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The  p rob l em  of c rys t a l l i ne  hydra te  fo rmat ion  dur ing non i so the rmal  s t a t i ona ry  flow of an 
ideal gas in a c i r c u l a r  inclined pipe is  studied.  A model  is p roposed  for  the growth of 
the hydra te  l a y e r  on the pipe wal ls .  

In the p r ac t i c e  of ex t rac t ion  and t r a n s p o r t  of na tura l  gases ,  there  is  obse rved  plugging of wells  and 
p ipe l ines  by c rys ta l l ine  compounds of these  gases  with w a t e r  (hydrates)  [1_]. 

I t  is wel l  known [1] that the ex is tence  of a gas hydra te  of given compos i t ion  is de t e rmined  by ce r t a in  
c r i t i ca l  t e m p e r a t u r e s  T F and p r e s s u r e s  p which a r e  r e l a t ed  by the s e m i e m p i r i c a l  e x p r e s s i o n  

T F =-: 18~ In p + [8 2. (1) 

I t  is obvious that  the fo rmat ion  of hyd ra t e s  dur ing gas flow in pipes  is a s soc i a t ed  with cooling of the 
wet  gas  below the c r i t i c a l  t e m p e r a t u r e  T F. 

We cons ider  hydra te  fo rma t ion  dur ing flow of an ideal gas in a c i r cu l a r  pipe when the ex te rna l  t e m -  
p e r a t u r e  Tex  is defini tely lower  than T F and the gas  is comple te ly  sa tu ra t ed  with m o i s t u r e .  

Le t  the gas t e m p e r a t u r e  T o in the en t rance  sec t ion  be constant  and g r e a t e r  than T F. Then cooling 
of the gas dur ing i ts  mot ion  leads  to a s i tuat ion where ,  s t a r t i ng  a t  some  d is tance  f rom the en t rance ,  f o r -  
ma t ion  of a hydra te  l a y e r  begins  on the wal ls  of the pipe reduc ing  the open c r o s s  sect ion.  

The speci f ic  heat  of hydra te  f o r m a t i o n  is of the s a m e  o r d e r  of magni tude a s  the spec i f ic  heat  of ice 
f o r m a t i o n  so that  the r a t e  of growth of the hydra te  l aye r  is m a r k e d l y  lower  than the gas  ve loc i ty  in the 
pipe.  One can t he re fo re  a s s t m m  one has  s t e ady - s t a t e  mot ion of a gas in a pipe of va r i ab l e  c r o s s  sec t ion  
8(x). Equat ions  desc r ib ing  such mot ion  a r e  [2] 

S d p  q_. Sysink ~ + ~ ( ' S ]  t/2 ?w ~ __ O, (2) 
dx 4 ~, a~ ] g 

d [ S ( z + % T ) I : = 2 a R o  Kex 
, Ix &,--7 ' (3) 

0 
(swv) ~ m* (x, t), (4) 

Ox 

p = RT?/g. (5) 

The quantity m*(x,  t) is the amount  of gas conver ted  into hydra te  pe r  unit  t ime.  I t  is c l ea r  that  m* 
is  p ropor t iona l  to the r a t e  of  fo rma t ion  of the hydra te  l aye r  and is consequent ly  a quantity which is neg l i -  
gibly smal l  in c o m p a r i s o n  with the m a s s  flow of gas .  We then have f rom Eq. (4) 

S~w = G -- const. (6) 

The absence  of convect ive  t e r m s  in Eqs.  (2) and (3) is just if ied by the fact  that  the gas ve loc i ty  is 
o rd ina r i ly  much  below the ve loc i ty  of  sound [2]. 

We cons ider  a c r o s s  sec t ion  of the pipe in which a hydra te  l a y e r  is fo rmed .  To de t e rmine  the law 
for  i ts  mot ion ,  it i s  n e c e s s a r y  to solve a p rob l em with moving  boundar ies  for  the equation of t he rma l  con-  
duct ivi ty under  the following boundary condit ions:  
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Fig.  1 Fig.  2 

Fig .  1. Var ia t ion  of hydra te  th ickness  along pipeline 
for  a gas  flow r a t e  of 1-106 m3/day :  1) t = 300 sec ;  2) 
t = 43,740 see;  3) t = 131,220 see .  

Fig. 2. Var ia t ion  of hydra te  th ickness  along pipeline 
a t  t = 4860 sec :  1) flow r a t e  of 5- 106 m 3 / d a y ;  2) flow 
r a t e  of 1 �9 106 m 3 / d a y .  

T1 = Tex for r- = Ro, (7) 

T, := T F for r -- R o -  ~, (8) 
d~ ==)~, OT1 

Lp~ - ~  T -1- a,  (Tex T) (9) 

for r ~-= Ro--~. 

The coeff ic ient  of hea t  t r a n s f e r  ~l ,  which takes  into account  the t he rma l  r e s i s t a n c e  of the cyl indr ica l  

hydra te  l aye r  is  given by 

czj = [ la  R~ - 1 ~ , ~  " (10) 

In  this formula t ion ,  the t h e r m a l  r e s i s t a n c e  of the pipe m a t e r i a l  is a s s u m e d  negligibly sma l l  in c o m -  
pa r i son  with the t h e r m a l  r e s i s t a n c e  of the growing hydra te  l aye r .  

To solve the p rob lem (7)-(9), we use  the method of quas i s ta t ionary  s t a t e s  [3] accord ing  to which the 

t e m p e r a t u r e  of the hydra te  l a y e r  is 

T 1 =- c 1 In r -}- c~ (Ro > r > R~ - -  ~). 

We de te rmine  the in tegra t ion constants  c 1 and c 2 through the boundary conditions (7) and (8). Sub- 
st i tuting the value found for T 1 in Eq. (9), we obtain an equation for  the law of mot ion for the boundary of 

the hydra te  l a y e r ,  

d ~  = Xl(Tr Tex 1 ~_ ff.l(Tex T) , ~(0) == 0. (11) 

One should keep  in mind that  T and T F , a r e  unknown functions which m u s t  be de t e rmined  f rom the 

s y s t e m  of equations (1), (3), (5), and (6). 

We shal l  a s s u m e  that  heat  exchange between the flow and the sur rounding  med ium is  in accordance  

with Newton 's  law. Then  
Kex = aiS (Tex-- T). (12) 

In  such a ca se ,  the or iginal  s y s t e m  can be reduced  to two different ia l  equations for  the p r e s s u r e  and 

t e m p e r a t u r e .  

As the r e s u l t  of s imple  ca lcula t ions ,  we obtain 

dp~ _~__2sin~ pZ+ ~.~[S__'~ 1/9- G~RT = 0 ,  (13) 

dr. RT 2 k ~ ] S3g ~ 

dT + 2~RdZ~ (To__Tex)+ sin.~_.= O. (14) 
dx cj,6 ct, 
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Fig.  3. Var ia t ion  of 
p r e s s u r e  along pipel ine 
for  a gas  flow r a t e  of 
5.106 m 3 / d a y :  1) t = 120 
sec ;  2) t = 4860 sec .  

We add to the s y s t e m  (13), (14) the boundary conditions 

p (0) = Po, (15) 

T (0) = T o. (16) 

The r e l a t ions  between the va r i ab l e  c r o s s  sec t ion  of the pipe and the th ickness  of  the hydra te  l aye r  
is given by 

The cons ide ra t ions  noted above r ega rd ing  the d i f fe rence  of the t ime  s ca l e s  in the gas flow and in the 
hydra te  l a y e r  make  it  poss ib le  to solve the s y s t e m  (13), (14) and Eq. (11) s e p a r a t e l y  in each  t ime  step.  
The computa t ional  a lgor i thm has  the following fo rm.  The s y s t e m  (13), (14) is in tegra ted  numer i ca l l y  at  
the initial  t ime .  Then  a t ime  s tep is t aken  and S(x) is ca lcula ted  f r o m  Eqs .  (11) and (17). In this case ,  
the va lues  of  p(x) and T(x) a r e  taken f rom the p rev ious  s tep.  

I t  should be noted that  in tegra t ion  of Eq. (11) is c a r r i e d  out only in those c r o s s  sec t ions  of  the pipe 
where  the gas  t e m p e r a t u r e  is below the c r i t i ca l  t e m p e r a t u r e  TF ,  i .e . ,  where  the condition 

T ~ l l n p  + [32 

is  sa t i s f ied .  

Having obtained the re la t ionsh ip  S(x) for  a given t ime s tep in this way,  we once again  solve the s y s -  
t em (13), (14) and then take a t ime  s tep ,  etc .  

N u m e r i c a l  ca lcula t ions  were  made  for  na tura l  gas t r a n s p o r t  along a pipel ine 0.534 m in d i a m e t e r  and 
100 km long at va r i ous  flow r a t e s .  In  this e a se ,  the heat  t r a n s f e r  coeff ic ient  ~ was  ca lcu la ted  f rom the 

e r i t e r i a l  r e l a t ion  [4] 

Nu = 0.023 Re ~ Pr ~ 

where  Nu = 2 (~R/~ .  

The va lues  of the initial  p a r a m e t e r s  were :  P0 = 55 k g / c m 2 ;  T O = 40~ Te  x = -10~  Special e x p e r i -  
menta l  s tudies  w e r e  made  to d e t e r m i n e  the t he rmophys i ca l  c h a r a c t e r i s t i c s  of  the hydra te .  

The r e s u l t s  of the ca lcula t ions  r e v e a l  a complex  p ic ture  for  the growth of the hydra te  l aye r .  Thus 
at  m o d e r a t e  gas flow r a t e s ,  the m a x i m u m  th ickness  of  the l a y e r  is  o rd ina r i ly  r e ached  a t  the exit  sect ion.  
However ,  with inc reas ing  pipel ine opera t ing  t ime ,  this m a x i m u m  is shif ted toward the en t rance  sec t ion  

(Fig. i). 

At high flow rates, the maximum thickness of the hydrate layer is displaced toward the entrance 
section even after a short period of time (about 1.5 h in the example considered (Fig. 2)). 

This is explained by the fact that with an increase in gas flow rate, the pressure falls more intense- 
ly, especially near the exit section, which leads to a reduction in the critical temperature for hydrate 
formation because of Eq. (i) and therefore to a reduction in the rate of growth of the hydrate layer (Fig. 

3). 

We note in conclusion that  this  in te res t ing  ef fec t  i s  r evea l ed  only through joint cons idera t ion  of the 
equat ion s y s t e m  for  gas  dynamics  and of the equation of t h e r m a l  conductivi ty in the hydra te  l a y e r ,  which 
s ignif icant ly  d is t inguishes  this  p rob l em  f rom the p rob l em of ice fo rma t ion  dur ing the flow of w a t e r  in pipes  

(for example ,  see  [5]). 
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N O T A T I O N  

are the empirical coefficients being constant for gas of given composition; 
is the area of tube section; 
is the specific weight of gas; 
is the angle between tube axis and horizontal plane; 
is the hydraulic resistance coefficient of tube; 
is the tube radius; 
is the free falling acceleration; 
are the velocity, specific heat capacity, and temperature of gas; 
is the heat power supplied from without; 
is the gas constant; 
is the thickness of hydrate layer; 
is the latent heat of hydration; 
is the radius of cross section; 
is the hydrate density; 
is the time; 
is the hydrate thermal conductivity; 
is the temperature of hydrate layer;  
is the heat transfer coefficient from gas to tube wall without hydrate; 
is the gas thermal conductivity; 
is the length of conduit; 
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