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Dimens ion le s s  func t ions  h a v e  b e e n  o b t a i n e d  w h i c h  m a k e  i t  poss ib le  to 
d e t e r m i n e  the  t e m p e r a t u r e  of  an  i n c o m p r e s s i b l e  l iqu id ,  m o v i n g  in an  

underg round  c h a n n e l  or p ipe ,  for two cases  of  p r a c t i c a l  i m p o r t a n c e :  

when  the  t e m p e r a t u r e  of  the  l iquid in the  i n i t i a l  s ec t ion  of  c h a n n e l  or 

p i p e  is cons tan t ,  and when  this t e m p e r a t u r e  va r i e s  a c c o r d i n g  to a p e -  

r iod ic  l aw.  

An ana ly t i ca l  solut ion of the p r o b l e m  of the change 
in t e m p e r a t u r e  of an i n c o m p r e s s i b l e  l iquid  moving 
ins ide  an unde rg round  channel  or  pipe,  is  f a i r l y  c o m -  
plex.  The complex i ty  is  caused  by the fact  that  the 
s t r e a m  of l iquid moving  in an underground  channel ,  
having a t e m p e r a t u r e  d i f fe r ing  f rom that  of the s u r -  
rounding rock  o r  ea r th ,  is  cons tan t ly  changing the 
t e m p e r a t u r e  f ie ld  in the m a t e r i a l  a round  the channel .  

Consequent ly  the condi t ions  for  hea t  t r a n s f e r  f rom 
the l iquid to the s u r r o u n d i n g  e a r t h  i s  cons tan t ly  chang-  
ing. When the t e m p e r a t u r e  (to) of the l iquid in the in i -  
t i a l  s ec t ion  (x = 0) of the channel  is  cons tant ,  t echn i -  
c i ans  in a n u m b e r  of f ie lds  apply  an e x t r e m e l y  ap-  
p r o x i m a t e  so lu t ion  of the p r o b l e m ,  in which a cons tan t  
a v e r a g e  va lue  is  taken for  the hea t  t r a n s f e r  coef f ic ien t  
k. The r e q u i r e d  t e m p e r a t u r e  t(x), at  a d i s t ance  x f rom 
the in i t i a l  sec t ion ,  i s  found f rom the e x p r e s s i o n  

l ( x )  - -  t~ e [ k ~ d o ] - e x p / - -  x j - (1) 
l o - - ~  e k c G  

In the m a j o r i t y  of c a s e s  of p r a c t i c a l  i n t e r e s t  it  i s  i m -  
p o s s i b l e  to t ake  k as  a cons tan t  with t ime  in Eq. (1), 
and t h e r e f o r e  the  solut ion b e c o m e s  unaccep tab le .  

More  a c c u r a t e  so lu t ions  of th is  p r o b l e m  a r e  known 
which a r e  obta ined  under  the fol lowing a s sumpt ions :  

a) the t e m p e r a t u r e  of the l iquid in any given c r o s s  
sec t ion  of the channel  i s  taken to be the s a m e  ove r  
the whole a r ea ;  

b) the coef f ic ien t  for  hea t  exchange be tween the 
l iquid and the i n t e r n a l  su r f a c e  of the channel  is  taken 
to be cons tan t  a long the length of the channel  and in 
t ime ;  

c) the hea t  flow into the su r round ing  e a r t h  along 
the axis  of the channel  i s  s m a l l  c o m p a r e d  with the 
hea t  flow p e r p e n d i c u l a r  to the axis ,  and can be ne -  
g l ec ted  (consequent ly  Od/0x  = 0); 

d) the t h e r m o p h y s i c a l  p r o p e r t i e s  of the m a t e r i a l  
p r o t e c t i n g  the channel  and of the su r round ing  ea r th ,  
a r e  the s a m e .  

Van Hee rden  [1], in connect ion  with a s tudy of the 
a i r  cool ing  of ca rbon  l a y e r s ,  succeeded  in ob ta in ing  
an equat ion for  the t e m p e r a t u r e  of the a i r  moving  in 
the channel  under  condi t ions  where  the t e m p e r a t u r e  
i s  cons tan t  with t ime  (to = const)  in the in i t i a l  sect ion:  

t(x*, ~*)= to~(X*, ~*): (2) 

Xexp [ 

xsin I x !  

,~ (x*, v,') = ! - @  f -  exp ( -  ~*~b 
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A C o m p a r i s o n  of T e m p e r a t u r e s  Ca lcu la ted  A na ly t i c a l l y  by Eq. (2) 
and E x p e r i m e n t a l l y  by Eqs .  (11)-(13) 
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Fig .  1. D i a g r a m  of the e x p e r i m e n t a l  equipment :  1) cen t r i fuga l  
b lower ;  2) e l e c t r i c a l  a i r  hea te r ;  3) r e f r i g e r a t o r  e v a p o r a t o r ;  
4) l a y e r  of m a t e r i a l  s imu la t i ng  a l a r g e  m a s s  ( ea r th ,  rock) ;  
5) s t e e l  pipe;  6) ga tes ;  7) b ranch  r e q u i r e d  dur ing  w a r m u p  of 
the e l e c t r i c a l  a i r  hea t e r ;  8) t h e r m a l  i so l a t ion  i n s e r t i o n s  fo r  
d e c r e a s i n g  the ef fec t  of hea t  conduct ion along the p ipe ;  9) pneu-  
m o m e t r i c  tube;  10) m i c r o m a n o m e t e r ;  11) 12 con tac t  s w i t c h  
12) connec t ing  w i r e s  for  jo in ing  t h e r m i s t o r s ;  13) unba lanced  

m e a s u r i n g  b r idge .  

/5 

F ig .  2. Graph of the  a i r  t e m p e r a t u r e  in the  i n i t i a l  p ipe  s e c -  
t ion fo r  s e v e r a l  e x p e r i m e n t s  in the second  p a r t  of the  i n v e s -  
t iga t ion  (At 0 in ~ T in min) :  1) No. 10 (T o = 2 hr ,  At0 = 13.6~ 
w = 15 m / s e c ) ;  2) No. 4 (T o = 0.5 h r ,  At0 = 13.4~ w = 8.5 
m / s e c ) ;  3) No. 6 (T o = 0.5 h r ;  At0 = 5~ w = 36 m / s e c ) ;  4) No. 

11 (T o = 1 h r ;  At0 = 11.4~ w = 15 m / s e c ) .  
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In col labora t ion  with O. A. Berez in  we have ob- 
ta ined [2] a solut ion for  the ease  where ,  in the in i t i a l  
sect ion of the channel ,  the re  is an i n c o m p r e s s i b l e  
l iquid having a t e m p e r a t u r e  which v a r i e s  per iod ica l ly  
as t(0, ~) = to cos coT: 

t(x, ~) = toexp(--Mx)cos(o~T--Nx ). (4) 

Here  

X [B-~ [Ker" (13) -{- Kei'-(f~)l- 
h 

M 
~J Bi 

--  [Ker (13) Ker' (6) + Kei; (~) Kei (13)] ] x 

J 

x J~+ [ [ - -  Ker (1~) + B~-Ker' (I~) 

P Kei' (13) (5) + ~- Ke[ (~) -t- B-T 

N =  + 2 - - s  x 
w w Bi 

X L Kei (I 3) Ker' (~) -- Ker ([~)Kei' (I~)] x 

+ - -  Kei (13) -t- gi 

Numer i ca l  va lues  of the Thomson funct ions  Ker ,  
Ke r ' ,  Kei, Kei ' ,  can be found in [3]. 

The ana ly t ica l  equat ions (2)-(6) are  ex t r eme ly  cum-  
be r some  and inconvenien t  for  p rac t i ca l  use. In addition 
a n u m b e r  of a s sumpt ions  a re  made in de r iv ing  these  
equat ions which obscure  the phys ica l  p ic ture  of the 
phenomena.  Of these a s sumpt ions  the c rudes t  is the 
third,  which a s s u m e s  that there  is no heat flow into 
the su r round ing  ea r th  along the axis of the channel .  

This  a ssumpt ion  is  l eas t  acceptable  for shor t  chan-  
ne l s  and for shor t  t ime in t e rva l s  dur ing which the 
channels  are  used, when the t empe ra tu r e  field in the 
ear th  along the axis is  mos t  nonuni form.  In o r de r  to 
take into account  this factor ,  as well  as to obtain s i re-  
p ie r  equat ions convenient  for  p rac t i ca l  ca lcu la t ions ,  
we have c a r r i e d  out expe r imen ta l  inves t iga t ions  on 
equipment  s imula t ing  an underground channel  (Fig. 1). 

Atmospher ic  a i r  was drawn through blower 1 and, 
af ter  heat ing in the specia l ly  cons t ruc ted  e l ec t r i ca l  
a i r  hea te r  2, was passed  into pipe 5, su r rounded  by 
a l ayer  of m a t e r i a l  5 s imula t ing  a la rge  m a s s  (rock, 
earth) .  In o rder  to make poss ib le  wider  va r i a t ions  in 
the a i r  t e m p e r a t u r e ,  the evapora tor  of a r e f r i g e r a t i n g  
unit  was included, enabl ing the a i r  to be cooled when 
requ i red .  All the r e m a i n i n g  detai ls  of the equipment  
are  c lea r  f rom the f igure .  

The expe r imen ta l  inves t iga t ions  fell  into two sec -  
t ions: in the f i r s t  par t  we inves t iga ted  the behavior  on 
pass ing  a i r  at constant  t e m p e r a t u r e  into the ini t ia l  
sect ion,  while in the second pa r t  we studied the p r o -  
ees ses  which developed on admit t ing a i r  into the ehan-  
nel  at a t e m p e r a t u r e  which var ied per iod ica l ly  with 
t ime.  To ~ l a r a n t e e  the requi red  changes in the tern-  
pe r a tu r e  of the a i r  en t e r i ng  the pipe, provis ion  was 

made for automat ic  control  of the sec t ions  of the e lec -  
t r i ca l  a i r  hea te r  (e lec t r ic  ovens) according  to a p r e s e t  
p r o g r a m .  To accompl i sh  this the ovens were  connected 
to a cont ro l  device (e lec t ropneumat ic  con t ro l l e r  type 
KEP-12U,  manufac tu red  by the Kaluga P y r o m e t r i c  
Equipment  Factory) .  Us ing  the cont ro l  device it was 
poss ib le  to v a r y  over  wide l imi t s  both the ampli tude 
and the per iod  of osc i l la t ion  of the a i r  t e m p e r a t u r e  
af ter  the e l ec t r i c a l  a i r  hea ter .  

Ex t r e me l y  impor t an t  fac tors  here  are  the choice 
of m a t e r i a l  s imula t ing  a la rge  m a s s  of ear th ,  and 
the choice of the d imens ions  n e c e s s a r y  in the model.  
Expe r imen t s  were  c a r r i e d  out with va r ious  m a t e r i a l s  
d i f fer ing s igni f icant ly  in their  the rmophys ica l  cha r -  
a c t e r i s t i c s ,  namely  sawdust,  mie roporous  rubber ,  
and sand. It tu rned  out that the mos t  r e l i ab l e  and 
s teady r e s u l t s  were  obtained us ing  dry sand, which 
was chosen as the basic  m a t e r i a l  for f i l l ing the hous-  
ing around the pipe. 

The th ickness  of the sand l ayer  should s imula te  
the boundary  condi t ions  cha rac t e r i s t i c  of the p lace-  
men t  of a channel  in an infini te  m a s s .  The th ickness  
of sand r equ i r ed  is found mos t  s imply  by exper imenta l  
means .  We a s sumed  that it  was p e r m i s s i b l e  to c a r r y  
out an expe r imen t  of the f i r s t  kind af ter  pa s s ing  a i r  
at cons tant  t e m p e r a t u r e  through the pipe unti l  the t e m -  
pe ra tu r e  through the pipe unt i l  the t e m p e r a t u r e  at 
the sur face  of the sand around the in i t ia l  sect ion r e -  
mained  a lmos t  constant .  It tu rned  out that for the 
p e r f o r m a n c e  of a lengthy expe r imen t  (6-8  hours)  a 
f i l l ing th ickness  of about two pipe d i a m e t e r s  was suf-  
f ic ient .  F o r  i nc r e a se d  confidence we have taken a 
th ickness  6 = 2.5d 0 . To e l imina te  the effects of con-  
di t ions at the ve r t i c a l  boundary of the l ayer  of ma t e -  
r i a l ,  the in i t ia l  and final sec t ions  were  located at the 
same  d is tance  2.5d0 f rom the end wa l l  of the housing. 
It can be shown that the f i l l ing th ickness  taken is com-  
plete ly  sa t i s fac to ry  for c a r r y i n g  out the second s e r i e s  
of e xpe r i me n t s  involving per iodic  changes in the a i r  
t empe ra tu r e .  To do this we use the well  known equa-  
tion for de t e rmin ing  the damping of t e mpe r a tu r e  os -  
c i l la t ions  in an inf ini te  m a s s  [4], allowing for the 
c h a r a c t e r i s t i c s  of heat  inflow from a cy l indr i ca l  
cavity,  

Then for To = 1 hour,  n = 101~ for To = 12 hours ,  n > 
> 103. 

Thus the condit ions were  fulf i l led which made it  
poss ib le  to calcula te  that the equipment  s imula ted  a 
channel  or pipe located in an inf ini te  ma s s .  

In conformi ty  with the theory of t he r ma l  conduct iv-  
ity [5, 6], the s i m i l a r i t y  of the p r o c e s s e s  for the f i r s t  
set  of expe r imen t s  (a i r  t e mpe r a t u r e  in the in i t ia l  sec -  
t ion cons tant  with t ime) is guaranteed by ma in t a in ing  
constant  va lues  for the two c r i t e r i a :  Fo (Four i e r )  and 
Bi (Biot), and for the second set  (the a i r  t e m p e r a t u r e  
in the ini t ia l  sect ion changes per iodica l ly)  by the con-  
stancy of the c r i t e r i a :  Pd (Predvoditelev)  and Bi. Here  
Fo = aT/r~; Bi = r0o'/X, Pd = c0r2/a. 
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F i g .  3.  R e s u l t s  of  a n a l y s e s  of the  e x p e r i m e n t s  to  d e t e r -  

m i n e  t he  f o r m  of  t h e  e q u a t i o n  f o r  r ( n o r m a l i z e d  to x /d0  = 

= 50;  B ~- ~b Bi~176 1) B i  = 1.45,  x /d0  = 50;  2 ) B i  = 

= 1 .45 ,  x / d  0 = 1 0 0 ;  3) B i  = 1 .45 ,  x / d  0 = 3 5 ;  4) B i  = 0 . 7 5 ,  

x /d0  = 50;  5) B i  = 0 .75 ,  x /d0  = 35;  6) B i  = 1.2,  x /d0  = 50;  

7) B i  = 1.2,  x /d0  = 100; 8) B i  = 1.5,  x /d0  = 50;  9) B i  = 

= 1 .39,  x /d0  = 100.  
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F i g .  4.  R e s u l t s  of  a n a l y s e s  of t h e  e x p e r i m e n t s  to  d e t e r -  

m i n e  t h e  f o r m  of  t he  e q u a t i o n  f o r  r ( n o r m a l i z e d  to  x /d0  = 

= 5 0 ;  r = ~'/fl~176 1) fl = 3 . 3 1 ,  x / d  o = 1 0 0 ;  2) fl = 

= 2 .9 ,  x / d o  =50;  3) fl = 0 .875 ,  x /do  = 50;  4) fl = 0 .62 ,  x / d o  = 

100;  5) fl = 1 .24,  x /do  = 100; 6) fl = 1 .66,  x / d o  = 50; 7 ) f l  = 

= 1 .24,  x / d o  = 35;  8) fl = 3 .31 ,  x /do  = 35.  
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The e x p e r i m e n t s  w e r e  c a r r i e d  out Using e i t he r  a 
s t ee l  pipe of 0.08 m d i a m e t e r  and wal l  th ickness  3.00 
ram, or  pipe made f rom thin shee t  s t ee l  with a d i am-  
e t e r  of 0.03 m and wall  th ickness  0.5 ram. In o r d e r  
to e l imina te  the ef fec ts  of the t he rma l  conduct ivi ty  of 
the s tee l  (along the axis) in the 0.08 m d i a m e t e r  pipe,  
it was f i r s t  cut into sec t ions ,  between which were  in-  
s e r t e d  t h e r m a l  i n su l a to r s  in the f o r m  of r i n g  gaskets .  

The fol lowing t e m p e r a t u r e s  w e r e  m e a s u r e d  dur ing 
the expe r imen t s :  

The t e m p e r a t u r e  of the a i r  en te r ing  the e l e c t r i c a l  
a i r  hea te r ;  

The t e m p e r a t u r e  of the a i r  at two points  af ter  hea t -  

ing: in the middle  of the f i r s t  pipe sec t ion  (during the 
exper iment ) ,  and in the branch  pipe for vent ing the 
a i r  into the a tmosphe re  dur ing w a r m - u p  of the a i r  

hea t e r  (during the e s t ab l i shmen t  of s t a t ionary  condi-  
t ions  for  the p roces s ) ;  

The t e m p e r a t u r e  of the air  at s e v e r a l  points along 
the pipe (in d i f fe ren t  e x p e r i m e n t s  the number  of points  
va r i ed ,  but was usual ly 4 o r  5); 

The t e m p e r a t u r e  of the sand in the th ree  sec t ions  
at va r ious  d i s t ances  f r o m  the pipe; 

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

The main  t e m p e r a t u r e  m e a s u r e m e n t s  w e r e  made 
using s emiconduc to r  t h e r m i s t o r s  connected v ia  switch 
11 to the unbalanced br idge 13 (Fig. 1); these  m e a s u r e -  
ments  w e r e  accu ra t e  to 0.1 ~ . The t ime lag of the t h e r m -  
i s t o r s  did not exceed  50 sec .  In view of the t e m p e r a -  

ture  osc i l l a t ion  pe r iods  used in the expe r imen t s  (not 
l e s s  than 0.5 hour),  this t ime lag is cons ide red  en t i r e ly  
sa t i s f ac to ry .  

The a i r  t e m p e r a t u r e s  in the l abora to ry  and branch 

pipe w e r e  m e a s u r e d  with m e r c u r y  t h e r m o m e t e r s  with 
sca les  graduated  in 0.1 ~ units. The ra te  of a i r  m o v e -  

m e n t  was regu la ted  using the va lves  (6) and m e a s u r e d  
by means  of a p n e u m o m e t r i c  tube connected to m i c r o -  
m a n o m e t e r  10. 

In the f i r s t  s e r i e s ,  e x p e r i m e n t s  were  made to d i s -  
t inguish the ra te  of a i r  m o v e m e n t  in the pipe w, the 

pipe d i a m e t e r  do, and the a i r  t e m p e r a t u r e  at the en-  
t r ance  to the pipe to, keeping the l a t t e r  constant  during 
each expe r imen t .  

The second s e r i e s  of e x p e r i m e n t s  involved changing 
the t e m p e r a t u r e  of the a i r  en t e r ing  the channel a cco rd -  

ing to a pe r iod ic  t ime-dependen t  function, i . e . ,  to = 
= At0 sin co'r. By switching in the cont ro l  device  in 
the feed supply for  the a i r  hea t e r ,  d i f fe ren t  anapli tudes 
and osc i l l a t ion  f r equenc ies  of the t e m p e r a t u r e  were  

obtained in the va r ious  experinaents .  These  are  i l l u s -  
t r a ted  in Fig.  2. 

In t r e a t i ng  the data obtained in the e x p e r i m e n t s  we 
have a s sumed  that the t e m p e r a t u r e  change in the mov-  

ing a i r ,  for  the case  where  the input a i r  t e m p e r a t u r e  
to = eonst  ( f i r s t  s e r i e s  of experinaents) ,  can be de-  
sc r ibed  by the equation 

t(x, "c) ~'fi e _exp(  h # x / .  (8) 
to - -  'fie \ ! w  

Equation (8) can be wr i t ten  in the fo rm 

t(x, ~)--tSe exp( k ' S )  - - - -  x �9 (9) 
to --'fie 'y wc F 

Thus the object  of the f i r s t  p a r t  of the inves t iga t ion  
was to find a d i m e n s i o n l e s s  exp re s s ion  for the t h e r m a l  
diffusion coef f ic ien t  under  condit ions where  a i r  en te r s  
the f i r s t  sec t ion  of the channel at constant  t e m p e r a t u r e .  
This  coef f ic ien t  is a function of the t he rmophys i ea l  
p r o p e r t i e s  of the sur rounding  m a s s  and of the moving  
med ium,  of t ime ,  and of the heat t r a n s f e r  condit ions 
at the boundar ies  of the sys tem.  In like p r o c e s s e s  
(Bi = idem,  Fo = idem) the diffusion coef f ic ien t  has the 
s a m e  value.  T h e r e f o r e ,  in t r ea t ing  the experinaents  
in the f i r s t  pa r t  of the inves t iga t ion  it was n e c e s s a r y  
to find a functional  dependence of the fo rm 

~ = f ( B i ,  Fo, X/do). (10) 

F r o m  the e x p e r i m e n t s  c o m p r i s i n g  the f i r s t  pa r t  
of the inves t iga t ion  we obtained the graph sho~aa in 

Fig.  3, f rom which the fol lowing exp re s s ion  is ob- 
tained: 

~ 4.1 Fo -~ 2a Bi-O.S(x/do)-O.4. (11) 

F o r  convenience ,  two approx imate  working  f o r m u l a s  
a re  proposed:  

for  0 ~ x/do ~< 50 

for  50 ~ x/d o -~ 1 O0 

-- 0.95Fo-~ -~ (12) 

~9 =0.7Fo-~ -~ (131 

There  is one quest ion which has yet  to be cons id -  

e red .  When Fo is smal l ,  the coeff ic ient  ~' is v e r y  c lose  
to unity. As follows f rom our expe r im en t s ,  conf i rmed  
in subsequent  f ield inves t iga t ions ,  for  Fo less  than 
some  l imi t ing  value  (Fo ~ Fol im)  coeff ic ient  ~' can be 
taken as unity. In conformi ty  with Eqs. (12) and (13) 
these  l imi t ing  va lues  must  sat isfy the fol lowing equa-  
tions: 

for O~ x/do ~< 50 

fo r  50 -<2.. x/do ~< 100 

F o25~os ol~ m t~l = 0.95, (14) 

F o 2s~.o s Oi~m t~l " =0 .7 .  (15) 

It is of i n t e r e s t  to com pa re  the r e su l t s  of ca lcu la -  �9 
tions using Eqs. (11)-(13) with the analyt ical  solution 

(2) obtained by K. Van t teerdcn.  This  solution was 
obtained for e x t r e m e l y  long underground channels  in 

use for quite a long t ime.  T h e r e f o r e  the assumpt ion 
that the re  is no heat  flow along the axis of the channel 
(d~ /dx  = 0) is not a ( 'rude one. In o ther  e a se s  this 
assumpt ion  may d i s to r t  the rea l  p ic ture .  In the table  

a compar i son  is made of the r e su l t s  of ca lcu la t ing  
the t e m p e r a t u r e s  for  va r ious  lengths of t ime  ,after the 
s t a r t  of opera t ion  of an underground channel having 

a d i a m e t e r  of 1.0 m, if the t e m p e r a t u r e  of the env i -  
ronment  ~e - 10" C and the air  t e m p e r a t u r e  in the 
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in i t ia l  sect ion is  to = 30 ~ C. The a i r  flow ra te  is 8000 
ma/hr ,  and the the rmophys ica l  cons tan ts  of the envi -  
r onmen t  (grani te)  are:  X = 3.48 W / m "  deg; T = 2800 
kg/m3; c = 0.93 k J / k g -  deg; a = 4.85 �9 10 -3 m2/hr .  Under  
these condit ions Bi = 1.0; Fo = 0.0194~'. 

The r e s u l t s  in the table  on p. 236 show that for shor t  
underground channels  ca lcu la t ions  based  on Eq. (2) 
are  not suff ic ient ly  accura te  and the expe r imen ta l  equa-  
t ions (11)-(13) should be r ecommended ,  these al lowing 
changes in Bi and Fo over  ex t r eme ly  wide l imi t s  and 
r e s t r i c t e d  only by the condit ions (14) and (15). 

For  the second s e r i e s  of expe r imen t s  (t o = At 0 s in  coT) 
we thought it  advisable  to keep the working fo rmula  in a 
un ive r s a l  form,  in accordance  with which the ampl i tude  
of the a i r  t e m p e r a t u r e  osc i l l a t ion  at a d i s tance  x f rom 
the in i t ia l  sect ion is found f rom the express ion  

At-~ = exp y ~ , c F  x �9 (16) 

The quanti ty ~' is a d imens ion l e s s  constant ,  taking 
into account the diffusion of heat into the i n t e r i o r  of the 
env i ronment ,  and is a function of the two genera l ized  
wt r iab les  Bi and Pd. S imi la r i ty  of p r o c e s s e s  is as -  
sured  when Bi = idem and Pd - idem. There fore ,  in 
working out the exper imen t s  in the second s e r i e s  we 
t r ied  to find a functional  equation in the form 

~' = / (Bi ,  Pd, x/do) .  (17) 

It turned out to be more  sa t i s fac tory  to take 4-P-d : fl = 
= ~/'~7~0 ins tead of Pd = wr~/a. 

F r o m  the second s e r i e s  of exper imen t s  the graph 
shouaa in Fig. 4 was obtained, on the bas i s  of which 
the requ i red  equation can be wri t ten  in the form 

~' = 1.43 Bi -~ ~o.25 (x/do)-o. 15. ( 18 ) 

For  re la t ive  d i s tances  in the l imi t s  O -< x/d0 -< 100 
the s imp le r  equation 

~, = 0 .8  Bi-o.za ~0.25 ( 19 ) 

is proposed.  
As in the case of a liquid at constant  t e m p e r a t u r e  

en te r ing  the chmmel, there  a r c  prac t ica l  l imi ts  to the 
values  of the c r i t e r i o n  fl IffYd-which, when exceeded, 
means  that coefficient c' can be taken as unity. Accord- 
i n g t o  Eq. (19) this l imi t ing  value can be found from 
the equali ty 

3 ~ 1.25 Bi ~ {20) 
| h T l  = 

The physical  meaning  of this re la t ionship  is obvious: 
s ince fl: ~ ,  then for osc i l la t ions  of a f requency 
equal to or g rea t e r  th:m those obtained from Eq. (20) 
there  will be such a large d iss ipa t ion  of heat into the 
ear th  that all  the heat supplied to the sur face  of the 
channel ,  and de te rmined  by coefficient  (,, will be ab-  
sorbed.  

Compar i son  of the r e su l t s  of ca lcula t ions  using 
the proposed formulas  (18) and (19) and the analy t ica l  
equation (4}, showed a very good agreement ,  aust  as 

in the p rev ious  case,  as a consequence  of the a s s u m p -  
tion d d / d x  = 0, the amounts  by which the t e m p e r a t u r e  
osc i l l a t ions  were  damped were  dec reased  when ca l -  
culated analy t ica l ly .  The re fo re  in this  case also it  
can be r e c o m m e n d e d  that e ng i ne e r i ng  ca lcu la t ions  
involving n o n i s o t h e r m a l  flow of a n o n c o m p r e s s i b l e  
l iquid in underground  channels  and p ipe l ines  be based 
on the quite s imple  expe r imen ta l  equat ions which we 
have obtained.  

NOTATION 

x* = c~S/Qsp; S) perimeter or internal surface, per 

unit length of channel; Qsp) specific amount of heat 

carried by the liquid through the channel cross section 

per unit time; r* = a~rt/'r2o) modified.Fourier criterion 

(T ~ = T - x/w); T) time; 10, Ii, Y0, YI) Bessel functions 
of the first and second kinds of a real argument of 

the zero and first orders; # = ~"r; s) an operator 

defined by its modulus s = ]s lexp (iq)); ~) angle read 

off counterclockwise from the real semiaxis; Bi = 

= ~r0/k)  Blo t ' s  c r i t e r i on ;  fi = ~ ;  oz) heat t r a n s f e r  
coeff ic ient  f rom the moving  a i r  to the i n t e rna l  sur face  
of the channel;  X) t h e r m a l  conductivi ty coeff icient  of 
the ear th ;  d(r ,  7)) ea r th  t e m p e r a t u r e  (0d/0x = 0); a) 
t h e r m a l  diffusivi ty coeff ic ient  of the ear th ;  t(x, r)) t e m -  
p e r a t u r e  of the l iquid moving  in the channel;  h = c~Sw/ 
/cG;  G) amount  of l iquid t r anspo r t ed  pe r  unit  t ime;  
w) ra te  of movemen t  of l iquid in the channel;  n) mu l -  
t ip l ie i ty  of the dec rease  in ampli tude of the t e m p e r a -  
ture  osc i l l a t ion  at d is tance  6 f rom the sur face  of the 
pipe; w = 27r/T0) angular  f requency of the t e m p e r a t u r e  
osc i l la t ion;  r0 is  the in t e rna l  radius  of the channel  
(or equivalent  radius) ;  r r t h e r ma l  propagat ion co-  
eff ic ients ,  funct ions of the boundary condit ions and 
the the rmophys ica l  and t ime c h a r a c t e r i s t i c s  of the 
p r o c e s s e s ;  c ,7)  specif ic  heat and densi ty  of the l iquids;  
d e )  in i t ia l  t e m p e r a t u r e  of the env i ronmen t  (kept in-  
va r i ab le  at a suff ic ient  dis tance) ;  F) c r o s s - s e c t i o n a l  
a rea  of tile channel ;  k' = a,q,) nons ta t ionary  heat ex- 
change coeff icient  between the moving liquid and the 
env i ronmen t ,  with to = const;  k" = a,r the same,  but 
with per iodic  changes in the t e m p e r a t u r e  of the liquid. 
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