -0 053 
7 -0 055 
e -0 064 
J -0 ca3 

13  -0 oeo 
: I  -0 016 
12 0 040 
15 -0 256 
15  -0 119 
13 -0. 039 
15 -0 134 
17 -0 154 
I6 -0 073 
15 3 041 
:> -5 255 
21 -0 187 

23 -3 302 
L- -3 034 
25 -3 cia 
26 0 001 
27 0 006 
28 -0 057 
29 -0 049 
30 0 005 
31 0 040 
32 -0 253 
3 3  -0 116 
3 4  -0 030 
35 -0 075 
36 -0 081 
37 -0 014 
3'd 0 037 

- -  
- A -_ '  ~ l e  

-. 

39 -a 251 
4c -0 183 

4 2  -0 ose 
41 -3 114 

43 - 3  026 
44 -0 015 
45  -3 097 
4 6  -C 507 
4 7  -0 082 
aa -0 017 
4 9  -0 343 
55 -3 081 
5 1  -0 026 
52 -3 072 
53 -C 030 
5 4  -3  050 
:: -< 07s 
55 -e, c;7 
37 - >  369 
5a -G Old 
59 -3 047 
bo  -i 087 
0 1  -5 GO9 
a2 -C 080 
63 - 2  100 
a4 -0 018 
6 5  -3 003 

NODE TEMP NODE 
es 0.032 
86 -0. be2 
a7 -1.071 
ee -1.50s 
89 - 1 .  066 
90 -2.268 
91 -2.215 
92 -3. 327 
93 -2.214 
94 -7 230 

96 -12. 222r 
97 -2. 685 

99 0.000 
100 0.002 
101 0.003 
102 0.001 
103 0. 020 
104 0. 021 
105 0 . 0 2 B  
106 0. 016 
107 0.027 

109 -0. 113 
110 -0. 025 
1 1 1  0.000 
112 0.001 
113 0. 004 
114 0.013 
I15 0.029 
116 -0 .745 

118 -0. 107 
119 -0. 052 
120 -0.022 
121 -0.002 
122 0.000 
123 0.005 
124 0. 009 
I25 0.014 
12b 0. 020 
127 0. 026 

129 -0. 247 
130 -0. 105 
131 -0. 947 

133 -0. 178 
134 -0.090 
133 - 0 .041  
136 -0.042 
137 -0. 032 

139 -0 027 
140 -0. 017 
141 -0 014 
142 -0 033 
143 -0 017 
144 -0. 002 
145 -0. 003 
146 -0 065 

95 -2.687 

9a -0.004 

ioe -0.249 

117 -0. i7e 

12e 0. 031 

132 -0.286 

i3a -0.078 

147 -0.089 
148  -0 033 
149 -0.078 

169 
170 
I71 
172 
173 
174 
175 
176 
177 

I79 
1 80 
191 
I 82 
183 

I 85 
I86 
187 
I86 
I89 
190 
191 
197 
I93 
I94 
I95 
I96 
197 

1 99 
200 
201 
202 
203 
204 
205 
206 
207 

209 
210 
211 
2 12 
213 
214 
215 
716 
217 

219 
2 20 
221 
222 
223 
224 
225 
226 
227 
220 
2 29 
230 
231 
232 
233 

I 7e 

I a4 

I 9a 

2 oe 

218 

TEHP 
0. 046 
0. 049 
0. 051 
0. 054 
0.055 
0. 055 
0 .056 
0. 056 
0. 057 
0.055 
0. 056 
0. 057 
0. 053 
0.055 
0 . 0 5 5  
0 056 
0.056 
0. 057 
0. 053 
0. 056 
0 .057  
0. 053 
0 05s 
0 05s 
0.056 
0.056 
0.057 
0. 040 
0. 047 
0 .050  
0.053 
0. 046 
0.053 
0.039 
0. 046 
0.050 
0.052 
0. 046 
0.052 
0.054 
0.055 
0.055 
0. 056 
0 .056 
0. 057 
0. 055  
0. 056 
0. 057 
0.054 
0. 055 
0. 055 

0. 056 
0. 057 
0. os5 
0. 056 
0.057 
-0. 306 
-0. 162 
-0.053 
-0.306 
-0. 053 
-0. 306 
-0. I62 
-0.053 

a. os6 

NODE 
253 
254 
255 
256 
257 

259 
260 
26 I 
262 
263 
264 
263 
266 
267 
269 
269 
270 
271 
2 72 
273 
274 
275 
276 
277 
278 
279 
280 
28 1 
202 
287 
284 
285 
286 
281 

289 
290 
29 1 
292 
293 
294 
295 
296 
297 
290 
299 
300 
30 1 
302 
303 
304 
305 
306 
307 

309 
310 
311 
312 
313 
314 
31 5 
316 
317 

258 

208 

308 

TEMP 
-0.002 
-0. 003 
-0. 014 
-0.003 
-0. 001 
0. 003 
0. 007 
0.007 
0. 003 
0.007 
0. 007 
0. 003 
0. 007 
0. 007 
0. 0 0 1  
0.008 
0. 004 
0.015 
0.022 
0.029 
0. 033 
0.038 
0 041 
0.022 
0.033 
0.042 
0. 015 
0.022 

0. 033 
0.038 
0.042 
0.021 
0. 033 
0.042 
0. 014 
0 . 0 2 ~  
0. 027 
0. 033 

0. 041 
0.021 
0. 032 
0.041 
0. 014 
0.020 
0.026 
0. 031 
0. 035 
0. 039 
0. 016 
0. 027 
0.036 

0 .  051 
0. 053 
0. 055  
0 .051  
0. os5 

0. 051 
0.053 
0 . 0 5 5  
0 . 0 5 1  
0 . 0 5 5  

0.028 

0.038 

0.048 

0.048 

NODE 
337 

339 
340 
34 I 
342 
343 
344 
345 
346 
347 

349 
3 50 
35 1 
352 
353 
354 
355 
356 
357 

359 
360 
361 
362 
363 
364 
36s 
366 
367 
360 
369 
370 
371 
372 
373 
374 
375 
376 
377 

379 

338 

348 

3 5 8  

378 

380 
3e I 
382 
383 
384 
3a 3 
386 

3ae 
387 

389 
390 
39 1 
392 
393 
394 
39 5 
396 
397 
398 
399 
400 
40 1 

TEfiP 
0 .056 
0. 057 
0 . 0 3 5  
0. oss 
0. 056 
0. 056 
0.056 
0.057 
0 . 0 5 5  
0.0% 
0. 057 
0. 055 
0. 055 
0. 056 
0. 056 
0.0% 
0.057 
0. OS5 
0.0% 
0.057 
0 .055  
0.035 
0. 05s 
0. 056 
0.056 
0. 057 
0.055 
0.056 
0.057 
0 . 0 5 9  
0.065 

0. 106 
0. 065 
0. 106 
0. 059 
0. 065 
0.0e0 
0. 106 
0 065 
0. 106 
0. 059 
0. 065 

0. 106 
0. 065 
0. I06 
0. 0 5 9  
0. 06s 
0.080 
0. 106 
0 065 
0. LO6 
0.059 
0. 065 

0. 106 
0. 059 
0.065 
0.080 
0 106 
0. 065 
0. 106 
0. OS9 
0. 065 

0. oeo 

0. oao 

0. oeo 

FIGUitE 3-10 

SIMULATION OUTPUT AT TIME STEP SIX 
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bb -0 J5I 
67 -0. 114 
66 -0 025 
69 -0 003 
10 -0 007 
71 -3 001 
72 0 015 
73 -0 231 
74 -0.182 
75 -0.113 
7b -0.057 
77 -0.029 
78 -o.ooc 
79 -0 oor 
eo o ooo 
a i  -0 001 
a2 o 001 
83 0 003 
84 0 002 

150 
131 
152 
1 53 
154 
155 
156 
137 

139 
160 
1 bl 

163 
164 
165 
166 
167 
168 

i 3e 

t 6a 

-0.031 
-0. oac 
-0. 041 
-0. ooe 
-0.02a 

0. 041 
0. 041 
0.04- 
0. os1 
0. 04s 
0.051 
0.041 
0.046 
0.049 
0.031 
0. 046 
0. 051 
0. 043 

-0. ooa 

234 
235 
236 
237 
236 
2 39 
740 
241 
242 
943 
244 
a45 
2 4 6  
7 47 
7 4 0  
2 49 
2 50 
251 
2 52 

-0.- 
-0.053 
-0.306 
-0. 167 
-0.054 
-0.307 
-0.053 
-0.302 
-0. LM 
-0. 060 
-0. 309 
-0.046 
-0.017 
-0.002 
-0.002 
-0.012 
-0.002 
-0.002 
-0. oia 

318 0 .041  
31, 0.051 
320 0.053 
32s 0. 054 
311 0.051 
323 0.054 
324 0.046 
315 0 .050  
326 0.052 
327 0.054 

329 0.054 
330 0. 055 
331 0. 055 
332 0.056 
333 0. 056 
334 0.056 
335 0.017 
336 0.035 

328 0.048 

40P 
405 
4- 
403 
404 
407 
408 
4 0 9  
410 
41 I 
412 
413 
414 
415 
416 
417 

0. ooo 
0. la4 
0. 04s 
0. 1- 
0.059 
0. 063 
0. OB0 
0. 1 0 1  
0. 065 
0. 1 0 4  
0. 030 
0. 06s 
0. 080 
0.106 
0. 065 
0. 106 

92.19 
166.74 
-12.86 

8. 25 
0. 60 
0. 00 
0. 61 
0. t o  

NODAL VALUES-SURFACE E N R O Y  DALANCE 

NOOE 0 M T  
HJ/M2/HR 

I 229 -9. 26 
2 234 -9.26 
3 239 -9.76 
4 244 -9.25 
5 129 -9. 30 
6 108 -9.30 
7 66 -9 .29 

9 13 -9. 29 
e 32 -9 .29 

DWDT 

-0.38 
-0. 78 
-0.38 
-0.38 
-0. 38 
-0.38 
-0.38 
-0.38 
-0.38 

EO TEPP 
(Me C )  
-13. 74 
-13.74 
-13. 76 
-13. 76 
-13. 76 
-13. 76 
-13. 76 
-13. 76 
-13.76 

TEMP 
(DE0 C )  
-0. 31 
-0. 31 
-0.31 
-0.31 
-0 .25  
-0. 25 
-0 .26 
-0 .21  
- 0 .21  

CONVERQENCP HISTORY 

ITER NODES A W  COR MAX COR NODE 

2 416 0 .0001  0.0020 257 
I 416 0. OOSV 0.0404 toe 

LOCATION OF 0.00 ISOTHERN 

E L 1  
1 3  
2 3  
3 0  
4 1 1  
5 11 
b 14 
7 14 
e 15 
9 1 s  

10 16 
1 1  17 
12 19 
13 24  
1 4  24  
1s 25 
16 26 
17 27  
19 32 
19 4 0  
20 7 7  
21 f 7  
22 78 
23 79  

MI0 NODE 
1: 
30 
72 

71 
91 
35 
93 
36 
16 
17 
99 

1 1 1  
121 
112 
ll3 
81 
139 

26 1 

264 
267 

9e 

I 4e 

2se 

X-COAD 
2. 633 
2.574 
2. 470 
2.182 
1. 973 
0. 038 
0. 039 
2.209 
2. 206 
0.838 
2.211 
2. 438 
0. 932 
0. 738 
I .  446 
1. 374 
1.673 
0.834 
2.717 
0. 340 
0. 537 
0. 326 
6. 622 

SH uv 
<u/rn, 
64.53 
64.53 
64. 53 
64. 33 
64.33 
b4.53 
64. S3 
64. 53 
64. 33 

Y-CORD 
9.000 
0. 440 

1. 139 
1.247 
0. 305 
0. 306 
0. 305 
0. 310 
0. 304 
0. 302 
1. 039 
2. 171 
2.438 
1. 640 
1. 593 
1. s t 4  
0. 305 
0. 305 
7. 924 
9.754 
6. 096 
4. 267 

0. e83 

FRAC 
0. 637 
0.355 
0. 897 
0.73% 
0.453 
0.000 
0.994 
0.999 
0.024 
0. 003 
0.996 
0. 527 
0. 707 
0. 385 
0.127 
0. 078 

0.020 
0.937 
0.181 
0.814 
0. 150 
0. 361 

0.287 

L UV-IN 
(U/rnl 
166. 74 
166.74 
166. 74 
166.74 
164.74 
144.74 
166. 74 
166.74 
166. 74 

L WV-OUT 

0. 00 
0. 00 
0. 00 
0. 00 
0. 00 
0.00 
0. 00 
0. 00 
0. 00 

tU/M21 ( 
€YAP TL'QB 

u/nz) t w i r i )  
0. 00 0. co 
0 00 0 00 
0 00 0 GO 
0 00 0 00 
0 00 0 00 
0. 00 0 00 
0. 00 0. 00 
0. 00 0 03 
0 00 0 33 

FIGURE 3-10 
( con t i  nued) 
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CONVERCENCE SUUUARY FOR THE COPIPLETE RUN 

STE: DAYS OELT NX CHQ NODES INT LV  IT NUN 
i 7 6 7 .  6 0.0018 179 1. 14 
: 1 5 . 7  7 . 6  -0.0010 199 1 6 
I 30 .4  15.7 0.  0013 157 I 3 

43.  6 15. 2 -0. 0012 183 I 4 
? 6 0 . 8  15.2  -0.0014 209 I 4 
: 76 .0  1 5 . 2  0.0020 416 , 1 7 

F IGURE 3-11 

CONVERGENCE HISTORY FOR THE EXAMPLE PROBLEP1 
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CHAPTER 4 

PROGRAM I N P U T  INSTRUCTIONS 

The i n p u t  data for program G E O O Y N  are read from the card reader ( l o g i -  
cal u n i t  5) and o u t p u t  t o  the l ine pr inter  (logical u n i t  6). The program 
may be run on a completely stand alone basis by ca rd  image i n p u t  or may 
read f i l e s  previously generated by I t s e l f  or  by the network generator, 
GEOGRD.  A schematic description o f  the f i l e  units which may be used by 
GEODYN i s  shown i n  Figure 4-1. 

DATA I N P U T  FORMATS 

The fo l lowing  paragraphs summarize the exact card formats expected 
by G E O D Y N .  The user should f o l l o w  this sequence exactly 
data i n  the same order as i t  i s  described. In a l l  cases 
expect t o  i n p u t  t h i s  information on FORTRAN logical u n i t  
wise noted. F i n a l l y ,  the reader i s  urged t o  review the 
from the example problem i f  questions a r i se .  

Please note t h a t  a l l  inputs t o  G E O D Y N  a re  i n  free f 

and i n p u t  the 
the program will 
5 unless other- 
n p u t  and o u t p u t  

eld format. This 
means t h a t  a l l  data on a specified card image must be supplied, w i t h  i n d i -  
v i d u a l  values separated by blanks o r  commas. 
l ine  indicates the end o f  record and  may be used t o  advantage i n  some cases. 
I f  less  t h a n  the proper number o f  items are  i n p u t  o n  a given card image, 
the program w i l l  l o o k  a t  the next card t o  complete i ts  l i s t .  This i s  a 
common error  i n  f ree f ie ld  I n p u t ,  and must be checked carefully by the 
user. 

A slash ( / )  a t  the end o f  a 
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U n i t  

File 
(GEOGRD) 

I n i  t 
6 

L - 

I 

Line P r i n t e r  

Program 

GEODY N 

U n i t  
IS5 

U n i t  
IT 

I 

Pro gram 
GEOPLT 

FIGURE 4- 1 

F I L E  ORGANIZATION FOR GEODYN PROGRAF.1 
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CARD I HPUT FORTRAN 
TYPE SEQUENCE NAME DESCRIPTION 

A. Job Tit le 
1 TITLE Header l a b e l  ; any 80 C O l  umn Comment. 

B. Job Con t ro l s  

1 NCD , Number o f  element d e f i n i n g  cards t o  be 
read  f rom the  c a r d  r e a d e r .  Th is  number 
may be zero if a GEOGRD f i l e  1 s  i npu t .  

2 NPX Number o f  nodes whose s p a t i a l  coord inates 
a r e  t o  be e x p l i c i t l y  i n p u t .  Only t he  
co rne r  nodes need be e x p l i c i t l y  i n p u t ,  as 
m id- s ide  node l o c a t i o n s ,  i f  n o t  user-  
spec i f i ed ,  a r e  de te rmined  by l i n e a r  i n t e r -  
p o l a t i o n .  Th is  number may be zero i f  a 
GEOGRD f i l e  i s  used. 

3 NMAT Number o f  m a t e r i a l  zones. (Each unique 
combinat ion o f  va l ues  f o r  f rozen and thawed 
thermal c o n d u c t i v i t i e s  and hea t  capac i t i e s ,  
and l a t e n t  h e a t  c h a r a c t e r i s t i c s  c o n s t i t u t e s  
a un ique m a t e r i a l  zone.) NMAT cannot ex- 
ceed 20 and must be  a t  l e a s t  one. 

4 I S 1  

5 I PRT 

6 NSPN 

7 I S O C  

En te r  t h e  number o f  ca rds  t o  be read t o  
d e f i n e  t h e  i n i t i a l  tempera tu re  cond i t i ons .  
The e n t i r e  network w i l l  be i n i t i a l i z e d  
t o  t h e  f i r s t  v a l u e  i n p u t  b e f o r e  subsequent 
cards a r e  read.  I f  a zero  i s  entered,  no 
cards w i l l  be read .  . I f  -1 o r  - 2  i s  en- 
te red ,  a c a r d  o f  Type N w i l l  be r equ i r ed .  
I f  ISl<O, t h e  i n i t i a l  c o n d i t i o n s  

w i l l  be c a l c u l a t e d  f rom t h e  express ion  
T=Tl+(T2-Tl)e-kl where 1 = x i f  I S l = - I  and 
1 = y if I S 1 = - 2 .  TI, T2 and k a r e  i n p u t  
on Card Type N, be low.  

I f  IPRT i s  nonzero, t h e  nodal  coordinates,  
nodal connect ions,  and e l  ement areas, will 
be p r i n t e d .  I f  IPRT equa ls  zero, t h i s  p o r -  
t i o n  o f  t h e  network d e s c r i p t i o n  w i l l  n o t  
be p r i n t e d ,  b u t  computa t ions  a re  unaf fected 

En te r  t he  number o f  nodes for which a sum- 
mary t ime  h i s t o r y  o f  temperatures i s  t o  
be o u t p u t  a t  t h e  end o f  t h e  computer run. 
The l i s t  o f  node numbers i s  i n p u t  
on Card Type H .  

En te r  1 I f  t h e  program i s  t o  c a l c u l a t e  and  
o u t p u t  t h e  l o c a t i o n  o f  t h e  f r e e z i n g  isotherm;  
o the rw i se  e n t e r  ze ro .  
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CARD INPUT FORTRAN 
TYPE SEQUENCE NAME DESCRIPTION 

8 LUNIT Enter the FORTRAN logical u n i t  number  for 
the i n p u t  f i l e  generated by G E O G R D ;  if 
no f i l e  i s  avaflable, enter zero. 

9 LI Enter the FORTRAN l og i ca l  u n i t  number for 
the i n p u t  r e s t a r t  f i l e ;  this  f i l e  w i l l  
have been written by a Previous GEODYFJ 
r u n  and written on  u n i t  IT ,  below. 

10 I T  

11 I S 5  

12 ISINO 

13 NSFl 

14 NSF2 

15 NSCG 

16 I RO 

Enter the FORTRAN logical u n i t  number f o r  
o u t p u t  o f  the r e s t a r t  f i l e ;  th i s  f i l e  wi l l  
contain a17 the in format ion  necessary t o  
r e s t a r t  the simulation a t  the end o f  the 
final time s tep of the current simulation. 

Enter the FORTRAN logical u n i t  number for 
o u t p u t  o f  a complete t ime history o f  re- 
s u l t s  from this  simulation. This f i l e  can 
be used. f o r  pos t  processing f o r  such things 
as time his tor ies  or contour p l o t t i n g .  
T h i s  i s  the i n p u t  f i l e  fo r  program GEOPLT. 

Enter the number o f  surface boundary nodes 
a t  which a n  annual sinusoidal temperature 
v a r i a t i o n  wi l l  be imposed, These nodes 
wi l l  be the l a s t  ISINO node numbers assigned 
for boundary condition specifications 
and are i n p u t  on Card Type T. 

Enter the number of element sides (faces) 
which define the network interface for  a 
f u l l  surface energy balance computation. 
The data required by a posit ive value are 
input on Card Types 0 ,  P and Q. 

Enter the number o f  element sides (faces) 
which a re  t o  receive a specified thermal 
flux. The node numbers are  input on Card 
Type R. 

Enter the number of  annual profi les  of 
temperature which may be used t o  define time 
dependent boundary conditions. I f  this  
value i s  greater  than zero, NBCG o f  Card 
Type S w i  11 be required. 

I f  the program i s  t o  internally reorder the 
system elements, enter 1; otherwise enter 
zero. The node numbers from which t o  begin 
reordering are i n p u t  on Card Type L. 
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CARD INPUT FORTRAN 
TYPE SEQUENCE NAME DESCRIPTION 

C. Numerical Solution Controls 
1 MAX I T h e  maximum number o f  Newtonian i terations 

for  a given time step for a given level of  
numerical integration; < 25 .  - 

2 M I  NGP The m i n i m u m  level o f  numerical i n t e g r a t i o n  
to  be used for this  problem. This value 
must be between 1 and 5, and i s  usually 1. 
!lINGP must be < MAXGP, below. - 

3 MAXGP 

4 NURF 

5 MAXSUB 

6 cowc 

7 ALPHA 

0. Scale Factors 

1 XSCALE 

2 YSCALE 

The maxfmum level o f  numerical integration 
t o  be used for thfs problem. This value 
must be between 1 and 5 and  i s  usually 2 .  
MAXGP m u s t  be 2 MINGP, above. 

The  i t e r a t ion  number a t  which the p rog ram 
will  apply a n  under relaxation factor o f  
0.5 f o r  the Newtonian i terat ion scheme; 
normally th fs  value i s  s e t  t o  zero and 
under relaxation is  n o t  needed. I f  con- 
vergence problems develop, s e t  FlURF t o  8. 

The program will automatically halve the 
time step specified by the user i f  a s tab le  
solut ion cannot be reached. MAXSUB i s  the 
maximum number of times the time s tep i n -  
crement will  be halved. 

The temperature convergence c r i t e r i a ,  "C. 
The problem is  considered converged i f  
this l i m i t  i s  reached. 
terminate execution on an error stop i f  
this l imi t  i s  exceeded by a factor of ten 
on the f ina l  i terat ion.  

The program wi l l  

T h i s  fac tor  is  used in the time integra- 
t i o n  scheme, and has a value between 1 . 0  
and 2.0. 
1 . 0  or 1.5,  w i t h  1.5 the recommended value. 
T h i s  i s  the value CL in Equation ( 1 . 6 ) .  

Normally this value i s  s e t  a t  

X-direction (or r direction) inputs f o r  
nodal locations wi l l  be multiplied by t h i s  
fac tor  to  convert i n p u t  values t o  meters. 

Same as X S C A L E ,  b u t  for y-direction (or  
z d i rec t ion ) .  
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CARD INPUT FORTRAN 
TYPE SEQUENCE NAME DESCRIPTION 

3 WSCALE Same as XSCALE,  b u t  multiplies thickness 
i n p u t s  f o r  a Cartesian system. 

NOTE: 
coordinates, s e t  WSCALE t o  0 . 0 .  
gran wi l l  then s h i f t  t o  cylindrical coord l-  
nates w i t h  the o r f q i n  a t  r = 0.0. 

To operate GEODYN i n  cy1 l nd r i c a l  
The pro- 

4 USCALE Scale factor  for x or r direction ground-  
water veloci t ies  t o  convert i n p u t  t o  m / h r .  

5 VSCALE Scale factor  for  y or z direction ground-  
water ve loc i t i e s to  convert i n p u t  t o  m / h r .  

E. Time S t e p  Controls 

1 NTIME Number o f  time steps for th i s  simulation. 

2 NTS EG Frequency o f  p r i n t o u t ,  in number of time 
steps ( i f  NTSEG = 1, p r i n t o u t  wil l  be 
generated every time step). 

3 NVTS The number of different  time step increments 
t o  be read on Card Type F .  

4 TSTART Starting time (days) f o r  th i s  r u n .  If a 
r e s t a r t  f i l e  is used this  value wi l l  be 
overwritten. 

F. Time Step Length - NVTS (Card E.3) cards required 

1 N Number o f  time steps 

2 DELTX Time step s i z e ( s )  (days). I f  se t  equal 
t o  zero, then the steady-state solution 
is  calculated, and M A X I  should be s e t  
equal to  1 t o  avoid duplicate calculations. 

G .  -Sinusoidal Temperature Boundary C o n d i t i o n  - omit i f  I S I N O  (Card B.12)=0 

1 TMEAN Base temperature for sinusoid (equals mean 
a n n u a l  temperature when A M P l  equals A r l P 2 ) .  

2 A M P l  Summertime sinusoid amp1 f t u d e  (difference 
between highest desired temperature and 
TMEAt4) 

3 AMP2 

4 PHASE 

Winter sinusoid amplitude (difference be- 
tween TMEAN and lowest desired temperature). 

Phase i n  days, different  from zero i f  s t a r t  
o f  simulation i s  other t h a n  January 1 o f  
any year. 
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CARD INPUT FORTRAN 
TYPE SEQUENCE NAME DESCRIPTION 

H .  Time History Sumaries 

1 ISPN 

I .  Zone Propert ies - NMAT 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

J 

ORT( J ,  1) 

ORT( J ,2)  

ORT( J,3) 

ORT( J,4) 

ORT( J ,5 )  

ORT( J,6) 

HEATL( J )  

ALPE( J )  

GAME ( J )  

EPSE ( J  

- Omit if NSPN (Card 8.6) = 0 

up t o  12 node numbers for which complete 
time his tory  w"narieS wi l l  be printed a t  
the end of the computer r u n .  

(Card 6.3) cards required 

Material zone number - corresponds t o  
el ement zone defi  n i  ti ons . 
Frozen thermal conducttvi ty i n  the x or 
r d i rec t ion  (W/m°C). 

Frozen thermal conductivi ty in the y o r  
z direct ion ( N / m ° C ) .  

Thawed thermal conductivi ty i n  the x or 
r d i rec t ion  ( W / m * C ) .  

Thawed thermal conductivi ty i n  the y or 
t direct ion ( w / m o c ) .  

Frozen volumetric heat capactty (kJ/m30C). 

Thawed volumetric heat capacity (kJ/m30C). 

The heat  of fusion fo r  th is  type element 
[rnJ/m3). 

The value o f  a in the s o i l  moisture/tem- 
perature function of  t h i s  type o f  mater ia l ,  
"C. (See Equation (1.3).) 

The f rac t ion  o f  the so i l  moisture not fro- 
zen isothermally for t h i s  type of  mater ia l .  
(See Equazion (1 .3 ) .  ) 

The temperature range over which the i s o -  
thermal re lease  o f  l a t e n t  heat w i l l  be 
approximated, O C .  (See Figure C- 6 . )  

J .  Node Definit ions - NPX (Card 8.2)  cards required,  o m i t  i f  NPX=O 

J 1 J Node number. 

2 C O R D (  J , 1 )  X or r coordinate loca t ion .  

3 C O R D (  J , Z )  Y o r  z coordinate locat ion.  

4 W J )  The w i d t h  o f  the network a t  t h i s  location 
If  zero i s  (Cartesian coordfnates on ly ) ,  

entered,  uni t  w i d t h  wil l  be assumed. 
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CARD INPUT FORTRAN 
TYPE SEQUENCE NAME DESCRIPTION 

K. Element Definition - FlCD (Card B . 1 )  cards required, omit i f  NCD=O. 

1 J The element number 

2- 9 NOP( J ,K) Six  or eight node numbers, starting a t  a 
corner node and going counterclockwise 
around the element (remember t o  zero 
f i l l  for  triangles).  

10 IMAT( J )  Corresponding material zone number. 
Setting this t o  zero implies a null 
element and i t  effectively a l t e r s  the 
grid network without having t o  p u l l  o u t  
the corresponding cards. Th i  s number 
should correspond t o  the zone properties 
entered on Card Type 1. 

L. Element Renumbering - enter as many node l i s t s  as desired and terminate 
w i t h  a 9999/ card image, omit i f  I R O  (Card 8.16) = 0 

1-50 NLIST A l i s t  o f  node points  ( u p  t o  50) from which 
the program will reorder the internal se- 
quence o f  elements t o  obtain the most e f f i-  
cient operation of the simulation programs. 
As a general rule a t  l eas t  two starting 
lists should be tried, one a t  each end of 
the network. The end o f  a l i s t  i s  a zero 
value. 

M. Ini t ial  Temperature Specification - IS1 (Card 8.4) cards required, 
omit i f  IS1 i s  less or equal t o  zero 

1 J Node number 

2 TOLD ( J  ,1) Ini t ia l  temperature a t  node 3 .  Al l  nodes 
will be set  t o  the f i r s t  value i n p u t  before 
reading subsequent inputs. 

N.  Ini t ial  Temperature Relationship - one card required, omit i f  IS1  
(,Card 8 .4 )  i s  less t h a n  zero. 

1 T1 

2 T2 

3 XK 

The in i t i a l  condition temperature a t  coor- 
dinate distance of infini ty,  "C. 

The in i t i a l  c o n d i t i o n  temperature a t  coor-  
dinate distance of zero,  "C. 

An exponential decay factor  t o  transition 
from T2 t o  T1  with distance, m-'. 
f in i t ion of how these da ta  are used t o  
define in i t ia l  condition is provided i n  the 
description of ISI. 

The de- 
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- - 
CARD INPUT FORTRAN 
TYPE SEQUENCE NAME DESCRIPTION 

- ~- 

NOTE: 

0. 

Input Card Types 0 ,  P and Q o n l y  i f  a f u l l  sur face  energy balance 
i s  t o  be ca l cu la t ed  (NSFl>O) .  

Meteorological Conditions - twelve c a r d s  requi red  if NSFl (Card 8.13) 
i s  greater t h a n  0,  omi t  i f  NSFl=O 

Month (1 < N < 1 2 ) .  

(1 DOM(N) < 365).  

month (W/m2). 

The a i r  temperature f o r  t h i s  month (OC). 

- -  1 N 

2 D O M ( N )  Day o f  yea r  corresponding t o  this month 

3 Q S W  The short  wave s o l a r  r ad fa t ion  f o r  t h i s  

4 

5 W S P D ( N )  The wind speed for this  month ( k m / h r ) .  

6 C t D C V (  N )  The f r a c t i o n a l  cloud cover f o r  th is  month 

7 EVPRT( N )  The  evapo t r ansp i r a t fon  f l u x  f o r  t h i s  month 

8 SDEP(N) T h e  snow depth for this month ( m ) .  

9 SDEN(FI) The snow d e n s i t y  for t h i s  month (gm/cc).  

- 

T A I  R ( N ) 

(0.0 < CLDCV(F4) < 1 .0 ) .  - - 

( !d/M2) . 

P.  Meteorological Data M u l t i p l i e r s  - one ca rd  requi red  if  NSFl (Card 8.13) 
is g r e a t e r  t h a n  0 ,  omi t  i f  NSFl=O 

1 CVFl  ( 1 ) A uniform m u l t i p l i e r  t o  be appl ied t o  the  
values o f  QSI.I(N) (Card 6 .3 ) .  

2 CVFl(2) A uniform m u l t i p l i e r  t o  be appl ied t o  the 
va lues  o f  TAIR(N) (Card 8.4) .  

3 CVFl(3) A uni fo rm m u l t i p l i e r  t o  be appl ied  t o  t he  
values o f  WSPD(N) (Card 8 .5 ) .  

4 CVFl ( 4 )  A u n i f o r m  m u l t i p l i e r  t o  be appl ied t o  t he  
values o f  C L D C V R ( N )  (Card 8 . 6 ) .  

5 CVFl(5 )  A u n i f o r m  m u l t i p l i e r  t o  be appl ied t o  the 
values o f  EVPRTCN) (Card 8 . 7 ) .  

6 CVFl(6) A uniform mu1 t i p 1  ier t o  be appl i e d  t o  the 
values o f  SDEP(N) (Card 8.8). 

7 C V F l ( 7 )  A uniform m u l t i p l i e r  t o  be appl ied t o  the 
va lues  o f  SDEN(N) (Card 8.9). 
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CARD INPUT FORTRAN 
TYPE SEQUENCE NAME DES CR I PT I ON 

Q. Surface Heat F lux  Parameters - NSFl (Card 8 . 1 3 )  cards  required, omit 

- 

i f  NSFl-0 
1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

NLISTl( J ,2) 

ALGND( J) 

ALSNO( J ) 

VFACT( J ) 

EMGND( J ) 

EMSNO( J )  

RBARE ( J )  

RSNOW( J )  

€FACT( J )  

TFACT( J )  

OFACT( J )  

The mid-side node number of an element 
face ( s ide )  which i s  to be i n c l u d e d  i n  a 
surface energy balance c a l c u l a t i o n ,  

The short  wave r a d i a t i o n  albedo f o r  this 
face when snow f ree  ( f r ac t ion ) .  

The short  wave albedo fo r  this  face  when 
snow covered ( f r ac t ion ) .  

The shortwave view factor for thls f a c e  
( f r ac t ion ) .  

The long  wave back r a d l a t i o n  emissivity 
for th i s  face when snow free ( f r a c t i o n ) .  

The long  wave back r a d i a t i o n  emissivity 
for this face when snow covered ( f rac t ion) .  

The surface roughness f o r  th i s  face when 
snow f ree  ( m ) .  

The surface rou hness fo r  this  face when 
snow covered (m . ! 
The r a t i o  of the monthly evapotranspiration 
f l u x  t o  the evapotranspiration f l u x  t o  be 
asslgned to  this element fac t  ( f r a c t i o n ) .  

The r a t io  o f  the monthly snow depth t o  the 
snow d e p t h  t o  be assigned t o  this element 
face ( f r ac t ion ) .  

The r a t i o  o f  the monthly snow density t o  
the snow density t o  be assigned t o  this 
element face ( f r a c t i o n ) .  

R .  Constant Heat Flux - NSF2 (Card 6.14) cards required, o m i t  i f  NSFZ=O 

1 NLIST2(/1,2) The mid-side node number of an element face 
across which a f l u x  i s  t o  be specified. 

2 FLUXC (N) The constant  f l u x  t o  be applied across the element face. A positive value i s  
a n  i n p u t  and a negative va lue  i s  a wi th-  
drawa 7 ( W/m2 ) ,  
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CARD INPUT FORTRAN 
TYPE SEQUENCE NAME DESCRIPTION 

NOTE: I n p u t  Card Type S only  i f  time dependent annua l  schedules are to be 
i n p u t  t o  define boundary conditions (NBCG>O) 

S. Time Dependent Boundary Conditions - one card required i f  NBCG (Card 
8.15) i s  greater  than zero, o m i t  i f  NBCG=O 

M 1 The time ser ies  order number. This  w i l l  be 
used f o r  reference purposes l a t e r  when the 
boundary condf t ions a re  i n p u t .  

2 N The number o f  day-temperature pairs w h i c h  
define the annual temperature schedule. 

3-22 TBC,UBC The Julian day, T6C, and  the associated 

Up t o  20 
( N  pairs)  temperature value. A t  l e a s t  two pairs must 

be i n p u t ,  w i t h  0 < TBC < 365, 
pairs may be used-to deTine an a n n u a l  
sequence. 

T. Boundary Condition Control - one card required (see notes following 
Card Type V description) - 

1 NB X The number o f  temperature boundary condi- 
t f o n  cards t o  be read. 

2 NVEL The number of  nodal velocity component 
cards  to be read. 

U. Temperature Boundary C o n d i t i o n s  - NBX (Card T . l )  required) (see notes 
following Card Type V description) 

The node number where a bounda ry  c o n d i t i o n  
i s  t o  be applied. 

2 TNEW( J , I )  The boundary condition value (OC). 

3 IG The g r o u p  number for  th i s  boundary condi-  
t f o n .  This value corresponds t o  i n p u t  1 
on Card Type S .  En te r  zero i f  the value 
o f  TNEW(J,L) Is t o  be used as the boundary c o n d i t i c  

V .  Flow Velocity Boundary Conditions - NVEL (Card T.2)  required (see 
following notes) 

I N The  node number where flow velocities are 
t o  be assigned. 

2 UX The convective velocity t o  be assigned t o  
node N .  The value i n p u t  w i l l  be m u l t i p l i e d  
by USCALE i n p u t  o n  Card Type 0 ,  above. 

3 V X  The convective velocity t o  be assigned t o  
node N .  The value i n p u t  w i l l  be m u l t i p l i e d  
by VSCALE i n p u t  o n  Card Type 0, above. 



Notes for proper boundary condition Specification. 

1) The s e t  o f  Card Types T, U, and V can be repeated for as many time steps 
as desired. After the s e t  o f  inputs i s  exhausted, the program wi l l  
continue t o  use the  l a s t  values read. Please note the temperature 
boundary conditions and/or convective velocities may be time dependent. 
If, for  example, one wished to change only velocities and  leave the 
temperatures alone, the proper speciffcation would be NBX-0 a n d  N V E L N .  

2 )  The f i rs t  se t  of  i n p u t s  m u s t  encompass the t o t a l  l l s t  o f  nodes for 
which boundary conditions are t o  be specified. After the f i r s t  s e t ,  
subsequent sets  need only contain values t h a t  are t o  be changed; pre- 
viously specified values will remajn a t  their  current levels .  

3 )  After the f i r s t  s e t  o f  i n p u t s ,  a value of  NBX = -1 will r e su l t  i n  a 
single card i n p u t  (Card Type U )  which will  be applied t o  a71 nodes w h i c h  
are  designated as boundary condition nodes. 

4 )  A value o f  NVEL = -1 will  resu l t  i n  a single card I n p u t  (Card Type V) 
which will be applied t o  a l l  nodes i n  the network. 

5) I f  the IG on Card Type U i s  >O, the annual specification (Card Type S )  
will override any i n p u t  values. 
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APPENDIX A 

SURFACE ?EAT BALAACE 

A. I 

T h i s  c k z 9 2 r  d i s c u s s e s  t h e  formula t ion  of  t h e  s u r f a c e  energy 
balance :.sed i n  CEODYN. Part o r  a l l  of each component o f  the  energy 
balance i s  c a l c t l l a t e d  a s  a func t ion  of a c l i m a t e  v a r i a b l e  t h a t  i s  
expressed a s  an e x p l i c i t  f unc t ion  of  time ( i . e . ,  s o l a r  r a d i a t i o n ,  c loud  
cover ,  a i r  t e r c e r a t u r e ,  wind speed, l o c a l  evapora t ion  ra te ,  and snow 
d e p t h  and d e n s i t y ) .  A S  p r e s e n t l y  formula ted ,  s e l e c t i o n  o f  the  f u l l  
su r f ace  eczr?y ba lance  o p t i o n  i n  GEOaY1.I w i l l  invoke piece-wise 1 i n e a r  
tenpara1 i n t e r p o l a t i o n  o f  t h e  a p p r o p r i a t e  average  monthly values o f  t h e  
following seven c e t e o r o l o g i c a l  parameters:  

Inc idzn t  s o l a r  r a d i a t i o n  (W/m2) 

Hind v e l o c i t y  ( k m / h r )  

Evaporat ion f l u x  ( W / m 2 )  

Snob: c e p t h  ( m )  

snow i s n s i  t y  ( grarns/cn3 ) 

Air te- ; ' ra ture  ( " C )  

Clouc! cover  ( f r a c t i o n  o f  sky )  

CoJputaticn o f  t h e  net  s u r f a c e  h e a t  f l u x  i s  completely i n t e g r a t e d  w i t h  
the c a l c u l a t i o n  o f  s o i l  t eT7e ra tu re s .  I t  i s  so lved  s imultaneously w i t h  
the h z a t  cocrJl;ccion problen  i n  a f u l l y  i m p l i c i t  manner. : ;onlinear t e r n s  
a r i s i n g  fro; 5ack r a d i a t i o n  a n d  l a t e n t  k a t  e f f e c t s  a r e  included i n  
i t e r a t i c n  sche r2s .  Snow cover  e f f e c t s  a r e  model ed by c a l c u l a t i n g  a n  
energy k i l a n c t  a c r o s s  t h e  snox depth and s o l v i n g  f o r  the  equi l ibr ium 
snou sLrfz te  l e - p e r a t u r e .  This t e n p e r a t u r e  i s  used t o  e s t ima te  a hea t  
flux t?.rozGh :?e snow b a s e d  on an assumed l i n e a r  t enpe ra tu re  
dis;rik.;ricn i n  t h e  snow a n d  t he  l o c a l  va lue  of t he  snowlground 
i n t e r f a c e  t z . ; n r a t u r e .  

A . 2  6ALAI;CE 

- I  c z :  s x r f a f e  energy balance f l u x  term i s  approximated by t h e  
re1 a t ionsk i  7: 
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- 
Q N E T  - Qsw + QNLW + Q T U R B  - Q E V A P  (A.1)  

where Q,, = ne t  shortwave r a d i a t i o n  f l u x  

= net 'longwave radia t ion f lux 

= ne t  t u rbu l en t  heat  exchange across the  surface  

= net evaporative heat f lux leaving the boundary 

Ql iLY 

QTUR!3 

QEl'AP surface 

Shortwave Radiation 

The ava i lab le  shortwave rad ia t ion  transmitted across  a surface  i s  
speci f ied  e x p l i c i t l y  according t o  the re la t ionsh ip :  

where Q = su r f ace  absorption coe f f i c i en t ,  time dependent 

V f  = view f a c t o r  accounting fo r  shading e f f e c t s ,  indepen- 
dent  o f  time 

F s w ( t )  = t o t a l  incoming shortwave f l ux ,  time dependent 

A p p r o p r i a t e  summer a'nd winter surface a b s o r p t i v i t i e s  for incoxing 
s o l a r  radia t ion a r e  spec i f i ed  on a m o n t h l y  bas is .  B i f fe ren t  values a re  
read in for each s u r f a c e  g r i d  point  a n d  values betxeen g r i d  points a re  
l i nea r l y  in te rpo la ted .  F s w ( t )  i s  the e x p l i c i t  inconing s o l a r  r a d i a t i o n  
function.  The v a r i a b l e ,  V f ,  view f ac to r ,  i s  a f r a c t i ona l  modifier f o r  
avai lable  so l a r  r a d i a t i o n  t h a t  accounts f o r  shading e f f e c t s .  

Colsenga and  L i s t  ( 1 9 6 4 )  give de ta i l ed  information on hovr t o  
ca lcu la te  inconing s o l a r  rad ia t ion  on c l e a r  days. Sco t t  ( 1 9 6 4 )  prov ides  
a correction f o r  cloud cover. I n  general ,  the reasured a n d  calcuiat2d 
values o f  s o l a r  r a d i a t i o n  agree well, A 1  t e r n a t i v e l y ,  The K a t i o n z i  
:,'ettther Service a n d  Ti tus  (19691,  pub1 ish ixasured s o l a r  r a d i a t i o n  tor 
several locations in  Alaska a n d  Canada.  These values can be u s e d  
d i r e c t l y  or cor rec ted  f o r  small changes i n  l a t i t u d e  fo r  a g i v e n  
locat ion.  
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Lonqwave Fadi a t i o n  

O u t g o i n g  longwave r ad i a t i on  i s  Simulated according to the w e l l  
known Stefan-801 t tnann  re la t ionsh ip :  

Q,, = E u Ts4  V . 3 )  

where 3 = the  1onSxave emiss iv i ty  o f  the su r f ace  

,: = the Stefan-6olt.zmann 

Ts = the surface  temperature ( O K )  

constant ,  (5.7 x IO-' W/m2 O K - ' )  

Values o f  
as  for the shortwave a b s o r p t i v i t i e s .  

a r e  t i r e  dependent and a r e  read i n  f o r  each g r i d  point  j u s t  

I f  clouds a r e  p resen t ,  addi t ional  radia t ion i s  emitted by plater a n d  
i ce  pa r t i c l e s  a t  the  bottom o f  the clouds. Low clouds emit more 
r a d i a t i o n  than high c louds ,  the  farmer being i n  general  warmer a n d  
denser t h a n  the l a t t e r ,  furthermore,  the extent  o f  cloud cover has  a n  
influence on the incoming longwave r a d i a t i o n  t r ansmi t t ed  t o  a surface .  
Since the amount  o f  r a d i a t i o n  from the centra l  p a r t  o f  the sky i s  
d o m i n a n t ,  clouds near t h e  horizon do not influence r ad i a t i on  a s  much as 
clouds in the cen t r a l  p a r t  o f  the  sky. However, in many prac t i ca l  
cases ,  cloud types a r e  n o t  recorded, the re fore ,  a n  approx imte  
correct ion fo r  cloud cover has t o  be taken i n t o  account.  I f  a ce r ta in  
cloud type i s  assoc ia ted  with a ce r ta in  cloud cover ,  a functianal  
r e la t ionsh ip  such a s  f ( c )  = 1. + .17c' has been der ived (TVA ,  1 ' 3 7 2 ) .  
The atgospheric r a d i a t i o n  from a cloudy sky u s n g  a formula proposed by 
S 7 r i n b a n k  i s  present ly  ezployed i n  the surface heat  balance algorithm t o  
account f o r  incozina longwave radia t ion according t o  t he  re la t ionsh ip :  

where Q I L k ' =  i n c o - i n 3  longwave r a d i a t i o n  (W/m2)  

Ts = d r y  b u l b  a i r  temperature ( O K )  

f ( c )  = 1. + C . 1 7 C 2 ,  cloudiness correct ion f o r  atmospheric 
r a d i a t i o n  

,?? = O . C S ,  r e f l e c t i v i t y  o f  a surface i nc iden t  l ongk2ve  
r z i i  z t i  on 
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Convection 

The heat t r ans fe r red  by convection between the a i r  and ground 
su r f ace  i s  calcula ted i n  the  conventional manner according t o  the 
re1 a t i onsh i  p: 

TURB = h ( T s  - T a )  ( A . 5 )  

where h = the local  convection hea t  t r a n s f e r  coe f f i c i en t  ( W / m 2 - * C )  

Ts = the surface  temperature ( " C )  

T, = the local  a i r  temperature,  time dependent ( "c )  

T h e  a i r  i s  assumed t o  a c t  as an i n f i n i t e  s ink  a t  any given time and the 
sur face  temperature i s  calcula ted i m p l i c i t l y  a t  each s t e p  'by the 
program. The convective heat  t r a n s f e r  c o e f f i c i e n t  is calcula ted from 
the Colburn analogy which i s  a c l a s s i c a l  heat  and momentum f l u x  
r e l a t i o n s h i p  t h a t  assumes neu t r a l l y  s t a b l e  atmospheric condit ions.  

T h i s  analogy was used s ince  i t  accounts f o r  local  va r ia t ions  i n  
w i n d  speed a n d  surface  roughness and gives values of h t h a t  a r e  
r ep r e sen t a t i ve  o f  "mean" condi t ions  between s t a b l e  a n d  unstable 
a tnospher ic  condit ions d u r i n g  n ight t ime a n d  daytime. The C o l b u r n  
analogy i s  wr i t t en  as :  

where C f  = a d r a g  coe f f i c i en t  dependent on surface  roughness 

P = the densi ty  of a i r  (Kg/rn3at "C) 

C, = the  heat capacity o f  a i r  (Kcal/kg a t  O C )  

P, = the  Prandtl Kunberof a i r  

PIs = the wind  sgeed ( k m / h r )  

G E O D Y t l  uses the  cor re la t ion  f o r  the  d r a g  coe f f i c i en t  presented by 
Sch l i c t i ng  determined i n  a s tudy o f  d r a g  caused by vegetat ion o n  the 
e a r t h ' s  su r face :  
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= [ 2 . 5  I n  ( 1 . 6 / R )  + 5.1-' cf  

where I? = the  su r face  aerodynamic roughness (m) 

( A . 7 )  

R i s  time dependent a n d  nay a l so  be var ied  from node point t o  node point  
i n  the f i n i t e  element g r i d .  

Eva Dora t i  ve Heat Ef fec t s  

Surface evaporat ive  heat  g a i n s  and l o s s e s ,  QEVAP, a t  the su r face  
a r e  included i n  the  program i n  a n  e x p l i c i t  form. Expl ic i t ly  evaporative 
heat losses a r e  provided by the user  w i t h  the evaporation funct ion t h a t  
spec i f i es  the  sur face  evaporation r a t e  in the summer months t o  account 
for best es t imates  of evapotranspira t ion.  

Snow Cover 

Snow cover i s  one of the  more important f a c t o r s  a f f ec t i ng  t he  
surface hea t  balance. Snow cover i s  simulated a s  discussed e a r l i e r .  
Nhenever snow i s  on  the  g r o u n d ,  su r face  parameters a r e  automat ical ly  
switched t o  represen t  a snow cover. Thermal conductivi ty o f  the snow i s  
calculated based on  the  formula: 

K = 1.68 (P,)' ( A . 8 )  

krhere Y, = the snow thermal conduct iv i ty  (W/m2-oC) 

Ps = the  snow dens i ty  i n  (gm/cc) 

B o t h  the snow depth a n d  snow dens i ty  a r e  e x p l i c i t l y  speci f ied  by the  
user. B i l e l l o  (1963) publishes a co r r e l a t i on  t h a t  c a n  be used t o  
estimate the  snow dens i ty  based on  a i r  temperature and w i n d  speed. The 
snow's volumetric heat capaci ty  i s  neglected d u r i n g  a l l  heat t r a n s f e r  
ca lcu la t ions .  Snow c o v 2 r  e f f e c t s  a r e  terminated when speci f ied  snow 
d e p t h  decreases t o  0.006 m .  The depth a n d  dens i ty ,  r espec t ive ly ,  o f  
t h e  snow cover may be var ied across  the  e n t i r e  simulation g r i d  u s i n g  :he 
dicensionless va r iab les  i n  the  program i n p u t .  

A . 3  SURP'ARY AND USE 

Past experience h a s  shown t h a t  where sparse  meteorological d a t a  
ex i s t s  f o r  the rna l ly  s e n s i t i v e  a reas ,  i t  i s  necessary t o  " ca l i b r a t e "  a 



rode l  t o  s i t e  spec i f ic  condit ions.  GEODYN has been spec i f i ca l ly  
formulated t o  provide  th is  capab i l i ty .  Each of the c l i m a t i c  variables 
may be mul t ip l ied  by a dimensionless fac to r  t o  f a c i l i t a t e  micro-cljmate 
ca l ib ra t ion  of  t h e  model o r  t o  permit a s e n s i t i v i t y  s tudy o f  climatic 
va r i ab i l i t y .  

Climatic data f o r  the  surface  heat balance i s  inpu t  i n  average 
nonthly v a l u e s  beginning w i t h  t h e  m o n t h  of  January.  The user may 
specify any desired s t a r t i n g  point  f o r  a s imulat ion ( i . e . ,  a summer 
s t a r t  capabi l i ty . )  a s  well as request a r e s t a r t  po in t  t o  continue a 
previously r u n  s inu l  a t i o n .  
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APPENDIX B 

GOVERNING EQUATIONS AND SOLUTION TECHIiIQUE 

3.1 INTRODUCTION 

The i n t e n t  of  t h i s  chap te r  i s  t o  descr ibe  the technical  bas is  for 
the mathematical model a n d  computer program G E O D Y N .  The purpose o f  the 
model i s  t o  p red ic t  temperature d i s t r i b u t i o n s  i n  a s o i l  mass which may 
or may not undergo a phase change and  which may o r  may not  possess a 
convective component. T h i s  d i scuss ion  i s  focused on the  two dimensional 
version of the model and  uses the f i n i t e  element method o f  numerical 
approximation. The governing equation i s  derived from the  c l a s s i c  
concept o f  conservation of energy and accommodates both su r f ace  f luxes  
and speci f ied  boundary condi t ions .  

A s  present ly  programmed 'GEODYN provides a general ized two 
dimensional, nonl inear ,  time dependent solut ion f o r  a s ta tement  of  
conservation of thermal energy i n  terms of temperature. A so lu t i on  i s  
produced i n  response t o  a number o f  user speci f ied  boundary condit ions 
and /o r  source and sink terms, and the program will  accept  a r b i t r a r i l y  
defined material  and thermal p roper t i es .  The output from the model i s  a 
s e t  of temporal h i s t o r i e s  of  temperature over the s p a t i a l  domain being 
simulated. 

The so lu t ion  technique employs the  f i n i t e  element method o f  
numerical approximation t o  achieve a solut ion t o  the  g o v e r n i n g  
d i f f e r en t i a l  equation. To develop th is  solut ion,  we f i r s t  present  the 
governing d i f f e r e n t i a l  equat ion which has been derived i n  the  c l a s s i c a l  
manner for  a n  i n f i n i t e s s ima l  elemental volume. Next, we d i scuss  some o f  
the basic concepts o f  the  . f i n i t e  e lenen t  method, a n d  how i t  can be 
applied to  the  governing equat ions .  Included i n  t h i s  d iscuss ion i s  an 
explanation of  how the governing equations w i l l  be i n t eg ra t ed  i n  b o t h  
space and time, F i n a l l y ,  s i n c e  the  f i n a l  s e t  o f  equations i s  nonlinear,  
a br ief  summary of the  nonl inear  so lu t i on  algorithm i s  presented.  

8 .2  G O V E E N I N G  DIFFERENTIAL EQUATION 

The two-dimensional form o f  the d i f f e r en t i a l  equation solved by 
G E O D Y N  can be wri t t en  i n  Car tes ian  coordinates as :  
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where 

+ W J 1  - w32 = 0 

T = temperature, "C 

(6-1) 

5 1  = the average vo lune t r i c  heat c a p a c i t y  o f  the s o i l  mass 
( k J / m 3 )  ; t h i  s term i s  temperature dependent 

s2  = the  vo'iumtric heat  capaci ty  o f  water ( k J / m 3 )  

u , v  = the  components of Darcian water veloci ty  in the x and  y 
di  r ec t ions  , respec t i  vel y ( m / h r )  

\,Ky = thermal conduct iv i ty  coe f f i c i en t s  in the x a n d  y d i r e c -  
t i ons ,  r e spec t i ve ly ,  (kJ/m-hr-OC); these terms a r e  
temperature dependent 

w = the  s o i l  thickness normal to  the x-y plane (m)  

u1 = a thermal source or  s i n k  representing the e f f e c t s  o f  
this  term i s  temperature de- .  l a t e n t  heat  (kJ/hr=m3); 

pendent 

3 2  = a thermal source  o r  sink term representing a thermaJ 
f l u x  such a s  a su r f ace  heat  f lux o r  the f l u x  r e s u l t i n g  
from the geothermal gradient  (kJ/hr-m3) 

Equation B - 1  represents  a general ized,  nonlinear statement o f  the  
equation descr ib ing the  flow o f  hea t  i n  a saturated or unsaturated s o i l .  
I n  reviewing equation,  i t  i s  nonlinear because o f  the temperature 
dependence o f  the  thermal conduc t iv i ty  ' o f  terms, Kx and  Ky, The 
c o e f f i c i e n t  2 1  , and the phase change term, 52. The numerical 
approximations used f o r  each t e r n ,  p l u s  the method used to  i n t eg ra t e  
Equation 6-1 i n  both space a n d  time a r e  presented i n  the f o l l o w i n g  
paragraphs. 

th is  

8 . 3  THE FItiITE ELEMEtiT METHOD 

Within the l im i t s  o f  presen t  knowledge, ana ly t i c  solutions t o  
Equation (8-1) can be found f o r  only a l imited s e t  o f  b o u n d a r y  
condi t ions  and thermal p roper t i es .  For t h i s  reason, GEODYII  uses a 
numerical solut ion technique t o  approximate Equation [ B - 1 )  under a much 

. wider s e t  o f  condit ions;  i n  t h i s  case  we have chosen the so-called 
F i n i t e  Element Eethod (FEf.1) o f  nucer ical  solut ion.  
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The Fini te  Element M h o d  i s  a numerical. technique Suitable for  
solving d i f f e r e n t i a l  equations of the  type derived f o r  the thermal 
balance re la t ionsh ip .  I t  d i f f e r s  from the f i n i t e  d i f ference method in 
t ha t  i t  assumes a continuous descr ip t ion of S t a t e  var iables  as Opposed 
t o  values defined only a t  spec i f i c  points .  In a general sense, the 
f i n i t e  e lenent  i s  s a id  t o  provide a n  "exact"  answer t o  an approximation 
of  the problen, whereas f i n i t e  d i f ferences  provide a n  approximate answer 
to  the "exact" oroblen.  From the  use r ' s  Doint o f  view, the FEf4 o f f e r s  

The nethod was f i r s t  appl ied  by s t r u c t u r a l  ana lys t s  seeking the 
solution t o  complex problems i n  s t r e s s  ana ly s i s  o f  a continuum. The 
i n i t i a l  app l ica t ions  were i n  the  aerospace indust ry  where the r e s i s t a n c e  
capabi l i ty  of  continuous a i r c r a f t  sk ins  had t o  be maximized i n  keeping 
w i t h  the overal l  ob j ec t i ve  o f  weight minimization. 

In the FEfl ,  a continuum i s  represented by a s e r i e s  o f  d i s c r e t e  
polygons each interconnected a t  a f i n i t e  number o f  locat ions  c a l l e d  
nodal points. These nodal points  a r e  d i r e c t l y  equivalent  t o  j o i n t s  i n  
s t ruc tu ra l  problems and the elements a r e  equivalent  t o  beams a n d  
columns. I n  the  f i r s t  app l ica t ions ,  the elements were allowed t o  
respond i n  only r e s t r i c t e d  a n d  simple displacement pa t t e rns  such t h a t  
continuity was maintained along element f a ce s ,  b u t  fo rce  t r an s f e r  was 
allowed only a t  the  nodes. With the system thus approximated, the 
method of assemblage o f  elements a n d  so lu t i ons  o f  the  governing 
equations was exac t l y  t h a t  of conventional s t r u c t u r a l  ana lys i s .  

The r id- 1960 's  saw a rapid  expansion of the f i n i t e  element i n t o  
many s t r uc tu r a l  problems such  as  p la te  bending, axisyrnmetric s t r u c t u r e s ,  
sol id  s y s t e x ,  and  s h e l l  s t r uc tu r e s .  The procedure was  a l s o  generalized 
a n d  solut ions  were developed fo r  nonst ructura l  problems such as e l e c t r i c  
f i e l d s  a n d  pare pressures.  Simultaneously the  method was applied t o  
nonlinear and  t i n e  dependent problems i n  e l a s t i c i t y  a n d  from these  
problems experience was b u i l t  up allowing the  systematic solut ion o f  
nonlinear problems. 

!lore recen t ly ,  the  method has been appl ied  as a specia l  form o f  t h s  
method of ueighted res idua l s  i n  which the  governing equations a r e  
s a t i s f i ed  i n  a n  area  in tegra l  sense. This process removes the need f o r  
a functional a n d  al lows solut ion o f  equations f o r  which there  a re  no 
convenient functional  s. 

The f i r s t  s t e p  i n  the appl ica t ion of the  FEM i s  the  construction o f  
acceptable s i ng l e  element approximation to  the physical system. A 
su i t ab le  ele..r;ent wi l l  have a n  a p p r o x i m a t i n g  function with the same 
number o f  independent va r iab les  a s  the number of node points .  T h e  
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approximation m u s t  be such t h a t  the v a r i a t i o n  o f  the a p p r o x i m a t i n g  
function along the boundary o f  an  element exactly matches t h a t  of  a n  
adjacent el enent. 

For example, a t r iangular  element w i t h  nodal (corner) p o i n t  degrees 
of freedom a t  the ve r t i ces  must have a l i nea r  a p p r o x i m a t i n g  function, 
The necessary condition i s  met because the function i s  l i n e a r  a l o n g  the 
sides o f  the element a n d  the adjacent e?eGentS match exactly. If 
mid-side nodes a r e  used, a quadratic a p p r o x i c a t i n g  f u n c t i o n  may be used, 
as i s  the case in GEODYN. 

A necessary condition for solution of the  equations i s  t h a t  the 
fundamental equations do no t  contain derivatives two orders higher t h a n  
those t h a t  match across the element boundary. A l s o ,  the function must 
be capable of representing a constant value of the function or i t s  
derivatives which may be present in the integral  equation describing the  
el emen t. 

As a n  example, consider a region as shown in Figure 8-1. Over each 
triangular element the  s t a t e  var iables  of  the governing equations a re  
allowed t o  vary in a prespecified form and elements a re  interconnected 
only a t  nodal points. 

I n  the conceptual representation o f  the region, l e t  the nodal 
points be the v e r t i c e s  o f  t he  t r iangles .  Then for  a typical t r iangle  
( i ,  j ,  k) a l i nea r  approximation for a s t a t e  var iable ,  9 ,  may be w r i t t e n  
as: 

or 

Q = CQel 

i n  which tli i s  a l i n e a r  function o f  the coordinate system such t h a t  ? 4 i  = 
u n i t y  a t  node i a n d  zero a t  nodes j a n d  k .  A similar relationshi? 
exis ts  f o r  r4j and  I l k .  Ni i s  the so-called "shape function", or basis  
functions. I n  a l l  f i n i t e  el  enent applications the shape functions have  
the same def in i t ion ,  i . e . ,  
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L 

N i  i s  continuous over  t h e  element, a n d  

1 a t  node i 
0 a t  a l l  o t h e r  nodes r4j = 

The coe f f i c i en t s  o f  the shape func t i ons  a r e  a l l  known functions o f  
the  element geometry. For example, i n  a n  element w i t h  v e r t i c e s  a t  
loca t ions  (0.0) (2,O) (0 ,2 )  as shown i n  Figure 8 -2 .  ( A  45-degree 
t r i a n g l e  w i t h  base length equal 2 ) .  T h e  shape functions are: 

N 1  = 1/2 (2-X-y) 

N *  = 1 / 2  x (B-4) 

Simi la r  funct ions  may be wri , t ten f o r  the general l i nea r  t r i a n g l e  i ,  j ,  
k ,  i . e . ,  

N i  = a i  + b . x  + c .y  
1 1 

where a i  , bi , ci a r e  purely geometric cons t an t s ,  

(B -5) 

In GEODYN we use a nore complicated,  quadrat ic  shape function.  I n  
one dimension quadratic shape f u n c t i o n s  have the form indicated i n  
Figure R-3. While the form o f  t he  quad ra t i c  shape function shown i n  
Figure B-3 are' somewhat more complicated t h a n  the l i nea r  shape 
funct ions ,  a7 1 the ideas and d e f i n i t i o n s  used w i t h  the 1 inear functions 
a r e  d i r e c t l y  a p p i  icable  to the  quad ra t i c  formulation. 

the  

I n  developing the spa t i a l  approximation t o  the problem, i t  r a y  be 
s a id  t h a t  the  continuous func t ion ,  Equation B - 1 ,  h a s  been replaced b y  a 
new, piecewise continuous funct ion which i s  defined i n  te rns  o f  : ? e  
values a t  the nodal  points. To o b t a i n  a so lu t ion  to  the equations,  x e  
make use o f  the  method of weighted r e s i d u a l s  which r e s t a t e s  the b a s i c  
d i f f e r e n t i a l  equation, h = f ($ ,x ,y)  i n  terms of a n  e r ro r  function 2"d 
weighting function,  w. 

Idea l ly ,  the e r ro r  function should be i d en t i c a l l y  zero a t  a l l  
points .  I f  t h i s  i s  the case ,  the i n t e g r a l  fo r  a l l  weighting functions 
wi l l  be zero,  or: 

I,/ w h dA = 0 ( 3 - 5 )  
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FIGURE B-2 

SHAPE FUNCTIONS FOR A 4 5 O  TRIANGLE 

0.0 0.5 

D I S TA;4 C E 

FIGURE 3 - 3  

1.0  

ONE DIMENSIONAL QUADRATIC 
SHAPE FUNCTION 
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Then f o r  a f i n i t e  elenent approximation w i t h  n degrees of freedom, the 
s ingle  integral may be replaced by n i n t eg ra l s  w i t h  independent 
we i g h t i ng f unc t i o ns : 

wnh dA = 0 ( 6 - 7 )  

where btn represents the shape function associated w i t h  a degree of  
freedom. I f  the weighting function i s  defined to be equal t o  the shape 
function ( w  = N ) ,  there r e su l t s  what  i s  known as the Galerkin method o f  
Lqeighted residuals Fhich i s  the most accurate overall  form. 

I n  the complete f o r m u l a t i o n  the contribution from a single f i n i t e  
elezent will t o  a l l  degrees o f  freedom (nodes) f o r  t h a t  element and  
the total  system will  be a s e t  o f  e q u a t i o n s  representing the sum o f  
these contributions. This contribution to the equations may be wr i t t en  

degrees o f  
freedom o f  the el ement. 

be 

t1 h dA where N i s  the vector o f  shape functions f o r  a l l  

The f inal  s tep i n  the process i s  the assemblage a n d  solution of  the 
set .  of simultaneous equations representing the system. The equations 
m u s t  be integrated a n d  sunved f o r  each nodal point. 

Figure B-4(a) shows a typical system consis t ing o f  s ix  elements. 
The element i s  connected t o  the nodes as f i s t ed  below: 

E L E/-1 E FIT NODES 

1 1 4 3  
2 1 2 4  
3 4 2 5  
4 3 4 6  
5 4 7 6  
6 4 5 7  

I f  the three contributions a re  formed i n  terns o f  g l o b a l  
coordinates, they can be added in the appropriate space o f  the  g l o b a l  
m a t r i x .  Figure &4(b) shows the form o f  the s i x  elernents before 
addition and  Figure 8-4(c) the f inal  form where non-zero elements are 
shaded. 

After the equations a re  completely formed the boundary conditions 
rust be inserted. These usually consis t  o f  specifying values o f  $ or 
i t s  derivative a t  one or more nodes on the boundary  of the region. 
Present values of : nay be inserted as a n  overriding equation r e p l a c i n g  
the previously forced equations or by eliminating the equation by direct  
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s u b s t i t u t i o n  o f  the spec i f i ed  value  i n t o  the remaining equations,  
Values o f  the der iva t ive  o f  Q must be inse r ted  by evaluating t h e i r  
inf luence on t h e  r i g h t - h a n d  s i d e  vec to r .  The f i na l  s t ep  i s  the solut ion 
of 1 i nea r  simultaneous equations f o r  the  unknown nodal va lues  of 6 . 

6 . 4  APPLICATION OF THE FINITE ELEMENT METHOD TO GEODYrl 

To ",evelop a proper na thena t ica l  form f o r  the  appl ica t ion of  the 
f i n i t e  e l e r e n t  method to Equation (B-l), we sha l l  take advantage of 
Galerkin ' s  technique which is a p a r t i c u l a r  form of  the method of 
iveighted r e s idua l s .  The idea b e h i n d  t h i s  approach i s  t h a t  i f  a t r i a l  
funct ion (shape funct ion)  s a t i s f y i n g  the boundary conditions i s  wr i t t en  
f o r  a d i f f e r e n t i a l  equation,  t h e r e  may be some e r ro r .  llathematical1y, 
i f  a func t ion  i s  o f  the  form b(x ,y ,@) = 0, and we assume a so lu t i on  
g ( x , y , = ) ,  then: 

\.there 

R = the so lu t i on  r e s idua l  o r  e r r o r  

The bes t  t r i a l  so lu t ion  wil l  be one t h a t ,  i n  some sense, reduces 
the res idua l  ( e r r o r )  t o  a minimum a t  a l l  points .  One obvious way t o  
achieve th i s  i s  t o  formulate t he  problem such t ha t :  

//GR dxdy = 0 (B - 9 )  

where I: i s  any function o f  the coordinates  x ' a n d  y. in is  general 
proceiure  i s  known as the method of  weighted res idua l s ,  a n d  i f  the 
weighting funct ion,  R ,  i s  made equal t o  the shape functions def in ing the 
t r i a l  func t ions ,  the technique i s  c a l l e d  the Galerkin 's  nethod. For  
exanple,  employing the normal f i n i t e  element de f in i t ion  f o r  va r i sb l e s ,  
we can m i t e :  

where ; ( x , y , t )  = the  value of a t  a n  a r b i t r a r y  p o i n t  i n  tiKe a n d  
space i n  element i 

= the f i n i t e  element shape (a row vector)  

9-10 



L 

r -  . -  = the v a  
column 

I f  Galerkin's method 

ues o f  0 a t  the nodal points o f  element i 
vector)  

(a 

s a p p l i e d  t o  Equation (8-10) we obtain: 

E q u a t i o n  (8-11) i s  the generalized statement f o r  the a p p l i c a t i o n  of 
Galerkin's r i2 tbod t o  the s t a t e  var iables  o f  f i n i t e  element i. T h i s  
definition r e su l t s  i n  one independent equation for  each nodal point fo r  
each element. I n  the f i n a l  solution the contribution from a l l  elements 
are combined for each n o d a l  p o i n t  and solved a s  one s e t  of  equations. 

The f i n a l  statement of the f i n i t e  element model i s  developed as 
follows. F i r s t ,  f o r  each element i n  t h e  system the Galerkin method i s  
applied t o  E q u a t i o n  ( B - 1 ) .  This leads to  the general form: 

where a l l  t e m s  have been previously defined. Next, t o  achieve the 
necessary intzr-element consistency i n  the order o f  the a p p r o x i m a t i o n ,  
we shall reduce the second order der ivat ives  o f  E q u a t i o n  ( 8 - 1 2 )  t o  f i r s t  
order terms by a n  application o f  Green's transformation. This i s  
accomplished by w r i t i n g  the iden t i ty ,  f o r  example: 

where <N,x> is the derivat ive o f  the shape function <N> w i t h  respect t o  
X .  

Uhen the relat ionships o f  the type shown i n  E q u a t i o n  (8-13) d r e  
substituted i n t o  E q u a t i o n  (8 -12 ) ,  we a r r i v e  a t  t h e  general statement o f  
the f in i t e  elezent form o f  the governing equation for GEODYFI: 
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I n  E q u a t i o n  (B-14) i t  should be recognized t h a t  f o r  a l l  i n t e r i o r  element 
boundaries the l i n e  i n t e g r a l s  exac t ly  cancel and t h e i r  ne t  influence a t  
any node is zero, For ex te rna l  element boundaries, hokiever, these terms 
d o  not cancel and appropr ia te  boundary condi t ions  must be speci f ied  o r  
assumed. Equation (B-14) i s  the f i n a l  form o f  t h e  thermal equation and  
i s  the expression coded f o r  so lu t i on  i n  the  computer code. The equation 
i s  nueer ica l ly  i n t eg ra t ed  f o r  each element i n  the problem a n d  a system 
of  1 inear ,  simultaneous equations developed. These a r e  then integrated 
i n  t i n e  t o  provide the des i red temporal and s p a t i a l  descr ip t ion for 
temperature. The  s i t u a t i o n  i s  f u r t h e r  complicated by the  nonlinear 
nature o f  several  o f  t h e  terms i n  Equation (8-14) a s  is  explained below. 
W i t h i n  the con tex t  of GEODYN's formulation,  two sources of discontinous 
nonl inear i ty  e x i s t .  These a r e  the s t e p  funct ion changes i n  the material 
propert ies which a r e  assumed t o  take place a t  the tezperature  
and  the isothermal r e l e a s e  of a l a rge  f r a c t i o n  o f  l a t e n t  heat .  Since no 
modeling technique w h i c h  assumes a .cont inuous  desc r ip t ion  of system 
variables ( i  .e., GEODYN) can e a s i l y  accommodate discontinuous functions,  
i t  was necessary t o  f i n d  appropr ia te  continuous approximations t o  the 
discontinuous func t ions .  

f reezing 

The way this  was d o n e  i s  explained below. 

The approach t a k e n  t o  approximate the discontinuous material 
propert ies ( i . e . ?  s p e c i f i c  hea t  and thermal conduc t iv i ty )  i s  i o  use the  
l inear  d i s t r i b u t i o n  of mater ia l  p roper t i es  between the  corner node 
points of any f i n i t e  element. Th i s  a p p r o x i m a t i o n  i s  sc t i emt ica l ly  
represented i n  one dimension i n  Figure (8-5). I t  should be recognized 
t h a t  this  d i s t r i b u t i o n  can be f a i r l y  complicated i n  a trio-difiensional 
element, a n d  changes w i t h  t ime, temperature, and w i t h i n  the solut ion 
process i t s e l f .  The  approximation shown i n  Figure 8 - 5  i s  the m s t  
s a t i s f ac to ry  approach t e s t ed  t h u s  f a r  a n d  has been re ta ined i n  t h e  
present versions of GEODYH.  

A second source  o f  non l inea r i t y  a r i s e s  from the  re lease  of  l a t en t  
Recalling t h a t  the  e f f e c t s  of l a t e n t  heat are calcula ted fron : +e  heat. 

expression: 

x 
G I  = E (m, - m,) ( 3 - i 5 )  

where 01 = the  ne t  e f f e c t i v e  heat source/s ink term t o  represent t h e  
e f f e c t s  o f  the  l a t e n t  heat  o f  fus ion (kJ /h r  m 3 )  

A = the  l a t e n t  heat  o f  fus ion f o r  the  s o i l  n a t r i x  ( k J / m 3 )  
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B I  

(UNFROZEN) 

PHYSICAL DlSTRtBUTlON OF 
MATERIAL PROPERTIES 

G E O 2 Y G ' s  APPROXIMATION 
OF MATERJAL PROPERTIES 

1 

8, 
( F R O Z E N )  

F I G U R E  5-5 

S C H E M A T I C  R E P R E S E N T A T I O N  OF S E O D Y I I ' S  
APPROX I M A T 1  OFI OF T E I I P E R A T U R E  . D E P E N D E N T  

H A T E R I A L  P R O P E R T I E S  - ONE D I M E N S I O N  

8-13 



't = some f i n i t e  time in terva l  between times t o  and t ,  (hr) 

lilt = the unfrozen moisture content Of  the s o i l  matr ix  a t  the  
end o f  the time in terva l  tl (fract ion of  total  a v a i l a b l e  
unfrozen moisture f o r  phase transformation) 

"i: = the unfrozen moisture content of the soi l  m a t r i x  a t  the  
beginning o f  the time interval t o  (fract ion of  t o t a l  
available unfrozen moisture f o r  phase transformation) 

Also, i t  i s  assumed t h a t  t h e  unfrozen moisture content of a s o i l ,  m ,  can  
be approximated as a function o f  the  so i l  temperature. T h i s  
re lat ionship has the form: 

(B - 1 6 )  

rn = 1.0 f o r  T - > .Tf 

I t  can be seen from E q u a t i o n  (8-16) t h a t  the fract ion (1.0-Y) of  the 
l a t en t  heat is  assumed t o  be released isothermally. To overcome th i s  
problem, GEODYN makes the assumption t h a t  the isothermal range can be 
approxizatcd by a narrow l i n e a r  range a s  suggested i n  Figure B-6. I n  
pract ice,  the f i n i t e  of fse t  range,  E, can be specified to  a small value 
( i . e . ,  O . l ° F )  depending on the nature of the soi l  a n d  the value o f  Y .  

where *II = the fraction of the so i l  moisture n o t  frozen isothercal ly  
a t  the freezing temperature ( f r ac t ion )  

Tf = the freezing temperature, "C 

T = the l o c a l  temperature, "C 

k = a coeff ic ient  c h a r a c t e r i s t i c  o f  a par t icular  soi l  

Equations (8-15) a n d  (E- 16)  have been incorporated i n t o  G E O D Y N .  The 
sign of  -'I depends on whether the so i l  i s  h e a t i n g  or c o o l i n g .  For 
exanple, i f  the soil  i s  heating, m l  will  be greater t h a n  mo, and the 
e f f ec t s  o f  l a t e n t  h e a t  w i l l  tend t o  slow the temperature r i s e .  I n  t h e  
f o r n  w i t t e n ,  0 enters as a posi t ive number, which i s  correct .  T h e  
reverse arguriient holds true f o r  cooling, a n d  the appropriate sign i s  
a u t o x t i c a l  ly  generated by Equation (8 -15) .  The nonlinearity i n t r o d u c e d  
i n t o  E q g a t i o n  ( B - 1 4 )  by E q u a t i o n  (B-15) i s  eas i ly  seen. The f i n a l  t e r n  
o f  E q v a t i o n  (8- 14)  i s  the surface flux term. These terms may enter 
E q u a t i o n  (8-14) e i t h e r  a s  known  a n d  specif ied values or as functions o f  
the surface h e a t  f l u x .  When formulated as functions o f  the meteorologi- 
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cal variables and surface temperatures such terms enter the formulation in 
the general form: 

n 
0 2  = aTs + bTS + c (B-16a)  

where Ts i s  the local surface temperature, a n d  a ,  b ,  c a n d  n a r e  
constants which depend on  the meteorologic conditions a n d  the 
empirical formulas chosen fo r  surface heat exchange. 

8.5 INTEGRATION IF1 TIME 

Equat ion (8-14) i s  valid a t  a l l  points i n  space a t  a particular 
instant  i n  time. I f  a steady s t a t e  solution i s  desired ( a T / a t  2 0 ) ,  the 
appropriate terms a r e  s e t  t o  ze ro  a n d  a s ing le  solut ion made of the 
equations. I f  a dynamic problem i s  specified, however, i t  i s  necessary 
t o  integrate E q u a t i o n  (6-14) i n  time as well a s  space. This i s  
accomplished as follows. F i r s t ,  i t  i s  assumed tha t  the value 0f.T a t  a 
particular point var ies  over a discrete  time interval  according t o  the 
re1 a tionshi p: 

- T = TI + a t  + bt’ 

where T1 = the value of T a t  the beginning o f  the time s tep 

T = the value of T a t  the time t 

t = elapsed time from the beginning of the interval 

a , b  = coeff ic ien ts  

I f  E q u a t i o n  (8-17) i s  d i f f e ren t i a t ed ,  we find: 

h- 1 - a T  = a t a b t ”  
a t  

which c a n  be substi tuted into E q u a t i o n  ( 8- 1 7 )  t o  eliminate b :  

(T-T1 ) - cra aT  a 
- = a + T  a t  

6-16 
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We also know t h a t  a t  t = 0, aT/X = a ,  o r  ( a T / z t ) l  = a .  I f  t h i s  
r e l a t i onsh ip  i s  appl ied ,  and the  s u b s c r i p t  2 i s  used t o  denote the value 
a t  the end o f  time in t e rva l  ( t  = A t ) ,  we f ind:  

(8 -20)  

Note t h a t  i f  a = 1, t h i s  reduces t o  a conventional l inear  
in tegra t ion  scheme a n d  i f  a = 2 ,  the  scheme i s  ident ica l  t o  the 
quadrat ic  in tegra t ion  method. A value  o f  a = 1.5  h a s  been f o u n d  s t ab le  
f o r  l a rge  time s teps  and a l s o  t o  g ive  good accuracy. 

To incorporate th i s  expression i n t o  GEODYN, we make use of the  idea 
t h a t  our so lu t ion  i s  t o  b e  va l i d  a t  a p a r t i c u l a r  i n s t a n t  i n  time ( the  
end of the  time s t e p ) ,  a n d  t h a t  complete information i s  ava i l ab l e  for T 
a n d  i t s  time de r i va t i ve  a t  the beginning o f  the  time s t ep .  T h i s  being 
the  case,  Equation ( -20) can be rearranged as: 

o r :  

(8 - 21 )  

(B - 2 2 )  

where P = (1 - a )  (aT/"o t ) i  - a/At Ti 

p = k n o w n  values a t  time 2 f o r  time 1 

This expression,  Equation ( 8 - 2 2 )  can be subs t i t u t ed  d i r e c t l y  i n t o  
Equation (8-14) with the r e s u l t  t h a t  the  equation i s  formulated 
completely i n  terms o f  values  o f  T a t  the  end o f  the  time s tep .  Cnce 
the  so lu t ion  f o r  T has been found, the  value of t h e  t i n e  der ivat ion,  
Equation ( 8 - 2 1 )  can be ca lcu la ted  i n  a r ecurs ive  fashion.  The values o f  
T and i t s  t i n e  de r i va t i ve  thus become the  " o l d "  values used t o  def ine  7 
f o r  the next time i n t e r v a l .  

8 .6 INTEGRATION IF4 SPACE 

I t  can be seen t h a t  Equation (8-14) implies a system of integral 
equations which must be evaluated i n  the solut ion process. For reasons 
o f  speed a n d  e f f i c iency ,  these  equat ions  a r e  in tegra ted  numerically 
r a t he r  t h a n  a n a l y t i c a l l y  i n  GEODYM. A b r i e f  explanation o f  numerical 
in tegrat ion i s  a s  fol lows. 
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The process of  numerical in tegra t ion  i s  t he  evaluation of  the 
loca t ions  within a n  e lenen t  a n d  then multiplying 

a n d  summing 
funct ion a t  spec i f i ed  
the value o f  the funct ion by appropr ia te  w i g h t i n g  f a c to r s  
the  r e s u l t ,  h., 

( 8 - 2 3 )  

where Qi = a spec i f i ed  weighting f a c t o r  

x i ,y i  = the  spec i f i ed  coordinate loca t ions  f o r  evaluation o f  g 

q = t h e  number of in tegra t ion  points  

I n  t h i s  process, X i  and  y i  a r e  invar ian t  w i t h  r espec t  t o  actual 
shape o f  the element. Appropriate numbers of points  and t h e i r  locat ions  
f o r  given orders  of e r r o r  a r e  ava i l ab l e  i n  t h e  l i t e r a t u r e .  I n  G E O D Y N  a 
three-point  scheme i s  used on l i n e a r  elements, w i t h  higher order schemes 
used on t r i ang l e s  and q u a d r i l a t e r a l s .  Typical l oca t i ons  a n d  weighting 
f ac to r s  for dimensional elements i n  GEODYI! a r e  indicated i n  Figure two 
CB-7). 

B .7 CURVED' ELEMEflTS 

G E O D Y N  has the  added f ea tu r e  t h a t  the  s ides  of any of i t s  elements 
( l i n e a r ,  t r i angu l a r ,  o r  q u a d r i l a t e r a l )  r a y  take on  a curved shape. This 
i s  accomplished by means of a coordinate t r an s fo r ca t i on  as outlined 
be low.  

Recalling t h a t  bas ic  f i n i t e  element d e f i n i t i o n  takes the  form 3 = 
<K><@}, i t  seems :ogical t o  consider the idea t h a t  the  coordinates c f  
an  element c o u l d  a l s o  be expressed i n  terms o f  a shape function,  s ay  
<:it>, and i t s  spec i f i ed  coordinate  p o i n t s .  I f  t h i s  i s  the  case we c a n  
wri te :  

y = a'> i y e l  

:*.'hen the shape funct ions  f o r  the  coordinates a r e  equal 
functions f o r  the  s t a t e  va r iab les  ( < X I >  = <I:>) t he  e len  
be iroparametric;  th i s  i s  the  case in GEODYl4.  

t o  the 
nts a re  

CB-25;  

shape 
3 i d  t3 
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Next, we w i s h  t o  develop the express ions  nceSSarY t o  transform the 
a r b i t r a r i l y  specified, curved sided elements i n t o  a S t a n d a r d  form i n  
order  t h a t  we may ca r ry  out  a n  e f f i c i e n t  so lu t ion  t o  the problem. To d o  
t h i s ,  we recognize f i r s t  t h a t  two transformations a r e  necessary. Since 
d >  i s  defined in terms of the  loca l  coordinates,  the f i r s t  
transformation i s  necessary t o  dev i se  a means expressing the  g l o b a l  
d e r i va t i ve s  i n  terms of the loca l  de r iva t ives .  The Second 
transformation i s  used t o  de f ine  the surface over w h i c h  t h e  numerical 
i n t eg r a t i on  i s  t o  be ca r r i ed  o u t .  

For example, consider a s e t  o f  loca l  coordinates (zs joc ia ted  i v i t h  
t he  numerical in tegra t ion  elements)  5 , rl , a n d  a corres2onding s e t  o f  
global coordinates  x and y .  By usual r u l e s  of pa r t i a l  d i f f e r en t i a t i on  
the 5 d e r i v a t i v e  of the  shape funct ion i s :  

(B-25) 

I f  th i s  process i s  c a r r i ed  o u t  for  a l l  terms in t u o  dicensions,  i n  
m a t r i x  form we have the expression:  

( B- 2 7 )  

The lef t- hand s i d e  can be evaluated a s  the functions o f  144 a n d  a r e  
spec i f i ed  i n  local  coordinates .  Fur ther ,  as x a n d  y a r e  e x p l i c i t l y  
given by the  r e l a t i on  def in ing t h e  c u r v i l i n e a r  coordinates,  the m a t r i x  
[ J ]  can be f o u n d  e x p l i c i t l y  in terms of the  l o c a l  coordinates.  T h i s  

m a t r i x  i s  known as the  Jacobian m a t r i x .  

To f i nd  the  global de r i va t i ve s  we i n v e r t  [ J l  a n d  i.;rit2: 

( 6 - 2 3 )  
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In te rms  of the shape f u n c t i o n  d e f i n i n g  t h e  coo rd i na te  
t r  a n s for ma ti on we ha v e : 

1 
[ J 1 - '  = d e t  [ J I  

[ J l  = 

-512  

Ji 1 

J2 2 

or [ J l  

(8-29) 

(6-30) 

o r ,  i n  t h e  c a s e  o f  a tvro dimensional  e lement :  

(6-31) 

For which we can  f i n d  t h e  express ion :  

( B - 3 2 )  

and d e t  [ J I  = J l l  J i 2  - J I 2  J t l  
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To transform the va r i ab l e s  a n d  the  region w i t h  respect  t:, t h e  
in tegra t ion i s  a process which  involves t he  determinant of  [ J ] ,  
i ns tance : 

d x d y  = de t  ( J ]  d[ d q  (3 -33 1 

This type o f  t ransformation i s  v a l i d  i r r e s p e c t i v e  o f  t h e  number  o f  
coordinates used. For i t s  j u s t i f i c a t i o n  the reader  i s  referred ::, 
standard mathematical t e x t s .  

\le have now reduced the  evaluation o f  the  element propert ies t o  
t h a t  o f  f inding i n t e g r a l s  o f  the  form: 

( 3 - 3 4 )  

I f  the cu rv i l i nea r  coordinates  a r e  o f  the normalized type. Indeed, t 5e  
integration i s  c a r r i e d  ou t  within the normalized a rea  and not i n  t h e  
complicated d i s t o r t e d  shape, thus accounting for  the  simple integration 
l imi t s .  

8 .8  N O N L I N E A R  SOLUTION TECHHIQUES 

I n  i t s  i n i t i a l  pnases, the F in i t e  Element method was used stricti:/ 
for l i nea r  problems b u t  s t r e s s  ana lys t s  soon become i n t e r e s t e d  i n  
s o l v i n g  for s t r e s s 2 5  i n  ma te r ia l s  w i t h  nonlinear s t r e s s - s t r a i n  ros ; )onse  
curves. Research a n d  development led t o  two basic approacnes t~ t h i s ?  
nonlinear problens: incremental methods and s i n g l e  s t ep  itsra:jvs 
methods. 

I n  the f i r s t  a p p r o a c h  the  physics o f  the s y s t m  a r e  r i c 3 2 n i z e d  2 q c  

the s t ruc tu re  i s  assumed to be loaded i n  small increTznts.  A : i n e ? r  

advantage o f  :his re thod i s  t h a t  i t  e l imina tes  u n c ? r t a i n t i e s  3 ~ s :  
uniqueness o f  :he so lu t i on  by modeling the physical process.  :owever, 
m a k i n g  the s o l u t i o n  s t eps  small e n o u g h  c a n  make tne  csnputer ::=-e 
prohibit ive for s o n e  g r o b l  ems. 

- I  

s o l u t i o n  w i t h  modified a rope r t i e s  i s  made a t  each so lu t ion  SteD. I " ?  

Using the second approach a succession o f  l i n e a r  soluticlns are -ado 
w h i c h  approximate the  f u l l  p roblem.  3etY:een each s o l u t i o n  : : e  
properties o f  the system a r e  v a r i e d  depending o n  the  pa r t i cu l a r  
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i t e r a t i v e  t echn ique  employed. For the geothermal problem no simple 
physical  i n t e r p r e t a t i o n  o f  n o n l i n e a r i t y  i s  poss ib l e  a n d  t h e  Method o f  
Success ive  Approximations must be used. 

I n  genera l  t e r n s ,  the f i n i t e  element f o r m u l a t i o n  for t h e  geothermal 
equat ions  can be c r r i t t en  a s :  

ivhere [ K ]  = t h e  c o n t r i b u t i o n , o f  l i n e a r  t e r n s  

[ D ( T ) ]  = the  c o n t r i b u t i o n  o f  non l inea r  terms 

CT,) = a g e n e r a l i z e d  v a r i a b l e  vec to r  

{ R )  = a r i gh t- hand  s i d e  v e c t o r  

To s o l v e  t h e s e  e q u a t i o n s ,  G E O D Y N  employs the so- ca l l ed  Newton-Raphson 
i t e r a  t i o n  procedure.  To do th i s  , t h e  Newton-Raphson procedure r ep1  aces  
Equation (8- 35)  l r t i t h  a d e r i v a t i v e  approach based u g o n  the e r r o r  the  
f i r s t  s o l u t i o n .  I f  an e r r o r  func t ion  f i s  def ined  as: 

o f  

a n d  s o l u t i o n  i s  based upon s o l v i n g  for the  : 3 r r e c t i o n ,  AT, t o  t h e  
previous  s o l u t i o n ,  then:  

mcl,  m m + l  I \ there ! u ; = iv, + A u ,  i n 

a n d  [Ji j .3 = [$] 
‘11 [ J ’  1 i s  t h e  s o- c a l l e d  Jacobian o f  t h e  system a t  s t e ~  E ,  a n d  terms o f  

t h i s  m a t r i x  i n d i c a t e  the  in s t an t aneous  s lope  o f  t he  f u n c t i o n s  f ? l i t 3  

r e s p e c t  t o  changes in  each of  the v a r i a b l e s .  Actual s o l u t i o n  thus 
c o n s i s t s  of  e v a l u a t i n g  a l l  t h e  e r r o r  func t ions  :f:, a n d  computing t h e  
c o r r e c t i o n s  t o  i T )  based upon the  in s t an t aneous  slo;?s t o  e l i m i n a t e  a i l  
the  e r r o r s .  

. .  
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Graphically the  Newton-Raphson procedure may be r e p r e s e n t e d  i n  o n e  
degree of freedom wi th  values of f following the curve 0-0 (see Figure 
8 4 ) ,  by the following s teps :  

1. 

2 .  

3. 

4. 

Point 1 represents the i n i t i a l  guess Ti 

Point 2 

P o i n t  3 

represents t h e  value  of the  function f f o r  Ti 

represents the ad jus ted  va lue  o f  T based u p o n  the 
slope a t  2 

P o i n t  4 represents t h e  ad jus ted  value  o f  f 
convergence i s  achieved a t  point  9 

f 

/ 
? 

FIGURE 8-8 

:I € I 4  T ON - R A P H S 0:I I T E R A  T I V E C 0 N V E R G E N C E 
3NE DIFEriS I O N A L  FUNCTION 

e t c .  u n t i l  

0 
d 

:late t h a t  i n  a m u l t i  c’,e.;r?e of  f r eedom system there a r e  n v a l u e s  
f o r  f a n d  each f has n sloDes. T h e  s o l u t i o n  process m s t  therefore 
arf2ust a l l  n values o f  f s i m i t a n e o u s l y  by v a r i a t i o n  o f  t h e  n v a r j a b i e s .  
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APPENDIX C 

NUMERICAL TESTING AND EXAMPLE PROELEMS 

C . l  INTRODUCTION AND DESCRIPTION OF PROBLEMS 

To demonstrate the  operation o f  G E O D Y N ,  the r e su l t s  from three t e s t  
problems a r e  reproduced f n  the following paragraphs. Please note t h a t  
a l l  i n p u t s  and  o u t p u t s  i n  these problems a r e  given i n  English unit:, the 
units i n  which GEODYN was o r i g ina l l y  developed. 

I n  summary, 

Test Problem No. 

The f i r s t  t 

the t e s t  problems a r e  as follows: 

1 

s t  problem simulates the f reezinq o f  a s o i l  w h i  !I i s  
i n i t i a l l y  a t  36.OoF by appl ica t ion of  a 14.OoF bohdary condition a t  the 
s o i l  surface.  T h i s  problem i s  fully described i n  Jumikis ( 1 9 7 7 ) .  The 
anaytical so lu t ion  f o r  the  temperature versus depth p rof i l e  a f t e r  168.0 
hours and  the r a t e  of movement o f  the f reeze  f r o n t  a re  provided i n  the 
reference. . 

Test Problem No. 2 

Problem Number 2 i s  a solut ion to  the t rans ien t  heat c m d u c t i o n  
7roblem i n  cy l indr ica l  coordinates including the e f fec t s  o f  Zhase 
change. This i s  a s l i g h t l y  revised version o f  the problem described o n  
page 295 of Carslaw a n d  Jaeger,  a n d  i t s  solut ion has been r e o o r t e d  by 
several o ther  inves t iga to rs .  This problem i s  designed t o  s i m u l a t e  t h e  
r i s e  i n  temperature i n  a n  i n i t i a l l y  frozen s o i l  by introduction o f  a 
specif ied heat  f l u x  a t  the o r i g i n  o f  the  system, 

Test Problem No. 3 

The f i n a l  example p r o b l e m  documents the  operation o f  Gi l ' jDY'4  when 
s i m u l a t i n g  a The 
t e s t  problem i s  t h a t  o f  a cold p i p e  i n  a r e l a t i v e l y  large s J i 1  ;lass. 
This Droblern i s  t h o u g h t  t o  be represen ta t ive  o f  what  c o u l d  > e  f o u n d  
where a c o l d  p ipel ine  crosses a stream. 

phase change problem w i t h  a n  a c t i ve  convective f i e l d .  

Details o f  these th ree  problems a r e  presented i n  the f 3 l l o w i n g  
paragraphs; please note t h a t  the  desc r ip t ion  o f  each problem beg ins  o n  
a separate page o f  t e x t .  
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C ,  2 RESULTS FRO!! EXAMPLE PROBLEMS 

c.2.1 Test Problem No. l 

The f i r s t  t e s t  problem s imula tes  the 
i n i t i a l l y  a t  3 6 . O o F  by a p p l i c a t i o n  o f  a 14  
s o i l  sur face .  This problem i s  f u l l y  descr  
schematical ly represented  i n  Figure C - l  
the  temperature versus depth p r o f i l e  a f t e r  
novenent of the f r eeze  f r o n t  a r e  provided 

reezing o f  a so i l  which I S  
0°F boundary condition a t  
bed in Junikis  (19771 ,  a n d  :S 

The a n a l y t i c a l  solut ion f a r  
168.0 hours and the r a t e  := 
n the  reference .  

To s imulate t h i s  problem the  network shown i n  Figure C- 2  xas 
prepared w i t h  the  network generat ion ontion o f  a network preprocesssr 
program (GEOGRD). This network h a s  18 elements, 93 node points a n d  one  
type o f  s o i l ;  the network i s  twelve f e e t  l o n g  a n d  two f e e t  wide. Tie 
re levant  material  p r o p e r t i e s  were spec i f i ed  as: 

K x  = Ky = 

Kx = Ky = 

1.34 ( f rozen  conduc t iv i ty )  BTU/ft-hr-OF 

1.07 (unfrozen conduc t iv i ty )  BTU/ft-hr°F 

BI = 29 .30  ( f r o z e n  heat  c a p a c i t y )  t)TU/ft3 O F  

. B 1  = 42.70 (unfrozen heat c a p a c i t y )  BT'J/ft3 O F  

x = 2966 .4  ( l a t e n t  h e a t )  3TU/ft3 

The groblem was r u n  for  ten cons tan t  t i n e  s t eps  of 1 . 7 5  days ( a 2  "our s ;  
u s i n g  E = 9.10.  ' A  comparison between the a n a l y t i c  a n d  nunir ic  ss:lit::n 
for :he so i l  temperature p r o f i l e  a f t e r  7 days (168 hours) i s  j r , z ' , . z  
g r i ? h i c a l l y  i n  Figure C-3,  a n d  in a t a b u l a r  form i n  Table c -1 .  ; 
cor.;atison between the  a n a l y t i c  a n d  numeric p red ic t ions  o f  the y s i t ; - -  u .  

s f  t5e freeze f r o n t  i s  provided i n  FigureC - 4  a n d  suncarized i n  T 2 2 - t  

c - 2 .  

Review o f  Figures C - 3  a n d  C - 4  a n d  Tables C-1 a n d  C-2 indicate i 
kj;h degree o f  agreement between GEODYt i ' s  a n d  :;?ucann's a n a l y t :  zt 
solu t ion  f o r  the  problem. Af te r  168.0 hours of  elagsed t i r e ,  b o t h  :-t 
33sit ion of f r eeze  f r o n t  a n d  the  overa l l  temperature p r o f i l e  are n e a r ' :  
ident ica l  between the  two s o l u t i o n s .  A t  longer times there  a re  l a r ; ? - ,  
b u t  s t i l l  small ,  dev ia t ions  between the thio methods as  show in Fig,-? 
c - 4 .  i t  i s  believed t h a t  t hese  small d iscrepancies  can be a t t r ibu t2 . j  f :  
the rninimum s p a t i a l  r e s o l u t i o n  a v a i l a b l e  i n  the  f i n i t e  element ne t ' i c -u .  
(approximately 0 . 1 5  f e e t )  a n d  t o  the way i so thernal  phase c h a n ~ e  'j 
a;proximated. The encouraging aspec t  o f  Figure C-4 i.s t h a t  there i s  - 2  
tendency for the two s o l u t i o n s  t o  d iverge ,  a n d  t h a t  t he  o v e r a l l  s o j u t : : -  
i i 2  j s ; loo th  a n d  convergent.  

. .  
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TABLE f, - I  

COtlPARISOFI OF ANALYT IC  AND 
I4UP1ERIC SOLUTIONS FOR 

TEST PRCBLEM HO. 1 
( a f t e r  7 days) 

AIlALY T I  C I W E R  I C 
SOLUTIOH SOLUTIOt I  

DEPTH 
( f e e t )  

( O F )  ( O F )  

8.00 
0.50 
1 - 0 0  
1.50 
1.52 
1.57 
2.00 
3.00 
4.00 
5 . O O  
8 .00  

10.00 

14.000 
20.190 
26.000 
31.800 
32.000 

32.800 
34.000 
34.900 
35,400 
35.900 
3 5 . 9 9 7  

--- 

14.000 
20.172 
26.296 
31.818 

32.000 
32.688 
33.393 
34.914 
35.463 
35.965 
35.933 

--- 
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T A B L E  C - Z  

CO;.:?ARI Sori OF A t j A L Y T I  C Afr'D 
E4UMERIC 20SiTIOr4S OF THE FREEZE FRONT 

FO2 TEST P R O B L E M  !io. 1 

A N A L Y T I C  ::U?:ER I C 
0 I STANCE 0ISTA::CE 

( f e e t )  ( f e e t )  
T I N E  

(hours ) 

42.0 

126  .O 
168.0 
2 5 2  .O 
294 . J  
336  .O 
378.0 
420.0 

84 .0  
0.76 
1.08 
1 . 3 2  
1 .52 
1.86 
2 .01  
2.15 
2.28 
2 .41 

0.75 
1.07 
1.34 
1.57 
1.35 
2.07 
2 .25  
2.27 
2.45 
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C . 2 . 2  T e s t  Problem tie, 2 

Problem !:umber 2 i s  a s o l u t i o n  t o  the t r a n s i e n t  heat czn.?uction 
problem in  Cyl indr ical  coordinates inc lud ing  the e f f ec t s  c f  phase 
change. T h i s  i s  a s l i g h t l y  revjsed vers ion  o f  the problem descr’2.d o n  
page 295 o f  Carslaw a n d  Jaeger,  and  i t s  so lu t i on  h a s  been rewr’,ed by 
o ther  i nves t i  ga tors. 

T h i s  problem i s  designed t o  s imulate  the r i s e  i n  temperature i n  a n  
i n i t i a l l y  frozen s o i l  by in t roduct ion o f  a spec i f i ed  heat f l u x  a t  the 
o r i g i n  o f  the  system. The pa rme te r s  used i n  t h i s  problem were: 

K f  = 1 . 5  B T U / f t - h r - O F  ( f r ozen  conduc t iv i ty )  

= I .0 E T U / f t - h r - O F  (thawed conduc t iv i ty )  

= 40 S T U / f t ’ - O F  ( f rozen  heat  c apac i t y )  

= 50 C T U / f t 3 / ’ F  (thawed h e a t  capac i ty )  

K t  

c f  

Ct 

t f  

L = 3003 BTU/ft3 ( l a t e n t  h e a t )  

= 32.OoF ( t e cpe ra tu r e  a t  phase change) 

Q = 7000 BTU/day ( i n p u t  hea t  f l u x )  

According t o  Carslaw a n d  Jaeger,  the  l oca t i on  o f  the melt f r o n t  i s  
given by the expression:  

w c l r e  2 = :he l o c a t i o n  o f  t h e  n e l t  f r o n t  ( f e e t )  

t = s i r e  ( i r s )  

k = a coe f f i c i en t  d e p e n d i n g  o n  the  ghysical  propert ies xo31enl 
wh ich  hzs been f o u n d  t o  a va lue  o f  0.4218 f s r  the 
v a l u e s  indicated 

To s i n i l l a t e  t h i s  problem, a cy l i nd r i ca l  network was constructei  f3r 
i n ? u t  t o  :he m i e l .  T t i s  netk:ork extended f r o m  r = 0 . 2  f e e t  t o  r = 33.2 
f e e t ,  a n d  had  : n i t  heiS”t .  The eleinents h a d  a n o m i n a l  r dimension o f  
one f o o t  to r = 18.2 a n i  a dit-ension o f  4 . 0  f e e t  f r o m  18.2 t o  38 .2  :?et. 
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The i n p u t  f l u x  of 7C3iJ EiTU/day was spec i f i ed  over a f i n i t e  area a t  
p = 0.2 f e e t ,  and 99 percent o f  the l a t e n t  heat  was assumed t o  b e  
exhausted over a temperature range o f  O.l°F. The problea \vas s i m u l a t e d  
for a t o t a l  o f  500 days w i t h  gradually increas ing t i n e  steps w h i c h  
varied f r o m  2.0 t o  12.0 days  in length. 

The  r e s u l t s  of t h e  s i r v l a t i o n  a r e  presented g r a p h i c a l l y  i n  Figures 
C - 5 .  and  C-6. Figure C-5 provides a comparison o f  the  numeric a n d  
ana ly t i c  c a l cu l a t i ons  o f  the posit ion o f  t5e melt f r o n t ,  rihile Figure 
C-6 indicates  the  nuceric a n d  ana ly t i c  temperature p r o f i l e s  a t  times o f  
196.0 a n d  500.0 days. Tke ana ly t i c  ca lcu la t ions  o f  t h e  tmpe ra tg r e  a n d  
p ro f i l e s  were computed from the  equations presented on page 295  o f  
Carslaw a n d  Jaeger.  

I n  b o t h  Figures C - 5  and C-6, the numeric a n d  ana ly t i c  solut ions  
a r e  seen t o  be q u i t e  coriparable. The posit ion o f  the  melt f r o n t  i s  wel; 
w i t h i n  t h e  l imi t s  of resolut ion of the f i n i t e  e lenent  network 
(approximately 0 .15  f e e t ) ,  and shows no s ign  o f  o s c i l l a t i o n  or any o ther  
undesirable o r  unexpected behavior. The temperature prof i les  a r e  a l so  
i n  good agreement i n  shape a n d  magnitude and  would seem t o  confirm tne 
operation o f  the program. The r e s u l t s  f r o m  this problem confirm the 
operation of  GEODYtl  i n  cy l indr ica l  coordinates for problems w i t h  phase 
change. 

c- 10 
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C.2.3 Test Problem No, 3 

The i n t e n t  O f  this problem i s  to provide documentation o n  SEODyH 
!when simulating if phase change problem w i t h  a n  a c t i v e  convective f i e l d ,  
It shou ld  be u n d e r s t o o d  t h a t  the user must spec i fy  the ccnvective 
ve loc i t i e s  as t he  model i s  n o t  ye t  capable of s imulat ing the :nysical 
movement o f  groundwater. The rodel accepts the i n p u t  ve loc i t i e s  a n d  
nakes no f l ; r ther  ca lcu la t ions  on tne convective f i e l d  except t o  s e t  the 
ve loc i t i e s  t3  zero  if the local temperature f a l l s  below the ' r e p z i n g  
temperature. The reader  s h o u l d  be aware t h a t  as moisture freezes  i n  
p a r t i c u l a r  p a r t s  o f  a given system there , d i l l  be local  v iola t '3ns  o f  
f l o w  c o n t i n u i t y .  This e f f e c t  w i l l  undoubtedly cause some e r ro rs  i n  t h e  
temperature p r ed i c t i ons ,  b u t  such e f f ec t s  are judged  t o  be sna l l  f o r  the 
exampl es presented . 

The t e s t  problem i s  t h a t  o f  a cold pipe i n  a r e l a t i v e l y  large  s o i l  
mass. T h i s  problem i s  t h o u g h t  t o  be r ep r e sen t a t i ve  o f  w h a t  c g u l d  be  
f o u n d  \./here a na tu ra l  g a s  pipeline crosses a stream. 

The t e s t  problem was s e t  u p  u s i n g  the  f i n i t e  element network shown 
i n  Figure C-7 k r i t h  t he  f o l l o w i n g  spec i f i c a t i ons :  

An o v e r a l l  
v e r t i  ca 1 1  y 

network s i z e  o f  34 f e e t  ho r i zon t a l l y  a n d  30 f e e t  

P i p e  dl 'aneter  o f  4 .0  f e s t  

Top s l r r face  a t  a constant  t m p r a t u r e  o f  33OF 

Left  f a c e  a t  a constant  temperature o f  32.1°F 

2 , i g h t  f a c e  a n d  bottom surface a t  zero g rad ien t  

For a c t i v e  convection,  a constant f l o w  ve loc i t y  f r3T :3ft :: 
r i gh t  

The physical parameters used fo r  the  problem a r e  the  fol lc . : . ; in?:  

Pipe p rope r t i e s  (shaded area i n  Figure C- 7)  

Frozen Y, = 0.137 CTU/hr/ft/'F 
Thawed Y, = 0.137 S T U / h r / f t / O F  
Frozen C = 0 . 1  
Thawed C = 0 . 1  

2 = 1.0 
). = 1.0 

= 0.1 

3TU f t 3  
8TU f t '  
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Soi l  propert ies ( a l l  unshaded area i n  F i y r e  2- 14)  

Frozen Y, = 0 . 6 2  BTU/hr/ft/'F 
Thak;ed K = 0 .62  B T U / h r / f t / O F  
Frozen C = 28 
Thavled C = 28 

BTU f t 3  
BTU f t 3  

I = 1.0 
;. = 1.0 
5 = 0 .1  

porosi ty  = 0 . 4  
net g . ~ .  ve loc i t y  = 0 .25  f t / d a y  hor izonta l ly ;  

v e r t i c a l  veloci ty  zero i n  
a l l  cases 

To demonstrate the opera t ion  o f  G E O D Y N  w i t h  a n d  krithout convectivz 
e f f e c t s ,  two simulations were ca r r i ed  w i t h  t h e  above parameters. I n  
each case the simulations ?/ere r u n  dynamically f o r  a t o t a l  of 180 days 
i n  20 time s teps  which var ied  i n  length f r m  2 t o  1 4  days. B o t h  
s imulations were ca r r i ed  ou t  using pipe temperatLres o f  3I0F, w i t h  a n d  
w i t h o u t  a n  ac t ive  convective f i e l d .  

The resu l t s  from the two sfmulat lons  f s  presented in graphical format  
The r e s u l t s  are presented a s  con tou r  plots  o f  tem-  in Figures C-8 t o  C- 9 .  

perature a f t e r  180 days o f  stmulation and were pre2ared w i t h  R M A ' s  post- 
processor, program GEOPLT. 
a t  ffve node points  has been p lo t t ed  f n  numerical format f o r  reference 
purposes. 

Please note t h a t  o n  each p l o t  the temperature 

Since no 'anal ; . : ic  s o lu t i ons  a r e  a v a i l a b l e  f o r  t h i s  t 2 s t  proble.7, i t  
i s  not 7 o s s i b l e  t o  coi.u.,ent on t + e  accuracy Z P  cnese s i n u l a t i o n s .  
Several other cc:-:nts a r e  considered appropr iz te ,  i,3~s:ever, a n d  a r e  
provided below: 

I n  the s f - L I a t i o n s  shown, G E O D Y F l  was ::it? s s ab l e  a n d  
convergent. This i s  c o r , s i i ? r e d  a good s i g r , ,  zn: 7r3vides a 
g r e a t  deal of confidance t h a t  the coupled :rot lea o f  heat 
a n d  moisture t r anspor t  w i t h  phase change czn  5 3  L;r,i?rtaken 
w i t h  ex i s t i n3  a1 Gori t3 -s .  

6 Comparisons 61tr:een ; h i  no  c3,nvection a n d  ;;it!: c.:nl:ection 
problems f o r  t h o  sacs pipe t m p e r a t u r e  a l l  570~: t k 2  expected 
differences 2ven t h o u g h  t h e  di f fe rences  3re s c , z l l .  The 
e f fec t s  o f  c;r:-:ective f i e l d  inc rease  a s  the s i?? ts -sora ture  
increases, a s  : :ould  b i  e x w c t e d .  

I n  order t:, j k lans I  drprztic e f f e c t s  o f  convecf:on, i t  , . , a u l d  be 
required t o  1T;:rsasS t k o  f'o:: v e l o c i t i e s  b y  a sL2stant ia l  
a m o u n t  ( s a y  a n  o r d e r  o f  7:;nitude). T h i s  can 5 2  done i f  
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des i red ,  a1 t h o u g h  the r e su l t s  herein a r e  su f f i c i en t  to 
document the operation o f  the convective terms. 

I n  the process o f  developing Problem Number 3, i t  was f o u n d  t h a t  G E O O ~ : ~  
( a n d ,  presumably, o ther  models) was s e n s i t i v e  t o  how accurately t -?  
geometry o f  the  p i p e  was speci f ied .  I n  o t he r  vlords, i f  the geometry ;= 
the  pipe w a s  not spec i f i ed  t o  a r e a s o n a b l e  degree o f  accuracy, t-1 
r e s u l t i n g  f reeze  f r o n t  contours for the no convection cases w o u l d  n o t  :t 
c i r c u l a r .  This problem was resolved i n  GEODYN by care fu l  speclf icat icn 
o f  the pipe coordinates .  I n  models which employ a nonisooarametr-c 
formulation t h i s  could be a substant ia l  l i m i t a t i o n  near the oipe. T h i s  
should be kept i n  m i n d  when simulating exact ing thermal problems. 
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CHAPTER 1 

INTRODUCTION 

The purpose of the GEOPLT program i s  t o  proauce contour  p lo t s  o f  
genera ted  by the geothermal s imu la t ion  program, 

GEOPLT i s  not a s imu la t ion  program, b u t  r a t h e r  a pos tprocessor  
the temperature-  f i e l d s  
GEODYN.  
i n  RMA's geothermal modeling system. 

The current capabi l  i t i e s  o f  GEOPLT a r e  the fol lowing:  

Input and i n t e r p r e t  the  geometr ic  layout (network) used by 
the GEODYN program, 

P l o t  the o u t s i d e  boundary of the network. 

P lo t  user-d2fined con tou r  values w i t h i n  the a r e a  o f  i n t e r e s t  
( w h i c h  may be smaller than  the e n t i r e  network). 

Produce m u l t i p l e  con tou r  p l o t s  i n  a s i n g l e  computer run. 

GEOPLT works by superimposing a f i n i t e  d i f f e r ence  g r i d  over the 
f in i te  element g r i d ,  and t h e n  producing the contours  on the f i n i t e  
d i f f e r e n c e  g r i d .  This system has both advantages and d isadvantages ,  b u t  
seems t o  be well  s u i t e d  t o  the needs of the  geothermal program. 



CHAPTER 2 

PROGRAM ORGANIZATION AND DESCRIPTION 

GEOPLT cansists of one main routine and several ca 
subroutines as shown in Figure 2-1. Contour plots are produced by 
to standard Calcomp plotting routines in the various subroutines. 
descriptions of each of the program routines are provided be 
alphabetical order after a description of the main routine. The 
exception to this is for the routine called CONTOR. This rout 

lable 
call s 
Brief 
ow in 
only 
ne is 

actually a library of routines which produces a contour plot from a 
rectangular grid of values. While RMA has successfully adapted them for 
contouring purposes, they were not written by RMA and have not been 
documented herein. 

MAIN ROUTINE 

GEOPLT's execution begins by reading and echo printing (on logical 
unit 6) the user-specified run control information. These data include 
the number of plots to compute, the records to use from the GEODYN save 
file, and the resolution desired in the rectangular grid overlay, 

Next, the program inputs the first file record from GEODYN plot 
file, which contains the geometric information, and checks to see if a 
subsection o f  the network is to be contoured. Following this, GEOPLT 
scales the plot to the user input dimensions and then calls subroutine 
LOCATE to determine the finite element which contains each rectangular 
grid point. After returning from LOCATE, the program enters the 
plotting loop. Within this loop the program reads the GEODYN file and 
checks to see if a plot is desired. I f  no plot is desired, the program 
continues to loop. I f  a plot is desired, a call is made to subroutine 
POINTS to place the temperature values on the rectangular grid and then 
to subroutine BNOIT t o  draw the network outline. Next, a call is made 
to VIEWER to complete the contour plot and then to NOTES to annotate the 
plot. This process is continued until all plot requests have been 
filled and/or the end-of-file condition is encountered on the GEOOYN 
input file. In either case the plot file is closed and program 
execution is terminated. 

Su brou t i ne BND IT 

I f  the user so requests, subroutine BNOIT will plot the outside 
boundary of the network. This option i s  used mainly to provide a 
framework for the plot and to check to see that no internal regions have 
been omitted from the network. A specified list of node numbers may 
also be read and plotted. 
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Begin 
P l o t  Loop 

- 
End 
P l o t  Loop 

VIEWER 

PO I tJTS 

NOTES -€I 

FIGURE 2- 1  

PROGRAEI ORGAN1 ZAT ION 
GEOPLT PROGRAfl  
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Subroutine BNOIT i s  called from the main program and makes a call 
to subroutine FIT. 

Subroutine CONTOR 

Subroutine CONTOR i s  actually a library o f  routines which produces 
a fairly sb;phisticated contour p l o t  from a given rectangular grid o f  
values. The rectangular grid is supplied to CONTOR in the COMMON block 
OPTION in the array TF. CONTOR reads the user-defined contour values 
and plots the contour lines a segment at a time via standard CALCOMP 
calls. 

CONTOR was not written by RMA and is not fully documented herein. 
A list o f  the routines which comprise the plotting library is provided 
below for reference purposes: 

CENTER GUIDE 
CONTOR .PIECES 
F I N 1  START 
FOLLOW TRACER 
GERBAR NUMBR 

Subroutine (function) DNX 

Subroutine DNX will calculate the value o f  a particular shape 
function x-direction derivative at a given location (in local 
coordinates) for either triangular or quadrilateral finite elements. 
ONX is called from subroutine POINTS and makes no further calls. 

Subroutine (function) DNY 

Subroutine DNY will  calculate the value o f  a particular shape 
function y-direction derivative at a given location (in local 
coordinates) for either triangular or quadrilateral finite elements. 
DNY i s  called from subroutine POINTS and makes no further calls. 

Subroutine F I T  

When a plot o f  the network outline i s  requested, the callinq 
routine generates a list o f  the nodes which define an element side ana 
the x and y coordinates o f  these three nodes are passed t o  FIT. This 
enables FIT to pass a finite element shape function through the points 
and t o  plot, in a piecewise linear fashion, the exact shape o f  Dotn 
curved and straight element sides.  
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Sbbroutine LOCATE 

GEOPLT works by placing a rectangular grid over the user-defined 
firrite element grid. In order to complete this process it is necessary 
to locate the particular finite element in which any given grid point 
resides. It is the function of subroutine LOCATE to make this 
determination- 

Computationally, LOCATE begins by entering a loop on all system 
elements. It then calculates the x and y bounds for the elements and 
enters a loop on the grid points which may be enclosed by the element. 
Within this loop, LOCATE solves for the intersection of element side and 
rectangular grid lines to establish the ''in" or "out" condition. If the 
grid point is "out," a skip is made to the end of the loop. I f  a point 
i s  ''in," the condition is recorded in the array I G R I D ,  and computation 
continues. 

Subroutine LOCATE i s  called from the main routine once in each 
program execution and makes a further call to subroutine SORT. 

Subroutine NOTES 

After the basic contour p l o t  and its outline have been completed, 
subroutine NOTES is called to annotate the plot. Its function is to 
output to 'the plot the maximum and minimum values found on the 
rectangular grid, the user specified contours, the time for the plot 
(from the GEODYN file) and the user provided coment. Subroutine NOTES 
makes no further calls. 

Subroutine POINTS 

GEOPLT produces a plot by overlaying a rectangular grid on the 
finite element grid and contouring from the rectangular grid. In this 
process it is necessary t o  find the element in which a rectangular grid 
point resides (the function of subroutine LOCATE) and to calculate the 
temperature at the grid point from the finite element shape functions. 
It is the function of subroutine POINTS to evaluate the temperature at 
each rectangular grid point from the finite element shape functions and 
node point temperatures. 

To complete this operation, POINTS loops on each grid point in tfle 
rectangular network, It has a cross reference for the element in wh ich  
the grid point resides (array I G R I D ) ,  and iterates to find the exact 
local coordinate o f  the grid point. Once the coordinates are found, the 
value of the function is found by matrix multiplication of the shape 
functions . 

Subroutine POINTS calls functions DNX and DNY t o  a i d  i n  the  
location process and function XN to evaluate the temperature. It 1s 
called once from the main program for each plot requested. 

5 



L 

Sdbroutine SORT 

Subroutine SORT i s  a She11 type sorting routine that sorts a vector 
The sorting procedure is short, 

standard 
inta ascending order in its own length. 
effic:ient and somewhat abstract, and the reader is referred t o  
references for the theory of the Shell sort. 

, -.. 

Subroutine SORT i s  called from subroutine LOCATE in the element 
and from the CONTOR routines to order the input list definition process 

of contours. Subroutine SORT makes no further calls. 

Subroutine VIEWER 

After the values to be plotted have been placed i n  the working 
array by subroutine POINTS, subroutine VIEWER i s  called to copy the 
values into the appropriate array for contouring. Subroutine VIEWER 
also initializes certain values neeaed by the contouring routines, and 
calls the contour routines. VIEWER acts as a contour interface and 
makes no calculations of its own. 

Subroutine VIEWER is called once for each plot, and makes a further 
call to the contouring routines, CONTOR. 

Subroutine (function) X N  

Subroutine X N  will calculate the value o f  a particular shape 
function at a given location (in local coordinates) for either 
triangular or quadrilateral finite elements. XN is called from 
subroutine POINTS and makes no further calls. 

6 



CHAPTER 3 

EXAMPLE PROBLEM 

To provide an example of GEOPtT's operation, a t e s t  problem has 
been run and the resu l t s  are reproduced i n  the following paragraphs. 
This t e s t  problem is an extension of the t e s t  problem which i s  also 
presented i n  the GEOGRO and GEOOYN program documentation reports. 

The objective of  this  example i s  t o  make two contour  plots from the 
o u t p u t  f i l e  generated by GEODYN. Five contour values will be plot ted,  
and the plot is t o  be done on a reduced section o f  the network t o  
increase resolut ion;  f i l e  records 4 and 6 from the GEODYN f i l e  are t o  
be plotted. annotated reproduction of the card image i n p u t  f i l e  t o  
GEOPLT for  th is  problem i s  reproduced as  Figure 3-1.  

An 

The o u t p u t  from GEOPLT f o r  this example problem is reproduced i n  
Figures 3-2 t o  3- 5 ,  w i t h  Figures 3- 2 and 3-3 showing the o u t p u t  t ha t  
went t o  the line printer  (logical u n i t  6 )  and 3-4 and 3-5 the two 
contour p l o t s .  

In  Figure 3-2,  the program produces an echo print o f  a l l  the i n p u t  
d a t a ,  including the f i l e  and plot specif icat ions,  the rectangular g r i d  
d a t a ,  and the network subsection l imi ts ,  i f  any. Fol lowing th i s ,  the 
l i s t  o f  f i l e  records t o  be plotted from the GEOOYN f i l e  is read and 
printed. The program then outputs the r e su l t s  of some internal checks, 
and prints several messages w h i c h  a r e  useful i n  confirming that  the 
proper problem i s  being run. 

Figure 3-3 shows the output that  the program produces as the GEODYN 
f i l e s  are  read and the plots are produced. I n  t h i s  case f i l e  record 4 
and 6 were to be plotted, and a message i s  o u t p u t  for each sequential 
GEOOYN f i l e  as i t  i s  read. When a plot f i l e  i s  reached the program 
o u t p u t s  a message and the maximum and m i n i m u m  g r i d  values calculated i n  
the rectangular overlay plus an echo o f  the con tour  specifications.  
This process i s  simply repeated u n t i l  a l l  p l o t  requests have been 
sat isf ied or the end-of-file i s  reached on the i n p u t  f i l e .  

The contour  plots produced i n  t h i s  run are shown i n  Figures 3- 4 and 
3-5.  Each p l o t  shows the requested contours i n  the upper right corner,  
and the time from the G E O D Y N  f i l e  ( i n  hours) and the user coment i n  the 
l e f t  corner. The plots are straightforward except for some minor 
anomalies in some of the contours. This i s  a manifestation o f  the g r i d  
overlay procedure and  sometimes happens when thermal gradients are very 
small. Note tha t  the o u t l i n e  of the p i p e  has been plotted i n  Figure 
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. The pipe outline demonstrates the l i n e  t r a c e  Option descr ibed i n  
p t e r  4 (Card Type E). 
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?ROCRAM CEOCRD 

DEVELOPED OY 
A CEOTHERMAL CCNTGURINC PROCRAH 

RESOURCE MANACERENTS A S S O C I A T E S  
LAFAYETTE, C A L I F  -- NOVEHOER 1982 

T€5T RUN FOR CEOPLT DOCURENTATION. .  I N P U T  FILE FROB CEOPYN DOCUMENTATICN 

I N P U T  CEOPYN F I L E ( L U C )  
NURQER OF PLOTSCLUVI  
PLOT O U T L I N E  O P T l O N ( I Q P P 1  
1 GRID L I N E S t N X )  
Y G R I D  L I N E S t N Y )  
X CORD SCALE(XSCALE)  
Y CORD SCALE(YSCALE)  
M I N  1 NODE NUM(NXPM1N) 
VAX X NODE NUW(NXPPlAX) 
H I N  Y NODE NUPIfNVPMIN) 
HAX Y NODE NUM(NYPWA1) 

64 
2 
1 

55  
55 

I .  4 
I .  6 

0 
190 
0 

323 

THE FOLLOUINC 2 F I L E S  UILL QE P L O T T E D  

4 6  

X M I N  - 0. 00 

Y M l N  - 0. 00 
YMAX 9 4 61 

XMAX * s ie  

P4E,.NP 100 319 

FIGURE 3- 2 

GEOPLT ECHO P R I N T  OF INPUT DATA 
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PROCRAM CEOCRD 
A QPOTHERMAL CONTOURINQ PROCRAM 

DEVELOPED BY 
RESOURCE HANACEMENTS ASSOCIATES 

LAFAVETTE, CALIF -- NOVEHBER 1 9 8 2  

TEST RUN FOR GEOPLT DOCUHENTATION. INPUT FTLE FROM CEODYN DOCUMENTATION 

FILEnTIBE,NODES 1 i a a  4 4 1 7  

FILE.TIME,NODES 2 364 6 417  

FILE.TIHE.NODES = 3 729 6 4 1 7  

FILEaTIBE,NODES 4 1094 4 4 1 7  

GRID VALUES FOR PLOT I FROB FILE 4 

mnn VALUE = 0 . 0 5 5  
MIN VALUE - -0 .310 

CEODYN FILE 4 

CONTOUR INPUT SPECS 
s -1.000 -0 050 0 .  000 0 030 

FILE,TI t lE,NODES S 14S9 2 417  

FILE.TIBE4NODES = 6 1814 0 4 1 7  

BOUNDARY NODE POINTS 
7 16  26 35 4 5  4 7  
a 

G R I D  VALUES FOR PLOT 

MAX VALUE = 0 054  
U lN  VALUE = -8 314 

CEOPYN F I L E  6 

CONTOUR I NPtIT SPECS 
5 - 1  000 -0 550 

so s2 ss s7 

2 FROH F I L E  6 

0 000 3 030 

FIGURE 3-3 

0.050 

60 62 63 36 27 17 

0 050 

GEOPLT OUTPUT FROM FILE READING 
AND PLOT GENERATION 
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F I G U R E  3-4 

EXAMPLE CONTOUR PLOT FROM 
GEODYN F I L E  4 
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1 

F I G U R E  3-5 

CONTOUR PLOT FROM 
G E O D Y N  F I L E  6 
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CHAPTER 4 

PROGRAM IN PUT INSTRUCT1 ONS 

The i n p u t  da t a  f o r  GEOPLT a r e  read from the  card reader  ( l o g i c a l  
u n i t  5) and output  t o  t h e  l ine p r i n t e r  ( l o g i c a l  u n i t  6 )  and the p l o t t e r .  
The program can be run by us ing  a combination of card image i n p u t s  and 
the output  f i l e  from program G E O D Y N .  A schematic desc r ip t ion  of the 
f i l e  uni ts  which a r e  requi red  by GEOPLT i s  shown i n  Figure 4-1. 

DATA INPUT FORMATS 

The fol lowing paragraphs sumnarize the exact  card formats  expected 
by GEOPLT. T h e  user should fo l low this  sequence exac t ly ,  and i n p u t  the 
data  i n  the same o rde r  as i t  i s  desc r ibed .  I n  a l l  cases the program 
w i l l  expect  t o  i n p u t  this informat ion  on FORTRAN log ica l  u n i t  5 unless 
o therwise  noted. F i n a l l y ,  the r e a d e r  is urged t o  review the i n p u t  and 
output  from the example problem i f  ques t ions  a r i s e .  

Please' note  t h a t  a l l  i n p u t s  t o  GEOPLT a r e  in f r e e  f i e l d  format .  
T h i s  means t h a t  a l l  da t a  on a s p e c i f i e d  card image must be supp l i ed ,  
w i t h  i nd iv idua l  values s epa ra t ed  by blanks o r  comas .  A slash ( 1 )  a t  
the end of a l i ne  i n d i c a t e s  the  end o f  record and may be used t o  
advantage i n  some cases .  I f  less than  the  proper number of items a r .  
i n p u t  on a given card image, the program w i l l  look a t  the next  card t: 
complete i ts  l i s t .  This i s  a common e r r o r  i n  f r e e  f i e l d  i n p u t ,  and must 
be checked c a r e f u l l y  by the user. 

14 



Card Images i U n i t  
6 

c. 

Program 

Pri n t e r  

c, 

FIGURE 4-1 

GEOPLT 

Contour P l o t  -E 

FILE ORGANIZATION 
GEOPLT PROGRAf1 
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CORD INPUT VAR I AB LE 
TYPE SEQUENCE NAME DESCRIPTION 

A .  Job Title 

1 TITLE Any alphanumeric information t o  be used for 
run iden t i f i ca t ion .  
printed o u t p u t  only. 

This appears on the 

B. Job Contro 

1 

2 

3 

4 

5 

C. F 

S 

9 

10 

11 

l e  Record 

1-100 

L U G  

L U V  

I B P P  

N X  

XSCALE 

YSCALE 

NXPMIN 

NPXMAX 

NPYPlIN 

N Y  PFIAX 

lumbers 

LIST 

The FORTRAN 1 ogical  uni t  number c o n t a i n i n g  
the output f i l e  from program G E O D Y N .  

The number of p lo t s  t o  be made from the GEGDYN 
o u t p u t  f i l e .  

Enter 1 i f  the outer boundary o f  the network 
i s  t o  be p l o t t e d ;  otherwise enter  zero. 

Enter the number of  X g r i d  l ines  t o  be used 
i n  the contour generation (5 6 5 ) ;  i f  zero, 
N X  i s  s e t  to  3 5 .  

Enter the number o f  Y g r i d  l i ne s  t o  be used 
i n  the contour generation ( <  - 6 5 ) ;  i f  zero, 
N Y  is  s e t  t o  3 5 .  

A sca le  fac to r  which mul t ip l i es  the X coor- 
dinate inputs before p lo t t ing .  

A sca le  fac to r  w h i c h  mul t ip l ies  the Y coor-  
d i  nate inputs before p l o t t t  ng.  

Node number o f  minimum X locat ion i n  a par- 
t i a l  network p lo t .  I f  zero, taken as network 
min imum.  

Node number o f  maximum X locat ion i n  a par- 
t i a l  network p l o t .  I f  zero, taken a s  network 
maximum. 

Node number o f  minimum Y location in a par- 
t i a l  network p lo t .  I f  zero, taken as network 
minimum. 

Node number of a maximum Y location i n  a 
pa r t i a l  p l o t .  I f  zero,  taken as network 
maxi m u m .  

A l i s t  o f  the f i l e  record numbers ( i , e . ,  
time step number) t o  be p l o t t e d  from the GEGC’!N 
f i l e .  The number of elements in t h i s  ’ l i s t  i s  
L U V  (Card B.2), and they need n o t  be i n  sequen- 
t i e l  order. Up t o  100 values may be input. 



INPUT VARIABLE 
NAME DESCRIPTION 

D. P l o t  Outline Control - omit i f  IBPP (Card 8.3) i s  zero. 

1 NPTS I f  IBPP i s  greater than zero, there are two 
options. I f  NPTS=O, only the network boun- 
day will be p l o t t e d .  I f  NPTSPO, NPTS values 
will be read and p l o t t e d  for Card Type E .  
I f  NPTS>O, the outline w i l l  a lso be p l o t t e d ;  

p l  otted . - i f  NPTS<O on ly  the i n p u t  points wil l  be 

E. Specified Line Definition - omit i f  NPTS (Card D . l )  or IBPP (Card 5 . 3 )  
i s  zero 

1-400 NPB A l i s t  of u p  t o  400 node numbers (following 
element s ides)  w h i c h  describe a l ine t o  be 
placed on the contour p l o t .  This card i s  
read only i f  NPTSfO. NPTS values will be 
read. 

F. Plot T i t l e  

1 LITL Any 80 column comment which i s  t o  appear on 
the plotted o u t p u t .  

G .  Contour Specification 

I NUMV The number of contours t o  be attempted for 
th i s  f i l e .  Up to  20 values may be specified. 

2-21 The contour values t o  be plotted. 

NOTE: Card Types D th rough  G a r e  required for each contour p l o t .  
o f  LUV (Card 8 .2)  sets a re  required. 

A t o t a l  
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