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STUDY OF HEAT EXCHANGE BETWEEN A 

AND A FLUIDIZED BED 

G. I. Pal'chenok and A. I. Tamarin 

M O D E L  P A R T I C L E  

UDC 66.096.5 

An experimental  study is made of heat exchange between an unsecured model par t ic le  and a 
fluidized bed. The tes t  data is general ized with a dimensionless relation. 

Work is now being done here and abroad on the development of new burners  for  low-tempera ture  com-  
bustion of solid fuel in a fluidized bed (FB). The new type of burner  is capable of operating efficiently on low- 
grade,  c o a r s e - c r u s h e d  coals and makes it possible  to reduce harmful  a tmospheric  emiss ions  [1]. The fuel is 
fed into an FB of coarse ,  incombustible par t ic les  and compr i ses  1-3% of the bed weight. Heat t r ans fe r  f rom 
the burning par t ic les  to the FB to a large extent determines  its t empera ture  and, thus, the kinetics of the r e -  
action occurr ing  on its surface,  as well as the condition of the minera l  part  of the fuel. The las t -ment ioned 
fac tor  is par t icu la r ly  important,  since fusion of the ash may lead to s inter ing of the par t ic les  and disruption 
of the operation of the burner .  

The l i tera ture  contains extensive information on the heat  exchange of an FB with s ta t ionary surfaces  
submerged within it [2, 3]. However, in the sys tem being discussed here the particle is not s ta t ionary and p a r -  
t icipates in the complex circulat ing movement  of the mater ia l  in the FB. Meanwhile, its dimensions and density 
are  different f rom the dimensions and density of the inert  par t ic les .  The data in [4], obtained by m e a s u r e -  
ment of the tempera ture  and time of combustion of a single coke par t ic le  in a fluidized bed in a 40 - ram-d iam-  
e te r  column, showed that the dimensions of the fuel par t ic le  affects the rate of heat t r ans fe r .  

We had the goal of taking a detailed look at the heat exchange between a movable model par t ic le  and an 
FB under ~cold w conditions and determining how it is affected by the physical  pa ramete r s  of the par t ic le  i tself  
and the mater ia l  of the bed, as well as the hydrodynamics  and scale of the sys tem.  

The tes ts  were  conducted in apparatuses  of c i r cu la r  (150 mm diameter) and rec tangular  (400 • 250 ram) 
c ress  section. The apparatuses  had t ransparen t  windows permit t ing observation of the bed. In both apparatuses~ 
we used gas-dis t r ibut ing gra tes  in the fo rm of per fora ted  metal plates with a layer  of dense cloth p re s sed  be-  
tween them. To ensure  uniform gas distribution, the chambers  under the gra tes  were filled with spherical  
packing. The bed was fluidized with room- tempera tu re  air .  The rate of flow of the a i r  was measured  with an 
accuracy  no worse  than -~3% f rom the p re s su re  drop after  a s tandard diaphragm. Table 1 shows c h a r a c t e r -  
ist ics of the d ispersed  mater ia ls  used. The initial height of the bed in the tests  was not changed and was 150 
and 250 ram, respect ively ,  fo r  the smal l  and large appara tuses .  

The hea t - t r ans fe r  coefficient was determined by the method of regu la r  thermal  regime [5]. The combina-  
tion aluminum t ransducer  and model par t ic le  with a caulked-in thermocouple was heated in molten tin to about 
250~ and thrown into the FB. Since the value of the Bi c r i te r ion  did not exceed 0.01 in the tests  and the non- 
uniform tempera ture  over  the c ross  sect ion of the t r ansduce r  could be ignored [5], the average hea t - t r ans fe r  
coefficient over  the surface was equal to ~ = m c G / F .  

The tempera ture  of the bed was measured  with a thermocouple with an open junction. The temperaSure 
difference between the t r ansducer  and the FB was recorded  by a potent iometer  to within 0.5~ which ensured 
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TABLE 1. C h a r a c t e r i s t i c s  of the D i s p e r s e d  M a t e r i a l s  

Serial 
number Material ~i, mm o~, kg/m s (, 

Sand 

~l herical~ilica gel 
ass beads 

Millet grains 
Rolled fireclay powder 
Fireclay powder 
Peas 
Porcelain beads 

0,62 
0,65 
1,2 
2,0 
2,0 
3,2 
6,2 
6,3 

2500 
900 

2500 
1200 
2350 
2300 
1340 
2400 

0,85 
1,0 
1,0 
0,96 
0,8 
0,7 
1,0 
1,0 

TABLE 2. 
P a r t i c l e s  

C h a r a c t e r i s t i c s  of the T r a n s d u c e r - M o d e l -  

kg/m 3 mm D, mm L, mm 

6 
7 
8 
9 

10 

2700 
2700 
2700 
2700 
2700 

2700 
1790 
2700 
1840 
1150 

Spherical transducers 

5,2 
7,7 
9,6 

12,3 
15,0 

Cylindrical transducers 
16,6 
162 
10,9 
11,3 
9,8 

5,2 I -- 
7,7 

9,6 I -- 12,3 
15,0 

i 
l 

!3,1 12,9 
13,1 13,55 
9,35 9,0 
9,35 ] 8,05 
8,05 [ 8,0 

( 

an a c c u r a c y  of *5% for  the m e a s u r e m e n t  of the h e a t - t r a n s f e r  coeff icient  fo r  a 5 . 2 - r a m - d i a m e t e r  t r a n s d u c e r  
and an e r r o r  no l a r g e r  than =~4% for  l a r g e r  t r a n s d u c e r s .  Heat outflow along the t h e r m o e l e c t r o d e s  f rom the 
hot junction of the thermocouple  was min imized  by making a through d i l a m e t r i c a l  hole in the body of the t r a n s -  
duce r  and caulking the the rmocouple  at  the t r a n s d u c e r  outlet  f lush with the su r f ace .  Thus,  a sec t ion  of length 
D of the the rmocoup le  t r a v e r s e d  an i so the rma l  su r f ace .  We used sphe r i ca l  and cy l ind r i ca l  t r a n s d u c e r s ,  c h a r -  
a c t e r i s t i c s  of which a r e  shown in Table 2. The effect ive d i a m e t e r  of the cy l indr i ca l  t r a n s d u c e r  was de t e rmined  
as the d i a m e t e r  of an equ iva len t - su r f ace  sphe re .  Some of the cy l ind r i ca l  t r a n s d u c e r s  were  made hollow to d e -  
t e rmine  the effect  of the densi ty  of the model  p a r t i c l e  on the value of a .  The ends of the hollow cy l inde r s  we re  
glued to thin (0.4 ram) g l a s s - T e x t o l i t e  cover ings .  End hea t  l o s s e s  were  evalua ted  with the approx imat ion  of 
a l i n e a r  t e m p e r a t u r e  d i s t r ibu t ion  in the cover ing (heat t r a n s f e r  into the l a t t e r  can be cons ide red  quas i s t a t i c ,  
s ince  the c h a r a c t e r i s t i c  cooling t ime  of the cover ing is  20-30 t imes  l e s s  than the cooling t ime  of the t r a n s -  
ducer) .  The s ize  of the loss  (15-23%) was cons ide red  in calcula t ing the h e a t - t r a n s f e r  coeff icient .  

Desp i te  the fact  that  the the rmocouples  caulked into the t r a n s d u c e r s  had thin (0.2 ram) and f a i r l y  long 
e l e c t r o d e s ,  they could have had some effect  on the c h a r a c t e r  of motion of the model  p a r t i c l e .  To evaluate  t h i s  
effect,  we conducted a spec ia l  s e r i e s  of expe r i m e n t s .  A model  p a r t i c l e  without a the rmoeouple  was i m m e r s e d  
in molten t in and hea ted  for  a ce r t a in  t ime  n e a r l y  to  i ts t e m p e r a t u r e .  It was then thrown into the FB.  Af te r  a 
ce r ta in  pe r iod  z, i t  was quickly ex t r ac t ed  by means  of a net ted  f i b e r g l a s s  cage submerged  p rev ious ly  in the 
bed. The ce l l s  in the cage were  s m a l l e r  than the d imens ions  of the t r a n s d u c e r  but p e r m i t t e d  passage  of the 
bed m a t e r i a l .  In individual t e s t s ,  the p a r t i c l e  was suspended on a thin t h r ead  which offered a lmos t  no o b s t r u c -  
t ion to i ts  movement .  The t e m p e r a t u r e  of the pa r t i c l e  ex t r ac t ed  f rom the bed was m e a s u r e d  by the t ightly 
c lamped  junction of a l ow- ine r t i a  the rmocoup le .  The t e m p e r a t u r e  m e a s u r e m e n t  e r r o r  was evaluated  as  fo l -  
lows. As the t r a n s d u c e r  cooled in a i r ,  the  cau lked- in  the rmocouple  p r e s s e d  to i ts  sur face  was used to r e c o r d  
curves  of the t e m p e r a t u r e  change over  t ime .  This al lowed us to c o r r e l a t e  each t e m p e r a t u r e  m e a s u r e d  by the 
contact  method with the ac tual  t e m p e r a t u r e  of the t r a n s d u c e r .  The resu l t ing  curves  a l so  al lowed us to take 
into account the cooling of the t r a n s d u c e r  in a i r  up to the moment  of m e a s u r e m e n t  of i ts t e m p e r a t u r e .  The 
resu l t ing  se t  of values  of t r a n s d u c e r  t e m p e r a t u r e ,  co r respond ing  to different  t imes  z with the same  f lu id i za -  
t ion r eg ime ,  made it poss ib l e  to de te rmine  the cooling r a t e  and h e a t - t r a n s f e r  coeff ic ient .  

It can be seen  f rom the t e s t  data shown in Fig .  1 that  the p re sence  of the cau lked- in  the rmocouple  had a l -  
mos t  no effect  on the  h e a t - t r a n s f e r  eff ic iency of the p a r t i c l e .  This al lowed us to use the the rmocouple -equ ipped  
t r a n s d u c e r s  in the main  s e r i e s  of t e s t s .  
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Fig. 1. Experimental  relat ions c~ = f(u - u0i): 1, 2) t ransducers  with and 
without a caulked-in thermocouple;  a) sand, t r ansducer  No. 1; b, c) s i l ica 
gel, t r ansducers  Nos. 1 and 2; d, e) glass beads, t r ansducers  Nos. i ,  4. 
Diameter  of apparatus 150 mm. ~, W / m  2 �9 ~ (u - u0i), m / s e e .  

Fig. 2. Experimental  relations oz =f(u): 1, 2) apparatuses of 150-ram 
diameter  and 250 x 400 mm cross  section; a-e) t ransducers  Nos. 1, 2, 4, 
7, and 10, respect ively;  bed mater ia l  - f i r e c l a y ,  d i = 2 ram, u, m / s e e .  

Figures  1 and 2 show typical empir ical  dependences of ~ on the fi l tration rate.  ~ can be seen f rom the 
f igures that the hea t - t r ans fe r  coefficient changes negligibly (within 5-10%) with f i l t rat ion rate.  The functions 
oz = f(u) general ly  are monotonically decreas ing  for  sma l l e r  modei par t ic les ,  w i n  the maximum near  the be- 
ginning of fluidization. For  l a rge r  t r ansducers  - especial ly in fluidized beds of relat ively smalI  par t ic les  - the 
maximum of the curve shifts in the direct ion of high gas velocit ies.  This is possibly related to the low mobility 
of the t ransducer ,  or  even to its lying on the grate ,  at low values of u. The mobility of the t r ansducer  increases  
as the velocity increases .  This was confirmed by both visual observations and the more  intensive tapping of 
the t r ansducer  against the wall of the column. At high fi l tration ra tes ,  the periodic ejection of the model p a r -  
t icles above the surface of the bed was par t icu lar ly  evident. The small  t r ansducers  were mobile near ly  through-  
out the range of fluidization velocit ies.  

It can be seen f rom Fig. 2 that the values of OZma x obtained in columns of different c ross  section, other 
conditions being equal, agree to within 3%. This is evidence of the independence of the hea t - t r ans fe r  coeffi-  
cient on the scale of the apparatus.  

Figure  3 shows the dependence of OZma x on the size of the bed par t ic les .  With a constant-s ize  t ransducer ,  
hea t - t r ans f e r  efficiency dec reases  with an increase  in par t ic le  d iameter  but, a l ready at d i = 1-2 ram, s tabi l izes.  
It then begins to increase .  This is evidently due to the fact  that there are  two hea t - t r ans fe r  mechanisms in the 
sys tem:  a conductive mechanism connected with adsorption and heat t r ans fe r  by the par t ic les ;  a convective 
mechanism (heat t r ans fe r  by the moving gas), which predominates  in fluidized beds with coarse  par t ic les  [2]. 
It should be noted that the coarse -pa r t i c l e  range, being the least  studied, is of grea t  practical  interest  f rom the 
point of view of the combustion and process ing  of solid fuel in ftuidized beds. Taking this c i rcumstance  into 
account, we genera l ized the test  data for  bed par~icIes with di -> 1.2 ram. 

It can be seen f rom Fig. 3 that, with a constant d i, hea t - t r ans fe r  efficiency increases  with a decrease  in 
t r ansducer  size.  

The test  data was general ized in the form of the functional relation 

Numa x = f(Ar, ddD~,  9~19p, ( 9 ) .  (1) 

We chose Eq. (1) on the basis of the considerat ion that it should ref lect  the main proper t ies  of the sys tem,  the 
conditions of suspension of the par t ic les  by the gas - determined by the cr i te r ion  Ar  - and individual pa rame te r s  
of the model par t ic le  - relative values of its d iameter  and density. Since the cr i te r ion  Ar  (as Numax) is based 
on the d iameter  and density of the bed par t ic les ,  the quantities d i and p i were taken as measures  for  the e o r r e -  
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Fig.  3. Exper imenta l  re la t ions  ozmax =f(di): 1, 2) t r a n s d u c e r s  Nos.  1 and 4; 
appara tus  of d i am e t e r  150 m m ,  d i, r am.  

Fig. 4. Compar i son  of exper imenta l  data with data calculated with Eq. (1) - 
a, and the equation in [4], b: 1-8) bed m a t e r i a l s  Nos. 1-8) bed ma te r i a l s  Nos. 
1-8, r e spec t ive ly  (the darkened points co r respond  to the cyl indrical  t r a n s -  
ducers) .  

sponding cha rac t e r i s t i c s  of the model  pa r t i c le .  As shown above, the dimensions  of the appara tus  do not affect  
the value of ozmax and were  not included in Eq. (1). 

In fluidized beds of coarse  ma te r i a l ,  the shape of the pa r t i c l e s  may  affect  the h e a t - t r a n s f e r  coefficient.  
There  is not sufficient t ime  fo r  thorough heating of the pa r t i c les  during the i r  s tay  at  the su r face  [2], and mos t  
of the r e s i s t ance  to conductive heat  flow is exe r t ed  by the contact  gas  in t e r l aye r .  The effect ive thickness  of 
the in te r l aye r  is g r e a t e r  fo r  pa r t i c les  of i r r e g u l a r  f o r m  than fo r  spher ica l  pa r t i c les  of the s ame  mean  d i a m -  
e te r .  This caused us to inse r t  the f o r m  fac to r  q~ into Eq. (1). This fac tor  is equal to the ra t io  of the sur face  
of a sphere  of equivalent volume to the sur face  of the pa r t i c l e .  The f o r m  fac to r  of the pa r t i c les  was de te rmined  
by analyzing par t ic le  mic rog raphs  and then averaging.  

The t e s t  data was genera l ized  in accordance  with Eq. (1) in the f o r m  ef an exponential function. The gen-  
e ra l iza t ion  was done on an ES-1022 compute r  by the method of mult iple l inear  r e g r e s s i o n  analysis  [6]. As a 
resul t ,  we obtained the following corre la t ion:  

/ d~ ~0.2 , Pi ~-~176 

Figure 4 compares theoretical relat ion (2) with the test data. The mean relat ive e r ro r  of the approximation 
was 3.9%, which is close to the mean accuracy of the measurement of oz. Table 3 shows the ranges of the pa- 
rameters in Eq. (2) and the standard er ro rs  of the corresponding exponents (regression coefficients). 

It should be noted that there  was a c l ea r  d i sc repancy  (of about 30%) between the r e su l t s  of for  the i r -  
r egu la r  pa r t i c les  and the spher ica l  pa r t i c l e s  when we a t tempted  to genera l ize  the t e s t  data by e i ther  introducing 
the f o r m  fac to r  into the c r i t e r i a  in (1) in the fo rm of the produce q~di or  by not allowing for  the f a c t o r .  Equa-  
tion (2) a lso  genera l i zes  the tes t  data for  the spher ica l  and cylindrical  t r ansduce r s  (as a r e su l t  of introduction 
of the effect ive d i am e t e r  of the la t ter) .  This p e r m i t s  us to r ecommend  the above cor re la t ion  for  evaluating the 
ra te  of heat  t r a n s f e r  of model  pa r t i c l e s  of i r r e g u l a r  fo rm.  

Since ~ changes only slightly with an inc rease  in f i l t ra t ion ra te  (see F igs .  1 and 2), Eq. (2) can be used 
for  approximate  calculat ions of h e a t - t r a n s f e r  r a t e  at f i l t ra t ion r a t e s  differing f r o m  Uop t,  which co r re sponds  
to the max imum on the curve oz = f(u). 

It follows f rom Eq. (2) that the h e a t - t r a n s f e r  coefficient  i nc reases  with an inc rease  in the s ize  of the bed 
par t i c les  (oz ~ di ~ and d e c r e a s e s  with an inc rease  ia  the d i ame te r  of the model  pa r t i c le  (oz ~ D~~ Since 
the s ize  of the model  par t ic le  affects  oz m o r e  s t rongly ,  then an inc rease  in d i with a fixed value of the ra t io  
d i / D  e (i.e., with a s imul taneous propor t iona l  i nc rease  in D e) will  lead to a dec rea se  in oz. In the specia l  case  
when the model  pa r t i c le  is no different  f r o m  the bed par t i c les  (when d i / D  e = p i / P p  = 1.0 and the pa r t i c les  a r e  
spher ica l ) ,  co r re la t ion  (2) takes  the fo rm:  
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TABLE 3. Ranges  of the P a r a m e t e r s  in  Eq. (2) and the 

S tanda rd  E r r o r s  of the C o r r e s p o n d i n g  Exponents  

Parameter 

Ar 
di/De 
Pi/Pp 

qo 

Range 

1,55,105--2,2.107 
0,074--1,21 
0,44 --2,07 
0,7 --1,0 

Standard error 
Regression eoeffi- of regression 
eient (exponent) coefficient 

0,302 
0,197 
0,071 
0,65 

~0,007 
+_0,02 
• 
~o,o44 

Num~ x = 0.41Ar ~ a,. (2a) 

Equation (2a) is close in form to the correlation presented in [7] for heat transfer between a fluidized bed of 

coarse particles and a stationary vertical tube of large diameter, although the values of Numa x obtained from 

Eq. (2a) are 40-55% higher than the values obtained from the correlation in [7]. This evidently has to do with 

the small size and mobility of the model particle. An intensification of heat transfer with a decrease in the 

diameter of secured cylindrical transducers to D _< 2-3 mm was seen earlier in fluidized beds of small par- 

ticles [8, II]. In [Ii], this phenomenon was analyzed on the basis of features of conductive heat transfer near 

a cylindrical surface of large curvature. The analysis led to a semiempirical formula (see [3]), which con- 

siders the effect of D on the heat-transfer coefficient. Comparison of the results calculated from the correla- 

tion in [7] with allowance for this formula and from Eq. (2a) showed that an increase in the conductive com- 

ponent can explain only about 60% of the increase in O~ma x at d i = D e = i (Ar -~ 105). The corresponding per- 
centage are 17 and 6% respectively, when we increase d i =D e to 3 and 5 mm (At --- i0 G and 107). This shows 

that the effect of the size of the movable particle in its heat exchange with a fluidized bed of coarse particles 

is due mainly to the predominant contribution of convective heat transfer. 

Correlation (2) allows us to calculate the heat-transfer coefficient of a fuel particle in a fluidized bed 

when the radiant component is negligible. The criterion Ar entering into this correlation accounts for the ef- 

fect of the thermophysical properties of the fluidizing gas and, thus, the temperature and pressure, on the rate 

of heat transfer. As was shown in [9], a formula of similar structure obtained on a ~cold" model for calculating 

the heat transfer between a fluidized bed of coarse particles and a tube bundle (Numax ~ Ar I/a) is equally valid 

for full-scale conditions in a burner with a fluidized bed. 

The CO combustion reaction may affect the rate of heat transfer between a fluidized bed and a burning 

particle [4]. In the opinion of the authors of [i0], this reaction, at least in the combustion of coarse particles, 

occurs either on or very near the surface. Thus, the heat-transfer coefficient is not affected. Figure 4b com- 

pares the data obtained in the present work for a fluidized bed of relatively fine particles (d i = 0.62; 0.65 ram) 

with data calculated from the formula proposed in [4] for heat transfer between a fluidized bed heated to I023~ 

and a coke particle burning in the bed. The formula in [4] is valid at Ar_< 4 �9 104 and 2.3 _< De/d i _< 14. The 

deviation of the experimental points from the theoretical curve does not exceed the limits of accuracy of the 

formula. This shows that Eq. (2) can be used to mathematically model and calculate combustion in fluidized- 
bed burners in the ranges of parameters shown in Table 3. 

NOTATION 

c, specific heat of the transducer material; D e, effective diameter of the transducer-model-particle; D, L, 

diameter and length of the transducer; di, mean diameter of bed particles; F, heat-exchange surface of the 

transducer; G, weight of the transducer; g, acceleration due to gravity; In, transducer cooling rate; u, filtration 

rate; u0i, rate at beginning of fluidization of the bed of inert particles; ce, average heat-transfer coefficient over 
the surface of the transducer; Oernax, value of ce corresponding to the maximum on the curve o~ = f(u); k, kg, 

thermal conductivities of the transducer material and gas; u, kinematic viscosity of the gas; pp, pg, p i, effec- 

tive densiLy of the model particle, density of the gas, and density of the bed particles; ~, form factor of the bed 

particles; Ar = gdi(Pi - pg) u-2pgl; Bi = oeD/2X ; Numa x = ~maxdi/kg. Indices" calc, calculated; x, experimental. 
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SOME RELATED PROBLEMS OF FILTRATION AND HEAT 

CONDUCTION IN POROUS BODIES 

V. M. Entov and N. Shyganakov UDC 532.685 

An e x a m i n a t i o n  i s  made  of a d y n a m i c a l l y  s i m i l a r  b o u n d a r y - v a l u e  p r o b l e m  d e s c r i b i n g  the  u n i f o r m  
m o t i o n  of a l i qu id  o r  g a s  i n i t i a t e d  by i n t e n s i v e  h e a t  f low to  a p o r o u s  body.  

i. We will examine the motion of a uniform liquid in a porous body under nonisothermal conditions. We 
will assume that the time required to establish local thermal equilibrium is short and that we can use a one- 
temperature model. We then have the system of equations (see [i], for example): 

k9 
- - - -  VP = r  J/J, (1) 

o (me) 
Ot 

- -  + d i v J = O ,  (2) 

O (ipm + CT) 
-}- div (i J) -b div q = O, (3) 

at 

q = - - ~ V  T, i ~ i ( p ,  T), 9=P(P,  r), $~=~,(p, T), ~t=~(p, T). (4) 

The func t ion  ~ (J) d e s c r i b e s  the  f i l t r a t i o n  law.  Wi th  the  c h o s e n  f o r m ,  s y s t e m  (1) c o v e r s  a v a r i e t y  of c a s e s  of 
n o n i s o t h e r m a l  m o t i o n  of l i qu ids  and g a s e s  in a p o r o u s  m e d i u m  wi th  both a l i n e a r  and a n o n l i n e a r  f i l t r a t i o n  law.  
I t  w a s  u s e d  in [1] to  s tudy  t e m p e r a t u r e  changes  c o n n e c t e d  wi th  the  J o u l e - T h o m p s o n  e f f e c t  in  the  n o n s t e a d y  
flow of gas  to  w e l l s .  Below we  e x a m i n e  wha t  i s  in  a s e n s e  the o p p o s i t e  p r o b l e m :  the  m o t i o n  of a l iqu id  o r  g a s  
i n i t i a t e d  by  i n t e n s i v e  h e a t  f low to  a p o r o u s  body.  

2. Le t  a h a l f - s p a c e  x >_ 0 a t  the  i n i t i a l  m o m e n t  of t i m e  be f i l l e d  wi th  a mov ing  gas  wi th  a c o n s t a n t  p r e s -  
s u r e  P0 and t e m p e r a t u r e  T 0, and l e t  c e r t a i n  new v a l u e s  of p r e s s u r e  and t e m p e r a t u r e  Pl and T l be e s t a b l i s h e d  a t  
the  bounda ry  beg inn ing  wi th  the  m o m e n t  t = 0. The r e s u l t i n g  u n i d i m e n s i o n a l  mo t ion  s a t i s f i e s  the  cond i t i ons  

In s t i t u t e  of P r o b l e m s  of M e c h a n i c s ,  A c a d e m y  of S c i e n c e s  of the  USSR, M osc ow .  Kazakh  S ta te  Sc i en t i f i c  
R e s e a r c h  and P l ann ing  Ins t i t u t e  of the P e t r o l e u m  I n d u s t r y ,  G u r e v .  T r a n s l a t e d  f r o m  I n z h e n e r n o - F i z i c h e s k i i  
Zhurna l ,  Vol .  45, No.  3, pp .  434-439,  S e p t e m b e r ,  1983. O r i g i n a l  a r t i c l e  s u b m i t t e d  June 1, 1982. 
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