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ABSTRACT 

All existing models of the rock freezing process are able to simulate the 
conductive heat transfer, but, however the convective terms are dominant in 
many cases, when water seepage also occurs. The origin of the majority of 
failures were caused by the effect of water seepage. 

A new integrated finite difference simulation technique has been developed 
to model rock freezing and water seepage simultaneously. The mathematical 
model, the base of numerical algorithm, the input and output data, the 
verification of the model using analytical solutions and a rather sophist- 
icated practical case history are discussed in the paper. Finally, the 
first practical application of the model to support decisions on the proper 
system of freezing and on the proper combination with depressurization of 
water bearing layers is presented as well. 

1. PROBLEM PRESENTATION 

During the past hundred years rock freezing operations have been 
successfully applied in the civil engineering and mining practice all over 
the world (Belferman 1982; Hegelman 1982; Ries 1982; Sabela 1982; Seleznev 
and Sedin 1982; Wild and Forrest 1984). Many difficulties and accidents 
also occurred mostly due to the effect of water seepage and/or thermal 
anomalies of sources (~onv&d 1986; Wild and Forrest 1984). 

In many special cases a proper combination of drainage and rock freezing 
may also provide a better and/or cheeper solution (Seleznev and Sedin 1982), 
but nobody tries to use these combinations because of the unpredictable 
effects of water movement on the rock freezing process. 

In order to size the rock freezing operations under high waterflow rates 
and to select and to design proper combinations of rock freezing and drainage 



a c o m p u t e r  s i m u l a t i o n  t e c h n i q u e  h a s  b e e n  d e v e l o p e d  f o r  s i m u l t a n e o u s  
m o d e l l i n g  o f  w a t e r  s e e p a g e  a n d  r o c k  f r e e z i n g .  

T h i s  p a p e r  p r e s e n t s  b r i e f l y :  

t h e  m a t h e m a t i c a l  m o d e l ,  
t h e  c o m p u t a t i o n ,  
t h e  model  v e r i f i c a t i o n s ,  a n d  
t h e  f i r s t  p r a c t i c a l  a p p l i c a t i o n s .  

2 .  THE MATHEMATICAL MODEL 

T h e  n a t u r a l  p r o c e s s  o f  r o c k  f r e e z i n g  u n d e r  c o n d i t i o n s  o f  w a t e r  s e e p a g e  
is c h a r a c t e r i z e d  by t h e  f o l l o w i n g  b a l a n c e  e q u a t i o n s  r e f e r r i n g  t o  a s m a l l  
p a r t  o f  t h e  s p a c e ,  dV, w h i c h  h a s  a  b o u n d a r y  s u r f a c e  dA, i n  a  s m a l l  t i m e  
i n t e r v a l ,  d t .  

T h e  m a s s  b a l a n c e :  

w h e r e  pw is t h e  w a t e r  p r e s s u r e  

g  is t h e  g r a v i t a t i o n a l  a c c e l e r a t i o n  

v  . is t h e  w a t e r  s e e p a g e  r a t e  

q  . a r e  w a t e r  s o u r c e  t e r m s  
W 1 

s is t h e  s t o r a g e  p a r a m e t e r  o f  t h e  r o c k - w a t e r  s y s t e m  rw 

f o r  c o n f i n e d  s y s t e m s :  

s = @  . 3 w g . C r w  

f o r  u n c o n f i n e d  s y s t e m s :  

w h e r e  @ is t h e  r o c k - p o r o s i t y  

Crw i s  t h e  c o m p r e s s i b i l i t y  o f  r o c k - w a t e r  s y s t e m  

Sw is t h e  d e n s i t y  o f  w a t e r  ( i n  f u n c t i o n  o f  t e m p e r a t u r e  a n d  w a t e r  
p r e s s u r e )  

h  is t h e  h e i g h t  of t h e  w a t e r  i n  t h e  r e s e r v o i r  l a y e r  

T h e  s i m p l i f i e d  i m p u l s e  b a l a n c e  e q u a t i o n  is g i v e n  by t h e  C a r c y  v e c t o r -  
e q u a t i o n .  

w h e r e  k is t h e  p e r m e a b i l i t y  o f  r o c k  
&(T) is t h e  d y n a m i c  v i s c o s i t y  o f  w a t e r  d e p e n d i n g  o n  t e m p e r a t u r e ,  T  



T h e  e n e r g y  b a l a n c e  is g i v e n  by t h e  e q u a t i o n  o f  c o n v e c t i v e  a n d  c o n d u c t i v e  
h e a t  b l a n a c e ,  t a k i n g  i n t o  a c c o u n t  t h e  e n e r g y  t r a n s p o r t  o f  p h a s e  t r a n s i t i o n .  

w h e r e  Cw a n d  Cr i s  t h e  s p e c i f i c  h e a t  s t o r a g e  c a p a c i t y  o f  w a t e r  ( w )  a n d  
r o c k  ( r )  

Krw i s  t h e  h e a d  c o n d u c t i v i t y  o f  t h e  r o c k - w a t e r  s y s t e m  

Gh r e p r e s e n t s  a n y  e x t r a  h e a d  s o u r c e s ,  e g  f r e e z i n g  

+ Gft i n  t h e  s p e c i f i c  h e a d  o f  w a t e r - i c e  p h a s e  t r a n s i t i o n  - 
( f r e e z i n g  o r  t h a w i n g )  

3. COMPUTATION 

3.1 T h e  n u m e r i c a l  m o d e l  f o r  c o m p u t a t i o n  

F o r  t h e  p u r p o s e  o f  c o m p u t a t i o n  t h e  s p a c e  is r e p r e s e n t e d  by a  s t r u c t u r e  o f  
e l e m e n t s .  E a c h  e l e m e n t  h a s  i t s  g i v e n  g e o m e t r y  a n d  p h y s i c a l  p a r a m e t e r s .  

T h e  b a s i c  b a l a n c e  e q u a t i o n s  a r e  g i v e n  a s  f i n i t e  d i f f e r e n c e  e q u a t i o n s  
r e g a r d i n g  t h e  m a s s  a n d  h e a t  t r a n s f e r  b e t w e e n  e a c h  n e i g h b o u r  e l e m e n t s  
( e g  b e t w e e n  n o d e s  n  a n d  m) d u r i n g  a  g i v e n  p e r i o d  A t . .  

T h e  m a s s - t r a n s f e r  e q u a t i o n  i n c l u d i n g  t h e  D a r c y ' s  l a w  i s  f o r m e d  a s  f o l l o w s :  

T h e  h e a t  t r a n s f e r  

w h e r e  i n d i c e s  N a n d  M r e f e r  t o  t h e  n o d e s  ( e l e m e n t s )  N a n d  M ;  t h e  i n d e x  
N M  r e f e r s  t o  t h e  i n t e r f a c e  of t h e  two e l e m e n t s  

D is t h e  d i s t a n c e  b e t w e e n  t h e  n o d e  a n d  i n t e r f a c e  



is  t h e  c o s i n e  o f  t h e  a n g l e  o f  D a n d  t h e  n o r m a l  ' v e c t o r  o f  t h e  i n t e r f a c e  

3, p a r e  t e m p e r a t u r e  d e p e n d e n t  p a r a m e t e r s  i n  t h e  m a s s  
t r a n s f e r  e q u a t i o n  

At  t h e  s a m e  t i m e  t h e r e  a r e  p a r a m e t e r s  i n  t h e  h e a t  t r a n s f e r  e q u a t i o n s  w h i c h  
a r e  i n f l u e n c e d  by t h e  m a s s  t r a n s f e r ,  e t  pwn-pwm. I t  means  t h a t  a n  i n t e r -  
a t i v e  p r o c e s s  i s  n e c c e s a r y  t o  mode l  t h e  i n t e r a c t i o n s  b e t w e e n  t h e  
h e a t  a n d  t h e  m a s s  t r a n s f e r .  

F o r  t h e  i t e r a t i v e  s o l u t i o n  o f  t h e  a b o v e  e q u a t i o n s  a n  i n t e g r a t e d  f i n i t e  
d i f f e r e n c e  m e t h o d  is  u s e d .  

3.2 Some d e t a i l s  o f  c o m p u t a t i o n  

( i )  Node n e t w o r k  

A  t w o  o r  t h r e e  d i m e n s i o n a l  n e t w o r k  c a n  b e  u s e d .  T h e r e  is  n o  l i m i t a t i o n  
r e g a r d i n g  t h e  f o r m s  a n d  vo lume  o f  e a c h  e l e m e n t  a n d  t h e  number  o f  
c o n n e c t i o n s  o f  e a c h  n o d e .  Each  n o d e  is s p e c i f i e d  g e o m e t r i c a l l y  by t h e i r  own 
p a r a m e t e r s .  

To c u t  t h e  t i m e  a n d  c o s t s  o f  n e t w o r k  f o r m i n g  some s t a n d a r d i z e d  two  o r  
t h r e e  d i m e n s i o n a l  n e t w o r k  p a t t e r n s  a r e  a v a i l a b l e .  T h e s e  s t a n d a r d i z e d  n e t -  
w o r k s  c a n  b e  f i t t e d  t o  a  g i v e n  t a s k  u s i n g  a  m u l t i p l y i n g  f a c t o r .  

F o r  s p e c i a l  p u r p o s e s  i n d i v i d u a l  two  o r  t h r e e  d i m e n s i o n a l  n e t w o r k s  c a n  a l s o  
b e  u s e d .  

( i i )  I n t e r n a l  i n p u t  p a r a m e t e r s  

T h e  p a r a m e t e r s  o f  w a t e r  a r e  g i v e n  i n  f u n c t i o n  o f  T  a n d  p  

w h e r e  a , ,  a 2 ,  a j ,  a 4 ,  a 5  a r e  i n p u t  p a r a m e t e r s  

/CA (T) is  g i v e n  by po lynomes  o f  g i v e n T ,  T  T T  v a l u e s  2 3 4  

T h e  i r x t i a l  w a t e r  h e a d  o r  b o t t o m - h o l e  w a t e r  p r e s s u r e  s h o u l d  b e  s p e c i f i e d  f o r  
e a c h  n o d e .  

The  t h e r m a l  p a r a m e t e r s  o f  w a t e r  a r e :  

Cw s p e c i f i c  h e a t  s t o r a g e  

Kw h e a t  c o n d u c t i v i t y  

t G f t  i c e - w a t e r  p h a s e  t r a n s i t i o n  h e a t  

T h e  p a r a m e t e r s  o f  r o c k s  a r e  g i v e n  f o r  r o c k  t y p e s .  80-100 d i f f e r e n t  r o c k  
t y p e s  s h o u l d  b e  s p e c i f i e d  f o r  e a c h  p r a c t i c a l  t a s k .  

E a c h  r o c k  t y p e  is s p e c i f i e d  by t h e  f o l l o w i n g  p a r a m e t e r s :  



No c o d e  number  o f  r o c k  t y p e  

k  p e r m e a b i l i t y  ( w a t e r  p r e s s u r e  d e p e n d e n t  p a r a m e t e r )  

S r  d e n s i t y  

s s t o r a g e  

P p o r o s i t y  

Cr h e a t  s t o r a g e  c a p a c i t y  

Kr h e a d  c o n d u c t i v i t y  

T h e  same p a r a m e t e r s  s h o u l d  b e  s p e c i f i e d  f o r  a  f r o z e n  r o c k - w a t e r  s y s t e m ,  
w h i c h  is  r e g a r d e d  a s  a " r o c k  t y p e "  o f  a n o t h e r  k i n d .  

F o r  e a c h  r o c k ,  a  r e g i o n a l  a n i s o t r o p y  t y p e ,  a n d  f o r  e a c h  n o d e - c o n n e c t i o n  
a  l o c a l  a n i s o t r o p y ,  c a n  a l s o  b e  m o d e l l e d .  

( i i i )  B o u n d a r y  c o n d i t i o n s  

A l m o s t  a l l  t y p e s  o f  b o u n d a r y  c o n d i t i o n s  a r e  a v a i l a b l e .  T h e s e  a r e :  

- c o n s t a n t  p r e s s u r e  n o d e s  ( P ) ~  = c o n s t  

- t i m e  d e p e n d e n t  p r e s s u r e  n o d e s  ( c h a n g i n g  by t i m e  s t e p s )  

- c o n s t a n t  t e m p e r a t u r e  n o d e s  ( T b  = c o n s t )  o r  t i m e  d e p e n d e n t  t e m p e r a t u r e  
n o d e s  

( T b )  t ,  - t = C  
2 1 

( T b )  t3 - t = C 4 3 

- c o n s t a n t  w a t e r  r e c h a r g e  o r  d r a i n a g e ,  o r  c h a n g i n g  t h e  s a m e  by t i m e  s t e p s  

q  = c o n s t  

q t ,  - t = C,; q t 2  - t = C2; q t 3  - t = C  
3 4 3 

- c o n s t a n t  h e a t  e x t r a c t i o n / i n j e c t i o n ,  a s  w e l l  a s  t h e  s a m e  by t i m e  s t e p s  

G .  = c o n s t  

- t i m e  d e p e n d e n t  h e a t  e x t r a c t i o n / i n j e c t i o n  

Gt  - t  = C 1 ; G t 2 - t  = C 2 ;  G t 3 - t  = C  1 2  3 4 3 

- t e m p e r a t u r e  d e p e n d e n t  h e a t  e x t r a c t i o n / i n j e c t i o n  c a n  b e  m o d e l l e d  f o r  e a c h  
n o d e  a n d  f o r  e a c h  t i m e  s t e p  by u s i n g  f u n c t i o n  

w h e r e  c o n s t a n t s  A  c a n  b e  c h a n g e d  i n  e a c h  t i m e  s t e p  



Using  t h e  s p e c i a l  nodes  l i s t e d  above e a c h  k i n d  o f  d r a i n a g e  and f r e e z i n g  
c a n  b e  e a s i l y  computed .  

P a r a m e t e r s  f o r  i t e r a t i o n  s h o u l d  be  s p e c i f i e d  a l s o  on  t h e  i n p u t  l ist 
a c c o r d i n g  t o  t h e  f e a t u r e  o f  t h e  p r o c e s s  t o  be  mode l l ed .  The c o m p u t a t i o n  
c a n  b e  s t o p p e d  and r e s t a r t e d  ( r e s t a r t  o p t i o n ) .  

( i v )  The o u t p u t  p a r a m e t e r s  

The o u t p u t  l ist p r o v i d e s  a l l  o f  t h e  n e c e s s a r y  i n f o r m a t i o n  f o r  d e s i g n  and f o r  
p r o c e s s  c o n t r o l .  The most i m p o r t a n t  o n e s  a r e  a s  f o l l o w s :  

- w a t e r  head ,  

- bo t tom-ho l e  p r e s s u r e ,  t o t a l  w a t e r  p r e s s u r e  d i f f e r e n c e  f o r  e a c h  node  i n  a l l  
s p e c i f i e d  t i m e  s t e p s ,  

- t e m p e r a t u r e  and t o t a l  t e m p e r a t u r e s  c h a n g i n g  f o r  e a c h  node  i n  a l l  
s p e c i f i e d  t i m e  s t e p s ,  

- w a t e r  b a l a n c e  and h e a t  t r a n s p o r t  t e rms  f o r  e a c h  c o n n e c t i o n  i n  t h e  l a s t  
t i m e  s t e p ,  

- s t o r e d  h e a t  and mass  f o r  e a c h  rock  t y p e ,  

- mass  and  h e a t  t r a n s f e r  a l o n g  t h e  b o u n d a r i e s .  

The o u t p u t  d a t a  c a n  a l s o  be  p l o t t e d  i n  t h e  form o f  c u r v e s  d e p e n d i n g  on  t h e  
p r i n t i n g  and p l o t t i n g  f a c i l i t i e s  o f  t h e  u s e r s .  

The f i r s t  v e r s i o n  o f  t h e  program r a n  on Honeywel l  B u l l  6 0 / 2 0  and  IBM 370 
compu te r s .  Now a  new p rog ram-ve r s ion  is a l r e a d y  a v a i l a b l e  f o r  a  p r o f e s s i o n a l  
p e r s o n a l  compu te r  t y p e  IBM-AT. 

C o n s e q u e n t l y  t h e  model c an  a l s o  be  a p p l i e d  by t h e  r o c k - f r e e z i n g  c o n t r a c t o r  
f i r m s  t h e m s e l v e s .  

4 .  MODEL VERIFICATION 

4.1 Compar ison t o  a n a l y t i c a l  s o l u t i o n s  

A n a l y t i c a l  e q u a t i o n s  f o r  d e s c r i b i n g  t h e  i n t e r a c t i o n  of  r o c k  f r e e z i n g  and 
w a t e r  s e e p a g e  a r e  n o t  a v a i l a b l e .  Consequen t l y  t h e  compu te r  model c o u l d  b e  
compared o n l y  w i t h  t h e  a n a l y t i c a l  s o l u t i o n  o f  r o c k  f r e e z i n g  unde r  
c o n d i t i o n s  o f  one  d i m e n s i o n a l  c o n d u c t i v e  h e a t  t r a n s p o r t  which  is g i v e n  by 
t h e  f o l l o w i n g  e q u a t i o n  a c c o r d i n g  t o  C a r l s l o n  and J a g e r :  

a T1 3: KIAT1 + Q and-- = K AT  at a t  2 2 

whe re  Q i s  t h e  h e a t  e x t r a c t i o n  and T and T a r e  t e m p e r a t u r e s  i n  t h e  1 2 
f r o z e n  p h a s e  and i n  t h e  l i q u i d  phase .  A t  t h e  boundary  o f  t h e  f r o z e n  a r e a  
T = T  = O a n d  

1 2  



i c k n e s s  of the 
f r ozen  mant le  

I I I 1 1 1 1 1 1  1 
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Figure 1 The temperature of a node under conditions of one-dimensional 
conductive heat transfer 

Curve a analytical solutlon 
Curve b numerical simulation 



w h e r e  R  is t h e  d i s t a n c e  b e t w e e n  t h e  b o r d e r  o f  t h e  t w o  p h a s e s .  

T h e  r e s u l t  o f  t h e  c o m p a r i s o n  is  p r e s e n t e d  i n  F i g u r e  1 w h e r e  t h e  p r o g r e s s i o n  
o f  t h e  b o u n d a r y  o f  t h e  f r o z e n  m a n t l e  c a n  b e  s e e n  ( s e e  c u r v e s  a  a n d  b ) .  

A l t h o u g h  a  f ew n u m b e r s  o f  n o d e s  w e r e  u s e d ,  t h e  f i t  o f  t h e  computed  c u r v e  
( c u r v e  b )  is  q u i t e  a c c e p t a b l e .  

4 . 2  M o d e l l i n g  o f  a  " p a s t - c a s e "  

F o r  t e s t i n g  t h e  a b i l i t y  o f  t h e  model  a n d  f o r  c o m p a r i n g  t h e  mode l  o u t p u t s  
w i t h  t h e  e x p e r i e n c e s ,  a  " p a s t  c a s e  example"  s o - c a l l e d  " t e s t  c a s e w  w a s  
c o m p u t e d  by  o u r  new s i m u l a t i o n  mode l .  

( i )  B r i e f  h i s t o r y  o f  t h e  " t e s t  c a s e "  

3 y e a r s  p r i o r  t o  c o m p l e t i n g  t h i s  new s i m u l a t i o n  mode l  a  s h a f t  w a s  s u n k  
u n d e r  t h e  p r o t e c t i o n  o f  r o c k  f r e e z i n g  t h r o u g h  w a t e r  b e a r i n g  s a n d s .  
B e c a u s e  o f  t h e  h i g h  w a t e r  s e e p a g e  r a t e  w a t e r  i n f l o w  o c c u r r e d  a n d  a d d i t i o n a l  
m e a s u r e s  w e r e  a l s o  t a k e n  a s  d e s c r i b e d  h e r e i n a f t e r .  ( F o r  more  d e t a i l s  s e e  
R e f e r e n c e  No 4 . )  

F i g u r e  2 s h o w s  t h e  s c h e m a t i z e d  g e o l o g i c a l  p r o f i l e  a t  t h e  a x i s  o f  t h e  
s h a f t .  A l t h o u g h  a  r e l a t i v e l y  h i g h  f l o w  r a t e  (1.8 m / d a y )  w a s  e s t i m a t e d  
a c c o r d i n g  t o  t h e  r e g i o n a l  h y d r o g e o l o g i c a l  f e a t u r e ,  n o  l o c a l  f l o w  r a t e  t e s t  
w a s  c a r r i e d  o u t  b e f o r e  f r e e z i n g .  

T h e  l o c a t i o n  o f  t h e  t e m p e r a t u r e  m e a s u r i n g  h o l e s  ( t e s t  h o l e s )  was  n o t  
a n  a n p r o p r i a t e  e i t h e r  ( s e e  F i g u r e  2 ) .  As a c o n s e q u e n c e  o f  t h e s e  p r e c o n d -  
i t i o n s ,  a f t e r  a  t h r e e  m o n t h s  p e r i o d  o f  t h e  i n t e n s i v e  f r e e z i n g ,  a  q u i t e  
g o o d  r e s u l t  was  r e c o r d e d  i n  t h e  t e m p e r a t u r e  t e s t  h o l e s  i n  a l l  o f  t h r e e  
w a t e r  b e a r i n g l a y e r s .  F o r  t h i s  r e a s o n  t h e  s h a f t  s i n k i n g  o p e r a t i o n  s t a r t e d  
a n d  c o n t i n u e d  t h r o u g h  t h e  f i r s t  l a y e r  a n d  a p p r o a c h e d  t h e  s e c o n d  ( g r a v e l )  
l a y e r  ( s e e  F i g u r e  2 )  w h e r e  t h e  w a t e r  i n f l o w  o c c u r r e d ,  w h i c h  i n c r e a s e d  t o  
3 m 3 / m i n .  The  d i f f e r e n c e s b e t w e e n  t h e  o u t p u t  a n d  i n p u t  t e m p e r a t u r e s  o f  t h e  
f r e e z i n g  f l u i d  o f  e a c h  h o l e  d e t e c t e d  t h e  l o c a t i o n  o f  t h e  window o f  t h e  
f r o z e n  w a l l .  T h i s  l o c a t i o n ,  o f  c o u r s e ,  was  a t  t h e  " s t r e a m s i d e t l  z o n e  o f  
t h e  f r o z e n  m a n t e l .  I n  o r d e r  t o  s t o p  t h e  e n l a r g i n g  o f  t h e  "window" o n  t h e  
f r o z e n  m a n t l e  t h e  s h a f t  was  f l o o d e d .  

A  p o s t e r i o r  w a t e r  s e e p a g e  r a t e  a n d  d i r e c t i o n  m e a s u r e m e n t  i n  f o u r  t e s t  h o l e s  
w a s  c o n d u c t e d  j u s t  upon t h e  f a i l u r e ,  w h i c h  d e t e c t e d  a  much h i g h e r  w a t e r  
f l o w  r a t e  ( 4  m/d)  t h a n  e s t i m a t e d  b e f o r e .  Of c o u r s e ,  t h e  d i r e c t i o n  o f  t h e  
f l o w  was  a l s o  i n  s t r o n g  c o i n c i d e n c e  w i t h  t h e  l o c a t i o n  o f  t h e  window. 

A g r o u t i n g  o p e r a t i o n  t o  c l o s e  t h e  "windowu a n d  a d d i t o n a l  f r e e z i n g  h o l e s  
was  d e c i d e d  and  p e r f o r m e d .  A f t e r  t h e s e  m e a s u r e s  t h e  s i n k i n g  o p e r a t i o n  was  
c o m p l e t e d  s u c c e s s f u l l y .  The  t i m e  s c h e d u l e  o f  t h i s  c a s e  h i s t o r y  i s  
p r e s e n t e d  i n  F i g u r e  2 .  

From t h e  v i e w p o i n t  o f  o u r  model  v e r i f i c a t i o n  t h i s  p a s t  c a s e  h i s t o r y  
( f r e e z i n g  - w a t e r  i n f l o w  - g r o u t i n g ,  a d d i t i o n a l  f r e e z i n g  a n d  t h a w i n g )  was 
q u i t e  a  g o o d  " t e s t  c a s e "  t o  c h e c k  a l m o s t  a l l  p o t e n t i a l i t i e s  o f  t h e  mode l  
a n d  t o  c o m p a r e  t h e  o u t p u t s  o f  m o d e l l i n g  w i t h  some d a t a  m e a s u r e d  a t  t h e  t e s t  
c a s e .  





( i i )  R e s u l t s  o f  t h e  mode l  v e r i f i c a t i o n  

F o r  t e s t i n g  t h e  w o r k i n g  p o t e n t i a l i t y  o f  t h e  mode l  t h e  w h o l e  c a s e  h i s t o r y  
w a s  m o d e l l e d  i n  a  s p h e r i c a l  t h r e e - l a y e r  m o d e l .  The  v e r t i c a l  a n d  h o r i z o n t a l  
v i e w  o f  t h e  n o d e  n e t w o r k  c a n  b e  s e e n  i n  F i g u r e  4 .  The  d i r e c t i o n  o f  f l o w  
s e r v e s  as a  q u a s i - s y m m e t r y  a x i s .  F o r  t h a t  r e a s o n  o n l y  t h e  h a l f  o f  t h e  
t o t a l  s p a c e  was  m o d e l l e d .  

T e m p e r a t u r e  

A c t u a l  a n d  computed  t e m p e r a t u r e  i n  t h e  t e s t  h o l e  

C u r v e  a  - - - m e a s u r e d  

C u r v e  b ---.-- computed  w i t h  o r i g i n a l  i n p u t  d a t e  

C u r v e  c  - - -  - computed  w i t h  i n c r e a s e d  s u p p o s e d  r a t e  ( v  = 5.2 m/day)  

C u r v e  d  ------- computed  ~ i t h  i n c r e a s e d  p o r o s i t y  

C u r v e  e  - computed  w i t h  v=O 

F i g u r e  3 

T h e  f e a t u r e  o f  t h e  p r o c e s s  a n d  t h e  k e y  phenomena w e r e  compared  f o r  model 
v e r i f i c a t i o n .  
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I n  t h e  f i r s t  p h a s e  o f  t h e  f r e e z i n g  t h e  d e t e c t e d  t e m p e r a t u r e  i n  t h e  
f r e e z i n g  h o l e  a n d  t h e  p r e s e n c e  a n d  l o c a t i o n  o f  a window i n  t h e  f r o z e n  
w a l l  p r o v i d e d  b a s e s  f o r  c o m p a r i s o n .  

F i g u r e  3 s h o w s  t h e  c o m p u t e d  a n d  m e a s u r e d  t e m p e r a t u r e s  i n  t e m p e r a t u r e  t e s t  
h o l e  No 2 .  The  c o m p u t e d  c u r v e  b  u s i n g  t h e  o r i g i n a l  i n p u t  d a t a  a c c o r d i n g  
t o  F i g u r e  4 s h o w s  q u i t e  a  g o o d  g e n e r a l  f i t  a l t h o u g h  t h e r e  a r e  c o n t r o v e r s i a l  
d i f f e r e n c e  b e l o w  a n d  a b o v e  O°C. 

The  r e a s o n  f o r  t h e s e  c o n t r o v e r s i a l  d i f f e r e n c e s  w a s  t h e  i n s u f f i c i e n c y  o f  t h e  
i n p u t  d a t a .  A l t h o u g h  t h e  mode l  i s  s u i t a b l e  t o  c o m p u t e  d i f f e r e n t  f r e e z i n g  
f l u i d  t e m p e r a t u r e s  f o r  d i f f e r e n t  t i m e  i n t e r v a l s ,  o n l y  a n  a v e r a g e  f r e e z i n g  
f l u i d  t e m p e r a t u r e  ( - 2 0 ° C )  w a s  u s e d  a s  t h e  i n p u t  f o r  c o m p u t a t i o n .  I t  o n l y  
a p p e a r e d  l a t e r  t h a t  a c t u a l l y  t h e  f r e e z i n g  s t a r t e d  w i t h  - 1 3 O C  a n d  was  f i n i s h e d  
w i t h  -28OC. 

F i g u r e  5 s h o w s  d i f f e r e n t  p h a s e s  o f  f o r m i n g  t h e  f r o z e n  w a l l  a n d  t h e  w a t e r  
s e e p a g e .  The  l a s t  p h a s e  a f t e r  9 0  d a y s  s h o w s  a  d a n g e r o u s l y  s m a l l  w a l l  
t h i c k n e s s  e x a c t l y  i n  t h e  a r e a  w h e r e  t h e  window was  d e t e c t e d  i n  t h e  a c t u a l  
c a s e .  

The  s a m e  F i g u r e  s h o w s  a l s o  t h e  i m p o r t a n c e  o f  t h e  c o n v e c t i v e  a symmet ry  t e r m  
o f  t h e  h e a t  t r a n s f e r  ( t h e  a symmet ry  o f  f o r m i n g  t h e  f r o z e n  w a l l )  a n d  t h e  
r e a s o n  why t h e  t e m p e r a t u r e - t e s t  h o l e ,  l o c a t e d  i m p r o p e r l y ,  showed  a  s a f e t y  
f r o z e n  m a n t l e ,  a l t h o u g h  t h e  s t r e a m s i d e  m a n t l e  was  t h i n .  

The  e n l a r g i n g  o f  t h e  window u n d e r  t h e  e f f e c t  o f  t h e  f l o w i n g  w a t e r  was  
m o d e l l e d  i n  t h e  n e x t  s t e p .  

F i g u r e  6 p r e s e n t s  t h e  computed  t e m p e r a t u r e  f i e l d  a n d  t h e  s t a t u s  o f  t h e  
f r o z e n  m a n t l e  i n  t h e  g r a v e l  l a y e r  j u s t  b e f o r e  s t o p p i n g  t h e  w a t e r  i n f l o w .  
The  p r o c e s s  o f  e n l a r g i n g  t h e  windoh  c a n  b e  s e e n  i n  t h i s  F i g u r e .  

Then  t h e  e f f e c t  o f  g r o u t i n g  w a s  a l s o  m o d e l l e d  a s  a  c h a n g e  o f  t h e  
p e r m e a b i l i t y  p a r a m e t e r  ( i e  c h a n g i n g  t h e  c o d e  o f  t h e  r o c k  m a t e r i a l )  i n  t h e  
g r o u n d  a r e a .  T h e  m o d e l l i n g  o f  t h e  n e x t  f r e e z i n g  s t e p  by t h e  u s e  o f  
a d d i t i o n a l  h o l e s  s h o w s  t h e  f o r m i n g  o f  a  f r o z e n  a r e a  i n  t h e  w h o l e  c r o s s  
s e c t i o n  o f  t h e  s h a f t  ( s e e  F i g u r e  7). The  same  was  d e t e c t e d  d u r i n g  s h a f t  
s i n k i n g ,  b u t  n o  t e m p e r a t u r e  d a t a  w e r e  a v a i l a b l e  f o r  m o r e  s o p h i s t i c a t e d  
c o m p a r i s o n .  

F i n a l l y  t h e  t h a w i n g  p r o c e s s  was  m o d e l l e d ,  a l t h o u g h  n o  t e m p e r a t u r e  d a t a  o f  
t h a t  p e r i o d  w e r e  a v a i l a b l e ;  o n l y  t h e  d a t e  o f  t h e  f i r s t  w a t e r  i n f l o w  t h r o u g h  
t h e  c o n c r e t e  w a l l  o f  t h e  s h a f t  was known a s  a  s i g n  o f  f o r m i n g  t h e  f i r s t  
window i n  t h e  f r o z e n  m a n t l e .  The  mode l  r e s u l t s  show t h a t  t h e  window h a d  
b e e n  f o r m e d  e a r l i e r  t h a n  h a p p e n e d  r e a l l y .  T h e  r e a s o n  f o r  t h e  d i f f e r e n c e  
may b e  t h e  p r o t e c t i v e  e f f e c t  o f  t h e  g r o u t e d  z o n e ,  w h i c h  i s o l a t e d  t h e  
w a t e r  s t r e a m  f r o m  t h e  s t r e a m s i d e  a r e a  o f  t h e  f r o z e n  m a n t l e .  

Some r e s u l t s  o f  t h e  t h a w i n g  p r o c e s s  is p r e s e n t e d  i n  F i g u r e  8. F i g u r e  8 ( a )  
shows  t h e  t e m p e r a t u r e  p r o f i l e s  o f  a l l  t h r e e  l a y e r s .  The  e f f e c t  o f  t h e  h i g h  
f l o w  r a t e  is p r o v e d  t o  b e  s t r o n g .  

( i i i )  P a r a m e t e r  s e n s i t i v i t y  a n a l y s i s  

The  u n c e r t a i n i t i e s  o f  t h e  i n p u t  p a r a m e t e r s  w e r e  a l s o  t e s t e d  u s i n g  m o r e  
v a l u e s  o f  t h e  same  i n p u t  p a r a m e t e r s  f o r  c o m p u t a t i o n .  A l t h o u g h  more  
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r N o .  

Figure 8 The thauing process of the test case 

( a )  Temperature profiles in all of the three layers 





detailed investigations were carried on, only the most important consequences 
are mentioned hereinafter: 

- The porosity ( Q )  is one of the dominating factor (see curves b and c in 
Figure 3. 

- Under conditions of water seepage the flow rate is the most dominating 
factor of the freezing process as demonstrated in Figure 6 where thermal 
cross sections parallel with the flow directions and at different flow 
rates can be seen. 
But this strong impact of the water flow rate cannot be detected by the 
test holes located improperly (see Figure 3, curves b, c and el. 

- The spherical three dimensional structure of the node network allows us 
to compare the vertical and horizontal terms of heat transport in 
Table 1. Although the "critical" gravel layer was surrounded by fine 
sand, where the flow rate was different by orders of magnitude, the 
vertical component of the heat transfer is practically negligible 
compared with the horizontal ones. 

(iv) Some consequences of the verification and sensitivity analysis 

- The potentiality of our new model was successfully demonstrated by 
modelling an extremely sophisticated practical case history. 

- The key phenomena produced by the simulation fits quite well to the 
empirical ones and the numerical fit was also acceptable. 

- The key input parameters to be determined most carefully are the 
porosity and the flow rate. 

- It seems that for the majority of practical cases a two-dimensional 
network of nodes can also be applied (see Table 1 ) ,  but a more detailed 
node network is necessary to provide data for supporting practical 
decisions for the purpose of design and managing. 

Table 1 The comparison of the vertical and horizontal terms of the heat 
transfer in some important nodes of the medium/gravel/layer 

Code number 
of nodes 

The total heat transfer in the period of 
"active" freezing 

In horizontal directions In vertical directions 
( four connections ) (one connection) 



( v )  A p o s t e r i o r  s t u d y  t o  s e l e c t  t h e  p r o p e r  s o l u t i o n  

The model s t u d y  d e t e c t e d  t h e  main s o u r c e  o f  t h e  f a i l u r e :  t h e  h i g h  f l o w  r a t e  
a t  t h e  medium ( g r a v e l )  w a t e r  b e a r i n g  l a y e r .  The d a n g e r o u s  i m p a c t  o f  t h e  
w a t e r  f l o w  was n o t  d e t e c t e d  by t h e  t e m p e r a t u r e  t e s t  h o l e s  b e c a u s e  o f  t h e i r  
i m p r o p e r  l o c a t i o n .  

F o r  t e s t i n g  t h e  model  p o t e n t i a l i t y  we t r i e d  t o  s e l e c t  a n  " a  p o s t e r i o r y m  
p r o p e r  l o c a t i o n  o f  t h e  f r e e z i n g  and  t e m p e r a t u r e  t e s t  h o l e s  u n d e r  t h e  
g i v e n  f l o w  r a t e  c o n d i t i o n s  o f  t h e  p a s t  I l t e s t  c a s e v 1 .  

An a d d i t i o n a l  s e r i e s  o f  f r e e z i n g  h o l e s  ( 3  h o l e s  f o r  h a l f  o f  t h e  s p a c e )  a t  
t h e  s t r e a m s i d e  a r e a  was a p p l i e d  i n  t h e  model ,  and  t h e  t o t a l  f r e e z i n g  
c a p a c i t y  was d i s t r i b u t e d  f o r  a l l  f r e e z i n g  h o l e s .  A s  p r e s e n t e d  i n  
F i g u r e  9 t h e  e f f e c t  o f  t h e  a d d i t i o n a l  h o l e s  a l m o s t  e l i m i n a t e d  t h e  
d a n g e r o u s  e f f e c t  o f  t h e  h i g h  w a t e r  f l o w  r a t e  w i t h o u t  any  i n c r e a s e  o f  t h e  
n e c e s s a r y  f r e e z i n g  c a p a c i t y .  I n  t h i s  r e s p e c t  i t  s h o u l d  be  n o t e d  t h a t  i n  
o u r  I 7 t e s t  case1! t h e  h i g h  f l o w  r a t e  o c c u r r e d  o n l y  i n  o n e  l a y e r  o f  s m a l l  
t h i c k n e s s .  C o n s e q u e n t l y  f o r  o t h e r  c o n d i t i o n s  t h e  h i g h  f l o w  r a t e  may a l s o  
r e q u i r e  a n  i n c r e a s i n g  c a p a c i t y  o f  t h e  f r e e z i n g  p l a n t .  

The p r o p e r  l o c a t i o n  o f  t h e  t e m p e r a t u r e  t e s t  h o l e s  f o r  t h e  g i v e n  
c o n d i t i o n s  c a n  be  d e t e r m i n e d  a c c o r d i n g  t o  F i g u r e  5 .  I t  d e v i a t e s  by 30-40° 
f rom t h e  d i r e c t i o n  o f  t h e  f l o w  ( a t  t h e  s t r e a m s i d e ) .  Note:  I n  o t h e r  c a s e s ,  
o t h e r  f a c t o r s ,  e g  t h e  i n c l i n a t i o n  o f  f r e e z i n g  h o l e s ,  may a l s o  be  
d e t e r m i n a t i v e  f a c t o r s  f o r  l o c a t i n g  t e m p e r a t u r e  t e s t  h o l e s .  

5 .  PRACTICAL APPLICATIONS 

5.1 The c a s e  

A t  Lyuko C o l l i e r y  o f  t h e  Borsod  Coa l  B a s i n  i n  N o r t h  Hungary a  new 
v e n t i l a t i o n  s h a f t  w i t h  a  d e p t h  o f  260  m was p l a n n e d .  

The g e o l o g i c a l  p r o f i l e  c a n  b e  s e e n  i n  F i g u r e  10 .  Because  o f  many s o f t ,  
l o o s e ,  w a t e r  b e a r i n g  l a y e r s ,  r o c k  f r e e z i n g  was o f f e r e d  by t h e  c o n t r a c t o r .  
19 f r e e z i n g  h o l e s  w e r e  p l a n n e d  i n  o n e  c i r c l e ,  and  two o r  t h r e e  t e m p e r a t u r e  
t e s t  h o l e s .  The nomina l  c a p a c i t y  o f  t h e  f r e e z i n g  p l a n t  was 1 .7  MJ/h = 
400 ,000  K c a l / h .  B e c a u s e  o f  t h e  l i m i t e d  c a p a c i t y  o f  t h e  f r e e z i n g  p l a n t ,  
t h e  f r e e z i n g  o p e r a t i o n  was p l a n n e d  t o  c a r r y  on i n  two s t e p s ;  0-125 m and  
125-250 m. 

The w a t e r  f l o w  c o n d i t i o n s  a r e  n o t  known c o m p l e t e l y .  The w a t e r  b e a r i n g  
l a y e r s  be tween  c o a l  seams  3 and  4  a r e  i m p a c t e d  by t h e  mine d r a i n a g e  
a c t i v i t y .  The e s t i m a t e d  h y d r a u l i c  g r a d i e n t  is 0.1 m/m ( d i r e c t i o n  SE-NW). 
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Figure 9 Temperature profile in the gravel layer at the "test case" using 
six additonal holes at the streamside area (a posteriory variant) 

The upper water bearing layers are under natural conditions, where the 
basis of erosion is south of this site. Consequently the supposed flow 
direction is N-S. A pleistocenic gravel layer was also detected at a 
shallow depth and a group of test holes was planned in order to determine 
the flow rate and direction. Because of the water flows and the low 
capacity of the freezing plant the Investor (Borsod Coal Mines) also 
considered combining rock freezing with the depressurization of the water 
bearing sands for the sake of minimizing the consequences of a vwindow" in 
the frozen mantle. 

5.1 The tasks of the simulation model studies 

The Investor asked our Institute to support his decisions by the use of 
simulation model studies even in the preliminary phase of the design work 
and during the operative management of the rock freezing as well. 

The tasks were as follows: 

For preliminary design 

- Make comparison between freezing in one step and freezing in two steps 

- Study the effect of the inclinaticn of holes with the purpose of 
determining the requirements for the drilling operation. 
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- Determine the practical possibility and reliability of the combination 
of rock freezing and drainage for the depressurization of reservoir 
layers. 

- Determine the proper system of reservoir depressurization (if allowed). 

After completing the freezing holes (knowing their actual location and 
inclination) an additional model study was requested by the Purchaser 

- to determine the necessity and the proper location of additional 
freezing holes and 

- to determine the proper location of temperatures test holes. 

In the future, during the 8 freezing operations, more model studies will 
also be requested for model verification and for supporting the operative 
management, but the freezing has not started yet. 

5.3 The construction of the model and the input data 

Based on the experiences of the test case (see Table 2) two-dimensional 
modelling was decided upon with a more detailed and more extended network 
(see Figure 1 1  ) . 
For preliminary studies only half of the space was modelled. In the second 
phase of the study during modelling the actual location and inclination of 
the freezing holes bored before, two halves of the space were used for 
modelling the whole area with a reasonable number of nodes. 

Two characteric layers were composed representing the pessimistic 
parameters of each depth interval (0-125 m and 125-250 m). 

The data of each layer and the data of the characteristic layers are given 
in Figure 10. The origin of the input data is also marked in Figure 10. 

5.4 Some interesting results and consequences 

It was only a routine task to determine that the total freezing capacity is 
enough to form the proper freezing mantle around the upper (0-125 m) 
interval during the planned three months period even under pessimistic 
conditions of hole inclinations, even in the streamside area (see Figure 12) 

Having determined the necessary freezing capacity for maintaining the stat- 
ionary status of the frozen mantle in the upper interval, the freezing 
process of the lower interval (the 2nd characteristic layer) was computed 
applying the remaining capacity of the freezing station (75%) under 
conditions of pessimistic inclination of holes. 

Figure 13 presents the status of the frozen wall after a 5 month period of 
freezing. According to this computation the insufficiency of the 
freezing capacity appeared in the case of pessimistic location and 
direction of hole inclination. 

Taking into account the limited capacity of the freezing plant and also the 
working capacity of the drilling rigs available, the necessity of additional 
measures (reservoir depressurization) also appeared. 







- More varieties of depressurization (water level lowering) were modelled, 
as listed below: 

- Four filter-wells crossing the whole series of the layers, conducting 
the water by gravitation into a roadway were computed first in two 
versions: 

(i) the wells start to operate after forming the frozen mantle, 

(ii) the depressurization and freezing operate simultaneously. 

Because of the differences of the working capacities of these wells, 
2-4 m water-head differences between the individual well-nodes were modelled. 
According to Figure 14 these differences cause a strong flow rate, which 
"flushes outf1 the frozen mantle or destroys any freezing process (see 
Figure 13) . 
According to the computations presented above, the risk of the application 
of an improper, uncontrolled water level lowering exists during or after 
the freezing. The only kind of water level lowering that may be allowed, 
consists of wells of well known and controlled operating pressure. The 
system of wells should be properly located to form an inner field of 
seepage where the hydraulic gradient is not more than 0.1 m/m. 

To fulfill these requirements, decisions were taken to implement separate 
well subsystems for each layer, and these wells should be bored from the 
mine and equipped with valves for controlling continuously the water head 
in the wells (see Figure 15 (a) 1 .  Figure 15 (b) presents the quasi- 
stationary seepage conditions inside the circle of a six-well system. This 
way of depressurization does not disturb the freezing process, but the 
consequence of an inflow through a window of the frozen mantle can easily 
be eliminated. 

As a consequence of the computations presented above, a depressurization 
system according to Figure 15 (a) was decided upon by the Investor to 
increase the safety of sinking at the lower interval (180-250 m). According 
to the model studies the depressurization system must be put into operation 
two months prior to the freezing of the upper freezing interval. 

For the upper interval no additional measures were decided because of the 
sufficiency of freezing and of difficulties of long holes to be bored from 
level -256. 

Having completed all of the 19 freezing holes, inclinometer tests were 
carried out. Because of the strong inclination of many holes four 
additional holes were decided to be excluded from the freezing operation 
because of its extremely great inclination. Finally, these 19-1+4=22 holes 
were put into the model with their actual locatlon and inclination (see 
Figure 15 and 16) . 

As presented in Figure 16 the inclinations of holes do not disturb the 
freezing process in the upper interval. But for the lower interval 
additional freezing holes are necessary (see Figure 17). 

Although a modest seepage rate (v = 0.5 m/day) was taken into account, the 
convective heat transport strongly modified the forming of the freezing 
mantle as well as the necessity and the location of additional holes 
( see Figure 16) . 
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As a  c o n s e q u e n c e  o f  t h i s  c o m p u t a t i o n ,  i t  was  d e c i d e d  t o  d r i l l  f o u r  a d d i t i o n a l  
f r e e z i n g  h o l e s .  

6 .  FINAL CONCLUSIONS 

The new model  o f  r o c k  f r e e z i n g  and w a t e r  s e e p a g e  h a s  d e m o n s t r a t e d  i ts  
p o t e n t i a l i t y  t o  s i m u l a t e  e v e n  t h e  most  s o p h i s i t i c a t e d  c a s e s ,  which  o c c u r r e d  
o r  may o c c u r  i n  t h e  r o c k  f r e e z i n g  p r a c t i c e .  

The mode l  o f f e r s  new p o s s i b i l i t i e s  t o  a p p l y  new c o m b i n a t i o n s  ( e g  r o c k  
f r e e z i n g  a n d  w a t e r  d e p r e s s u r i z a t i o n ) .  

A l t h o u g h  t h e  model  i s  a s o p h i s t i c a t e d  o n e ,  i t  was a d o p t e d  t o  p r o f e s s i o n a l  
p e r s o n a l  c o m p u t e r s  ( e g  IBM A T )  which  a r e  u s e d  w i d e l y  e v e n  by t h e  c o n t r a c t o r  
f i r m s .  

F o r  t h e s e  r e a s o n s  t h e  mode l  c a n  b e  u s e d  s u c c e s s f u l l y  t o  s u p p o r t  t h e  d e s i g n  
and  t h e  o p e r a t i v e  management o f  f r e e z i n g  o p e r a t i o n s  e v e n  u n d e r  i m p a c t  o f  
w a t e r  s e e p a g e  and  o f  i t s  c o m b i n a t i o n  w i t h  o t h e r  p r o c e s s e s  ( e g  w a t e r  l e v e l  
l o w e r i n g  and  g r o u t i n g ) .  

The a p p l i c a t i o n  o f  t h e  model  c u t s  c o s t s  and  d e c r e a s e s  t h e  r i s k  o f  f a i l u r e s .  
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