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We present  a method, a descr ipt ion of the algorithm, and the resul ts  f rom the calculation of 
the thermal  fields about a gas well dril led through permaf ros t  soil. 

As a gas moves through the shaft of a well drilled into pe rmaf ros t  soil the latter is thawed because 
the gas t empera tu re  in the gas -bear ing  layers  is quite high. In turn, the f rozen soil cools the gas, which 
may resul t  in the format ion of crys ta l l ine  compounds f rom the gas and the water,  leading to the blockage 
of the well. To choose the optimum operating regimes  for the well and to select  the optimum designs, we 
must undertake a simultaneous gas - the rmodynamics  and thermal  calculation of the w e l l - s o i l  system. 

These p rocesses  are descr ibed by a sys tem of differential equations that are ra ther  complex in form. 
In this case the problem does not reduce to the solution exclusively of the differential Four ie r  equation with 
the Stefan conditions, since we must take into considerat ion the p rocesses  occur r ing  within the gas moving 

- %  

through the well. It is therefore  more advisable and promising to use 
e lectronic  digital computers  for such calculations, and the computers  

- because of their  universal i ty  - enableus to pe r fo rm the calculation 
for  the w e l l - s o i l  sys tem with simultaneous considerat ion of all opera-  
tive factors ,  and the algori thm real ized in the p rogram may include 
togical operations dealing with the p rocess ing  of the initial information 
and the derived resul ts .  For  problems of this class this la t ter  c i r -  
cumstance is of great  significance: f i rs t  of all, the initial information 
includes cl imatological  fac tors  which vary  according to stat ist ical  
laws and must  be processed  accordingly; secondly, for variat ion ca l -  
culations of mult iyear  reg imes  of gas-welt  operation we obtain a 
t remendous  amount of resul ts ,  whose process ing  and analysis  by manu-  
al calculation methods requires  a substantial expenditure of time. 

Below we discuss  the algorithm, the program,  and the resul ts  
f rom the calculation of the t empera tu re  field about a gas well (for the 
conditions of a single northern deposit). 

1. The following information is given: the d iameter  and depth of 
the well, the tempera ture  of the gas -bear ing  layer,  the thermephysica l  
cha rac te r i s t i c s  of the soil (variable through the depth), the average 
monthly tempera tures  of the ambient air, the duration and average 
thickness of the snow cover.  We have to determine the tempera ture  
field of the soil surrounding the well, with the lat ter  in prolonged op- 
erat ion and with a change in the tempera ture  of the gas through the 
shaft of the well at var ious gas flow rates .  

Since this is an ax i symmetr ic  problem, the tempera ture  field 
can be treated as a two-dimensional  field - a variat ion in the t e m p e r a -  
ture with t ime, through the height and along the radius,  i.e., t(% x, r). 

Fig.  1. Block d iagram of the 
p rogram.  
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Fig. 2. Convergence of the calculat ion p r o c e s s  for  var ious  
magni tudes of the theore t ica l  t ime  in terval  AT (tl' is the 
soil t e m p e r a t u r e ,  ~ T is the t ime  f r o m  the s t a r t  of the 
calculation, the s t a r t - up  of the well,  h): 1) AT = 200; 2) 
150; 3) 100; 4) 5O h. 
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Fig.  3. I s o t h e r m s  in the soil 
about the well (L is the d i s -  
tance to ground level ,  m: L '  
is the dis tance to the wall  of 
the well,  m); the numera l s  
at the cu rves  denote the t e m -  
pe ra tu re  vatues  for  the soil.  

The boundary conditions a re  the following (Fig. 3): the t e m p e r a t u r e  at the 
bot tom is constant  and equal to the t e m p e r a t u r e  of the ga s -bea r ing  layer;  
to the left the t e m p e r a t u r e  of the gas in the well,  a function of the gas flow 
ra te ,  va r i e s  with t ime  and through the height, i.e., t(G, T, x); at the top, the 
t e m p e r a t u r e  of the ambient  a i r  is va r iab le  in t ime,  i.e.,  tO-); to the right,  
the t e m p e r a t u r e  of the soil unaffected by the well is va r iab le  through the 
height, while in the upper  l aye r s  of the soil, where  seasonal  t e m p e r a t u r e  
f luctuat ions a r e  felt,  the soil t e m p e r a t u r e  va r i e s  with t ime ,  i.e., t(x, T). 
The region is divided into theore t ica l  volume blocks on the bas i s  of a non- 
uni form rec tangu la r  grid. Horizontal ly,  we took 8 block columns with 
widths of 1, 1, 2, 3, 5, 10, and 30 m; ver t i ca l ly ,  we took 20 block columns 
with heights of 2, 3, 5, 8, 12, 15, 20, 35 with 50, 2 w i t h 8 7  and 156 and 7 
with 110 m. The d imensions  along the ve r t i ca l  were  chosen so that a whole 
number  of blocks is assoc ia ted  with each soil l aye r  exhibiting dist inct  
thermophysical characteristics. 

2. An explicit scheme is used to compile the system of algebraic 
equations approximating the partial differential equation describing the 
process of nonsteady heat transfer in the soil. 

Each equation is an expression of the heat balance for the theoretical 
volume during the time interval AT. The increment in the enthalpy of the 
block is equal to the sum of the heat flows coming in from all sides (there 
are four such sides in a two-dimensional scheme) into this block: 

1j___(C,_t~)+ 1 (&_t~) C~ (t~-- tl) = R~_(~_~) R~_(M) 

1 1 - -  t ; ) ]  A~. + -  ( t ;_  n -  t;) § - -  (t;+~ (1) 
Ri_(i-n) R~_(i+n) J 

In Eq. (1) 

y2 - -  2 
C~ = CiXili~'l ( (i-~-l)b rib)' 

1 ( ~  In r~-}- 1 - - l n  r ' b )  
Ri_(z_~):- 2~& rib ~'~-t Q-~ / ' 

ri = r i b  "~- r ( i + l  b r~._ i ~ r (~ - - l ) b  - ] -  ib 
2 ' 2 

Ri_(i+t ) and Ri_(i_n) a re  calculated in analogy with Ri_(i_ 0 and Ri_(i_n). After substitution into (1) of the 
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va lues  of the quant i t ies  in that  equat ion and a f t e r  p e r f o r m i n g  a p p r o p r i a t e  e l e m e n t a r y  t r a n s f o r m a t i o n s ,  the 
equat ion a s s u m e s  the f o r m  

A~ 
c~ yJ~ (r ~, . . . . .  - -  r~) 

t ~ t i ) o  

x ( t ; _ , - t ; )  + 

2l~ 

V ()~-5(r2. +r~.-,-)) ~ 1 r~b A ln to ( ~ t l ) o  _L. h ' l  . _ _  

9~ rib ' Zi_~ ~ 0,5(r~+r~_~) b) 

2l~ 

r(~+l)b .@ 1 In VO'5(r~i+t)b-l-r~i+2)b) 

~i l �9 ib tiT~,~v Y(i+l)b 

2(r#~+l)b--rYb)(t" - -  2(r2"~+r'--r~b)'~ q" - - t ; ) ]  (2) 
x ( t ~ + , - t ; ) +  h h .  .~_~ t ~ ) +  l~ + h + .  t i + .  - 

These  equat ions  a r e  wr i t t en  fo r  all of the b locks  into which the soil is divided. The equat ions  fo r  the 
b locks  ad jacent  to the boundar ie s  of the r eg ion  a r e  somewha t  d i f fe ren t  in fo rm.  Thus,  for  the block ad jacent  
to the r igh t -hand  boundary ,  the second t e r m  in the b r a c k e t s  a s s u m e s  the f o r m  

2 h  (to _ t? .  
1 In Qamb 
~i V0.5 (r~ r2 , -t- iarnb) 

F o r  the b lock  ad jacent  to the lower  boundary ,  the four th  t e r m  in the b r a c k e t s  has  the f o r m  

2 (r~i+,)b - -  r~b ) 
l~l~,~ (t  z - t~). 

F o r  the b lock  adjacent  to the [ef t -hand boundary ,  the f i r s t  t e r m  is 

2l~ (t~amb - -  t~). 
1 In W 0.5 (r~b + r~,+t,b) 
~,~ rib 

F o r  the b lock ad jacen t  to the upper  boundary ,  the th i rd  t e r m  is wr i t t en  in the f o r m  

r 2  _ _  r 2 

(,+,)b ib (tam b -  t~). 

2~i �89 a 

Since the Reynolds  n u m b e r s  a r e  usua l ly  h ighe r  than 108 in the flow of a gas th rough  a well ,  the t e m -  
p e r a t u r e  of the wal ls  of the well a r e  a s s u m e d  to be equal to the gas  t e m p e r a t u r e .  The h e a t - b a l a n c e  equat ion 
fo r  the moving  gas (without c o n s i d e r a t i o n  of va r i a t i ons  in the gas t e m p e r a t u r e  as a consequence  of the 
th ro t t l ing  p roces s )  has  the f o r m  

1 
~c (t i' - tL~) - (t:" - t;+,), 

Ri-(i+i) 
~ (3) 

1 i~ 0 .5  (r(i+l)b -~- ro.+2)b ) . Ri_(~+~) In 
2 ~ i + i l  ~ r(i+i)b 

Afte r  the subs t i tu t ions  and the t r a n s f o r m a t i o n s ,  we wr i te  (3) in the f o r m  

t~" = t ~ - -  2:~i+tll 
G (a + bt~) In I 0 5(r 2. -i- r 2, 2 b ( t : .~ t~+l). �9 ti+Db ,,('+ ) ) 

f U + t ) b  

(4) 

We begin the ca lcu la t ions  of the wall  t e m p e r a t u r e s  at the va r ious  l eve l s  f r o m  the bot tom,  Here ,  f o r  the bo t -  
t om row of b locks  we subs t i tu te  t[' = t~'+l = t I tntq (4), i .e . ,  the wall  t e m p e r a t u r e  in this  row is found to be 
equal to the t e m p e r a t u r e  of the g a s - b e a r i n g  l a y e r s :  ti_ n = tl .  

3. F i g u r e  I shows the block d i a g r a m  of the  p r o g r a m  for  the solut ion of this  p rob l em on a BI~SM-4 
digi tal  compute r .  The p r o g r a m ,  t o g e t h e r  with the in format ion ,  occupies  2550 ce l l s  of the opera t iona l  m e m o r y  
and is made up of the fol lowing b locks :  
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0 of the s teady-s ta te  thermal  regime of the soil on the basis  1) the calculation of the initial conditions t i 
of the formulas  of the one-dimensional  t empera ture  field for  the average annual tempera ture  of the ambient 
air.  T ransmiss ion  of the derived tabulat'ed values of t~ and ti'; 

2) calculation of complexes depending on the dimensions of the blocks and contained in (2); 

3) t r ansmiss ion  of the values of )~i and ei; 

4) calculation of t[' for  the wall of the well according to (4); 

6, 8, 10, 12, 14, and 16) calculation of t~' for the soil blocks according to (2); 

?! T 5, 7, 9, 11, 13, 15, and 17) t ransposing t i to the position of t i to calculate the next t ime interval AT; 

18) t ime counter  �9 = EAT; 

19) determinat ion of the outside tempera ture  tam b and the surface snow cover;  
? r? T 

20) determinat ion of the latent heat. If t i < 0 when t i _< 0 or t i > 0 and t i _> 0, the calculation is pe r -  
formed in accordance with the usual algori thm involving the use of h i and c i of f rozen or thawed soils, r e -  

IT y T 
spectively. If t i > 0 when t i -< 0, we compare  the quantities of heat required to heat the soil f rom t i to 0 
and to thaw out the active water  which this soil contains with the quantities of heat reaching the block in AT 
(the part  of (2) contained in the brackets) .  So long as the quantity of incoming heat does not exceed that r e -  
quired, t~ '=  0; as soon as it exceeds that quantity, the calculation is continued in accordance with the usual 
algorithm, with the use of the XL and c i for the thawed soil. The calculation is per formed in analogous 
fashion when the soil f reezes  (t~ -~ 0, t~ < 0). 

4. In approximating the l inear  differential  equations to obtain a converging solution, we must satisfy 
the following relat ionships between the t ime (AT) and space (Ax, Ay) intervals:  

1 
1 (5) 

Since in this case we have complex boundary conditions (a jumpwise change in the conditions of heat t r ans fe r  
at the surface of the soil - the deposition and melting of snow, the change in the air temperature)  and a 
change in the coefficient of thermal  diffusivity on phase transit ion,  the use of Eq. (5) to determine the magni-  
tude of the t ime interval AT iS impossible.  We therefore  performed cer ta in  control caiculations with va r i -  
ous values for AT. 

Figure  2 shows the p rocess  of t empera tu re  var ia t ion in the smal les t  block of the calculation scheme 
(the l a rge r  the block, the g rea te r  the probabili ty of convergence).  Fo rmula  (5) yields AT _< 200 h for this 
block; however,  we see f rom the graph that the process  converges  only when AT -< 100 h. The calculation 
of the annual reg ime with an interval of AT = 100 h requi res  approximately 1.5 min of machine time, which 
is quite acceptable.  

F igure  3 shows the i so therms  about the well, calculated on the basis of the following data: the average 
annual t empera ture  of the ambient a i r  is tamb =-9 .9~ the snow cover with an average depth of h = 30 c m r e -  
mains for 7 months, at a depth of 1300 m the average gas t empera tu re  is t I = +32~ the gas flow rate is G 
= 776.103 kg/day,  the well d iameter  is d = 0.2 m, and the thermophysical  proper t ies  of the soil vary  with 
depth in the following manner:  

Depth, m; 0-200 200-420 420-530 530-640 640-1190 1190-1300 
Coefficient of thermal  

conductivity, W/(m �9 deg) 2.2 1.5 1.1 1.8 1.0 1.4 
Gravimet r ic  heat capacity, 

kJ / (kg �9 deg); 0.9 0.84 0.76 0.84 0.76 0.84 
Bulk weight, k g / m  3 2000 2200 2600 2600 2600 2600 

The solid lines show the t empera tu res  in the soil af ter  T -- 6600 h f rom the star t  of the operation of 
the well, and the dashed lines show the values af ter  3000 h. 
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are ,  r e spec t ive ly ,  the specif ic  heat  capaci ty  and the densi ty  of the soil in the i- th block; 
is the coefficient  of t he rm a l  diffusivi ty for  the soil; 
is the height of the block; 
a re ,  r e spec t ive ly ,  the rad ius  of the inside and the outside c i r c u m f e r e n c e s  of the block; 
a re  the t e m p e r a t u r e s  at the cen te r  of the block, at the end and at the beginning of the ca lcu la -  
tion t ime  interval  AT, respec t ive ly ;  
is the same ,  for  the s t e ady - s t a t e  reg ime ,  without any t h e r m a l  effect  f r o m  the well; 
is the t e m p e r a t u r e  of the ambient  air;  
is the t e m p e r a t u r e  of the layer ;  
is the t e m p e r a t u r e  of the wall of the well at the level of the block center;  
is the coefficient  of t he rm a l  conductivity for  the soil in the i-th block; 
is the number  of blocks in the hor izontal  row (n = 8); 
a re ,  r e spec t ive ly ,  the th ickness  of the snow cove r  and the coefficient  of t he rma l  conductivity 
for  the snow; 
is the coeff icient  of heat  t r a n s f e r  between the ground sur face  and the air;  
is the weight flow ra te  of the gas; 
is the heat capaci ty  of the gas.  
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