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is the dimensional velocity of the "quasisolid" core; 
is the yield s t ress ;  
is the dimensional velocity at the inlet; 
is the flow rate; 
are the dimensionless coordinates; 
are the dimensionless velocity components; 
is the plasticity parameter ;  
is the Reynolds number; 
is the dimensionless velocity of the "quasisolid" core. 
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T H E R M A L  I N T E R A C T I O N  B E T W E E N  GAS L I N E  

AND F R O Z E N  S O I L S  

B. L .  K r i v o s h e i n  and  M. Y u n u s o v  UDC 536.244 

The art icle examines the numerical solution of the problem of heat exchange during the flow of 
gas through an underground pipeline taking into account the phase transitions in the soil under 
various cooling regimes of the gas. 

Investigations of the thermal regimes of pipelines running through f rozen  soil are dealt with in many 
works [1-6]. These works give most attention to the investigation of the thermal fields of the soil, while the 
temperature  of the pumped medium is taken as constant. 

The present  work examines the two-dimensional problem of the change of gas along the pipeline and 
in t ime, taking into account the dynamics of heat exchange with the environment and of phase transitions in 
the soil. 

The examined problem includes two groups of equations. The f i rs t  expresses the laws of conserva-  
tion for a gas moving in the gas pipe, and with the usually adopted assumptions [7], it can change to the form 

ft-L~ T'+ 1---Mt+Mx=--(lnw):"w P~=--(z~176 ~--~o w2+ gsin@expM" (1) 

We adopt the following boundary conditions: 

Tf~=o = Ti(x), T[.=o = Tz(t); P[t=o = P,(x), (2) 

Ptx=o=P2(t), O~x~L, O~t~tf ,  
The equations of the second group describe the distribution of the temperature field of the soil around 

the pipeline [9, 11] 
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H (0), = (K'l},:)= + 1 (rK'~r)r + 1 (Kv~),~, 
r t'2 

( 0 < x < L ,  O < t ~ t f ,  ro<r<r2,  tp'~o?~tp", 

ro<r<r~,  0<~r162 q;<~q)~<2~t), 

Olt=o =Oo(X, r, @, . 

~)<~x<<L, ro<~r~ri, 0 < ~ < ~ ' ,  

K0: l ,=o  = ~ ,  K 0 :  l,=t, = * t ,  

Ol,~r 0". Olq~-a'-o ----- 0 ,p==r 

KO, I,...,.. = a (o I,. - -  13, 

K 00 I =aa(T,,--Ol, ,) ,  0~<q~<q;, q r  
D 

K~.,k=,. = 0t, r ~<q~ ~ q ; ,  

K~', l , ,+ tme-o  = KO, [,.+6 me +o , 0 t,.+~ me-O = O.l~.-~me +o, 

where 

Kme ro <~ r <. ro + 6me, 

K =  K2, r o + 6 m e < r < R ,  

Kt, R < r < r i ,  

n (0) = j' [8 ~) + ,~ (~-- 0")] d~, 
0 

B (,~) = c ~ ,  

Cry, 

r176 ), 
rz + ro 

ro ~<r ~ ro  + 8me, 

ro + ~ne< r <  R, 

R < r < r i ,  i-= 2, r 

r = qg. 

It was shown [9-11] that the solution of the f i r s t  equation of sys tem (1) under condition (2) and with fv = 
w(x) =w(x,  t), tE[O, t] has the form 

?(x,  0 = Tz (t -- -- - -  
x x 

X{~ o X 

0 0 

x 

t 

(4) 

Using the method of [11], we present  the solution of the second equation of (l) under condition (2) and 
w i t h ~  = ~v(x)--- w(x, t), tE [0, t] in the form 
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T A B L E  1. 
of Snow C o v e r  

| 

T a, ~ --9,4 1--1,6 

D y n a m i c s  of the Changes  in A i r  T e m p e r a t u r e  and He igh t  

I 6 7 8 9 I0 l l  12 

7,8 1,38 1,6 5,4 --3,7 15,31 21 3 
--  --  - -  0,05 0,1 0 , 2  0,2 '5 '  

hi = 

In Pi (x - -  wt), x >/wt,  
Ti (x - -  rzt) 

x 

x + ~ 

0 

Then  the  p r e s s u r e  i s  d e t e r m i n e d  by the e x p r e s s i o n  

P (x, t) = exp M T  (x, t). 

(5) 

(6) 

F r o m  the t h i r d  equa t ion  of (1) we  f ind  

(x, tt = [ l z0 0exp (-- MI P, + esin .I 
L J 

S ince  w i s  con t a ined  in (4)-(6) ,  i t e r a t i o n  i s  n e c e s s a r y  to  ob t a in  T ,  M, and P.  
t ake  the va lue  of  w on the  p r e v i o u s  t i m e - d e p e n d e n t  l a y e r .  U s i n g  the m e t h o d  of [11], we  can  show tha t  

[t T ~ - -  T~-i ilL, -~< const It w~ - -  w~-i tk,, s -= 0, I, 2, . . .  

(7) 

With  z e r o  i t e r a t i o n ,  we 

(8) 

F o r  u n d e r g r o u n d  gas  l i n e s  of s m a l l  d i a m e t e r ,  the  e f f ec t  of hea t  e x c h a n g e  on the s o i l  s u r f a c e  is  n e g l i g i b l y  
s m a l l  [1], and  we can t h e r e f o r e  w r i t e  

030' r l  (K0'~)~ ~ o, K --b~-n ~_ 0, 0 .< ~; ~< 2~, 

and i t  i s  e x p e d i e n t  to s o l v e  the  p r o b l e m  (3) in the  r e g i o n  0 -< x -< L ,  r 0 -< r -< r l ,  0 -< t -< tf .  

F o r  p i p e l i n e s  w i th  l a r g e  d i a m e t e r  p l a c e d  a t  s m a l l  dep th ,  the  in f luence  of the  s o i l  s u r f a c e  m u s t  be t a k e n  
into  a c c o u n t ,  and the s o l u t i o n  o f  p r o b l e m  (3) d e p e n d s  s u b s t a n t i a l l y  on r -c [0, 27r]. 

If  we  a s s u m e  tha t  the  gas  l ine  i s  an  in f in i t e  th in  r o d ,  then  i n s t e a d  of  (3) we  have  a p l a n e  p r o b l e m  (ff t i s  
not  t a k e n  into  account )  

It=o = ~o (x, r), 

/(~r [~o§ -o  = Kt}r !ro+t~ me'+O ' (9) 

e 1~o+6me-O = 0. l~o+6me +o,  K ~  [~=o = Kr I~=L = 0, 

w h e r e  ~0 = 0 f o r  p i p e l i n e s  wi th  r 0 --< 0.2 m and ~o = ~a(Ta - $) i f  the  gas  l ine  is  c o n s i d e r e d  a s  a r o d ;  T = q?(x, t) 
i s  d e t e r m i n e d  by (4). 

S ince  in p r o b l e m  (9) the  c o e f f i c i e n t s  H and K wi th  $ = ~* have  a d i s c o n t i n u i t y ,  we s o l v e  (9) by a m e t h o d  
s u g g e s t e d  in [9-14] .  
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Fig .  1. Changes in the t e m p e r a t u r e  of the gas T ,  ~ and of the soil  ~, ~ along the gas  p ipe-  
line at  d i f ferent  ins tants  of  t ime  (1, 2~ gas ,  3-6:  soil) :  1) t = 18 h; 2) 198; 3) 18; 4) 198; 5) 18; 
6) 198 (3, 4: above the p ipe ,  r = 0.75 m;  5, 6; under  the pipe,  r = 0.75 m) ,  x ,  kin. 

Fig. 2. Change in the depth of thawing of the soil  below (a) and above (b) the pipe a t  d i f ferent  
points of the gas  pipel ine in t ime :  1) t = 18 h; 2) 56; 3) 250; 4) 720. R ,  m;  x,  kin. 

In accordance with it, the solution of (9) amounts to solving a nonlinear system of algebraic equations 
by the method of run with iteration [8]. 

The new method was used in a series of calculations on a digital computer with the following initial 
data: c T = 0.6 kcal/kg, deg C; 1~r = 40 kg/m3; a = 50 kcal/m2, h. deg C; aa = I0 kcal/m2.h, deg C; m = 0,2; 

= 0.036~ 5me = 0.1 m ;  z - -  49,920 kcal/mS; 

9 kcallmS.~ r o ~ r ~ r o ~ S m e  

b =  512kcallm s .~ to§ 
480kcalJm s .~ R < r  < : r .  

o,o% keallrn-~.~C rv~r ~ro+~me, 

K =  ].88kcalLm-h .~ ro+Srne~r<~R, 

1.16 kcal/rn.h -~ R ~ r ~ r ~ ,  

~a=aa l~-a a ; Xsn=0,akcai /m.h-~ 

[t=o ~-~ ~ l ~ = T Is=0; rD = 0.Tin; ri = 1.25 m; r~ = 25 m; L=100  km 

Ver s ions  of gas t r a n s p o r t  were  examined with cooling to T x =  0 = 30~ T x =  0 = Ta + 5~ to T x =  0 = - I ~  

The c l ima t i c  data (To, hsn) used  in the calculat ions a r e  p re sen ted  in Table  1. 

F igu re  1 shows the re~ut ts  of calculat ions of the gas  and soi l  t e m p e r a t u r e s  along the gas pipeline at  d i f -  
f e r en t  ins tants  of t ime.  Curves  1 and 2 co r re spond  to the drop  in t e m p e r a t u r e  at  the instants  of t ime  18 and 
198 h, r e spec t ive ly .  The gas t e m p e r a t u r e  before  the gas pipeline was  put into opera t ion was  equal to the soil  
t e m p e r a t u r e  (Tit= 0 = - t ~  It  can be seen  f r o m  Fig.  1 that  as t ime  p a s s e s ,  the region where  gas has  above-  
ze ro  t e m p e r a t u r e  i n c r e a s e s .  Approx imate ly  a f t e r  200 h, the g a s - t e m p e r a t u r e  dis t r ibut ion along the pipeline 
is c lose to s t e ady - s t a t e .  The t ime  before  conditionally s t e ady - s t a t e  conditions a re  reached  is t ~ 20 I2~/w. 
With n o n - s t e a d y - s t a t e  hea t  e x c h a n g e ,  the c u r v e  of the gas t e m p e r a t u r e  has  a point of discontinuity indicating 
the posi t ion of the f ron t  of the heated gas at the cor responding  instant  of t ime  (curve l f o r  t = 18 h). Behind 
this point ,  the gas t e m p e r a t u r e  d i f fe rs  f r o m  the soil  t e m p e r a t u r e  (it i n c r e a s e s  due to the heat  exchange with 
the w a r m e r  soi l ,  Si t=0 = I~ but Tit=0 = - I ~  �9 Analogous r e g u l a r i t i e s ,  but with ampli tudinal  shift ,  a r e  
encountered  in the soi l  under  the pipeline (r = 0.75 m ,  curves  5, 6 in Fig. 1). 
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Fig. 3. Change in gas tempera ture  along the gas 
pipeline in t ranspor t  of gas cooled by AVO (to T = 
T a + 5~ in t ime:  1-12) J anua ry -December ,  r e -  
spect ively,  T, ~ 

It can be seen f rom an analysis  of curves 4-6 that in t r anspor t  of gas with a tempera ture  of 30~ the 
soil under the entire pipeline is in a thawed state.  Under the pipe the soil t empera tu re ,  and consequently the 
depth of thawing, is g rea te r  than at the same distance ver t ica l ly  above the pipe. This is due to the influx of 
cold f rom the side of the soil sur face .  In steady state,  the gas t empera tu re  with increas ing distance approaches 
the soil t empera ture  (within 1-2~ 

Figure  2 shows the change in depth of thawing (below and above the pipe) along a pipeline without heat 
insulation at different instants of t ime. With increas ing dis tance,  the gas tempera ture  drops ,  and therefore  
the depth of thawing decreases .  Maximum depth of thawing under the pipe is 2 m;  above the pipe it is 0.56 m. 

Figure  3 i l lus t ra tes  the change in gas tempera ture  along the gas pipeline with cyl indrical  heat insulation 
0.1 m thick in t r anspor t  of gas cooled by air  coolers  (AVO), i .e . ,  for  the case when the gas tempera ture  
changes synchronously with the a i r  t empera tu re :  T x = 0 = Ta + h ,  where T a is the ar i thmet ic  mean of the gas 
t empera tu re ;  A iS the amplitude of the fluctuations (in the calculations we took A = 5oc). It can be seen f rom 
Fig. 3 that in the course of a y e a r ,  the gas t empera tu re  on the section f rom 0 to 50-60 km changes within wide 
l imits  (from - 1 8 . 6  to -3 .1~ in January  and f rom 21 to 4.1~ in August). 

Over the ent ire  length of the gas pipeline f rom November  to Apri l ,  the pumped gas has subzero  t e m p e r a -  
ture ,  and f rom May to October  above-ze ro  tempera ture .  With increas ing dis tance,  the amplitude of the f luc-  
tuations in the gas t empera tu re  dec reases  because of the lower level of the gas tempera ture  and the heat ex-  
change with the air .  At the end sections of the gas pipeline (80 ~- x -< 100 km) the gas tempera ture  pract ica l ly  
does not change with time. 

On the basis of the elaborated model,  the thickness of the heat insulation was obtained along the gas pipe-  
line. The optimum thickness of the heat insulation was determined as a resul t  of solving the following problem 

-4 o, o8  § ~ .  ' I I ' 
< 5  .1  j I ~ 

! i I " 

0 20 4,0 60 80 X 

Rig. 4. Change in thickness of the heat insulation, depth of thaw- 
ing, gas and soil temperature with increasing distance, 5, m; ~, 
kca[/m 2 .h.  degC; R, m; ,~/ro, ~ T.  10 -1, ~ 
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[9}: Throughtheheat  insulation, the depth of thawing of the soil R(x, t) had to be limited to the permissible 
value, proceeding from the condition of ensuring the stability of the pipeline and protection of the environ- 
ment. It can be seen from Fig. 4 that in this case the maximum depth of thawing is 0.56 m. If we change 
the thickness of the heat insulation in steps (6me = 0.1 m for 0 -< x < 30 kin; 6me = 0.065 m for 30 -< x --< 40 
km, and 5me = 0.05 for 50 < x --< 90 krn), the depth of thawing of the soil can he limited to 0.56 m at the be- 
ginning of the pipeline (x = 0) and to 0.2 m at its end (x = 90 kin). The graph of the gas temperature then has 
points of inflection at the places of change in 5me(X). 

c T ,  A, c = r r c T m  + (1-m)c2T2, ~, m ,  
K, c~, CWa, ~ z 0, R 0,/3, p, P, w, T T 
T,  &, Ta 
F,  r 0 
L 
rl 
r2 

~TCTF)(1/w);  ~ = (A~/~TCT)Px;  ~s = - ( A /  

YT/CT)Px; M = 1n(P/T). 

N O T A T I O N  

are the physical parameters  of the gas and the soil; 
are the gas, soil, and air  temperature ,  respectively; 
are  the cross-sect ional  area and radius of the pipe, respectively; 
is the length of the pipeline; 
is the distance between the surface of the pipe and the soil surface; 
is the radius of thermal effect; 
is the final instant of time; 
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