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It  is shown that  change in the h e a t - t r a n s f e r  coeff icient  ove r  a wide range does not a l t e r  the 
heating or  cooling ra te ,  which is de te rmined  by the heat  t r a n s f e r  along the flow. 

If a body is cooled or  heated in a medium whose t e m p e r a t u r e  v a r i e s  along the length of the body, one 
gets  the following s y s t em  of equations: 

Ot + W Ot - ~  (T - -  t) O, 
0-7 - g ;  = pgC gU (1) 

OT O~T O2T 
a - -  a + (T - -  t) = O, 

aT ax ~ 092 - OmCm 6 (2) 

One can neglect  the second and thi rd  t e r m s  in (2) in many ca se s ,  namely  for  hollow cyl indrical  bodies 
whose size l along the flow is substant ia l ly  l a r g e r  than the t r a n s v e r s e  l inea r  dimension such as the th ick-  
ness  of the jacket  or  tube 6, provided that  this is made of ma t e r i a l  of high the rma l  conductivity (Bi - a 6  

/}, << 1); but even with this substantial  s implif icat ion,  it is st i l l  v e r y  difficult to solve (1) and (2). 

The compl ica ted  f o r m  to  the solution [1, 3] does not enable one to de te rmine  with ce r ta in ty  what a re  
the possible  ways of acce le ra t ing  the cooling or  heating, nor  to identify the basic  c r i t e r i a  for  p rocess ing  
m e a s u r e m e n t s .  Moreover ,  the f o r m  of the sy s t em and the solution would s eem to indicate that  the hea t -  
t r a n s f e r  coeff icient  is the m o s t  important  fac tor  as  r ega rd s  the cooling ra te  for  the ent i re  range of p a r a -  
me t e r s .  It  is  sufficient to note here ,  for  example ,  the genera l ly  accepted fo rm for  the d imens ionless  
v a r i a b l e s  in this type of problem:  

(Z X (~ ( X ) 
s - - =  �9 b - - - -  T - -  . 

9g~D W " PmCm B -W- 

Resu l t s  published on this would s eem to indicate that  the proposed  solutions a re  the sole ones pos -  
sible on the bas i s  of the conditions; however ,  a substant ia l ly  s implif ied solution is poss ible  for  a la rge  
p rac t i ca l  region of var ia t ion  in the independent p a r a m e t e r s ,  and this fac i l i ta tes  the analysis .  

I t  has p rev ious ly  been shown [4, 6] that the range of p rac t ica l  in te res t  in the p a r a m e t e r s  for  channels  
o r  tubes for  ca r ry ing  low-boil ing liquids up to t e m p e r a t u r e s  of 80-90~K is that in which the cooling ra te  is 
de te rmined  by the re la t ion between the specif ic heats  of the flow and the object  to be cooled, while ma jo r  
changes in the h e a t - t r a n s f e r  coeff icient  do not have any substant ial  influence in the cooling ra te .  

This  region is cha r ac t e r i z ed  by the rat io  

.~dccz ----_ St F > 20. (3) 
GgCg f 

In this region, the h e a t - t r a n s f e r  ra te  is de te rmined  by the total  t he rma l  eapaei ty  of the channel and 
the scope for  ca r ry ing  away heat  in the flow. 

The wall t e m p e r a t u r e  change is defined by 

T--Tin exp [ - - A  Ggcgt + B ] . (4) 
T O - -  T in nd6PmCm z 
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The bas i s  fo r  this f o r m  for  the r e su l t  is der ived f r o m  var iou s p ieces  of indirect  evidence, and so one 
cannot obtain a decision on how fa r  the solution appl ies  for  o ther  p r o c e s s e s .  

To extend these r e su l t s  to o ther  p r o c e s s e s ,  we desc r ibe  b r ie f ly  the sequence in which the e x p e r i m e n ~  
were  pe r fo rmed .  

A warm pipeline (T o z 300~s was supplied with hel ium gas  cooled to 80-90~ or  e lse  with liquid 
nitrogen; the inlet t e m p e r a t u r e  was kept  constant  throughout the exper iment ,  while the t e m p e r a t u r e s  at  
va r ious  points along the length were  moni tored .  The heat  t r a n s f e r  was convect ive in the p re sence  of force~ 
motion, and in the case  of liquid ni t rogen cooling the h e a t - t r a n s f e r  coefficient  was influenced by the f i lm 
boiling. 

We examined not only pipe cooling but also r e su l t s  on other  p r o c e s s e s  that substant ia l ly  extended the 
range of h e a t - t r a n s f e r  mechan i sms .  

In recen t  y e a r s ,  much use has  been made of t r a n s f e r  of c ryogenic  liquids f r o m  s torage  v e s s e l s  to 
other  v e s s e l s  at shor t  d is tances ,  the t r a n s f e r  being provided by a p r e s s u r e  difference exer ted  on a vapor  
cushion in the vesse l ,  which is provided by supplying a gas  under  p r e s s u r e .  This  gas  may  i tself  be the 
vapor  of the liquid or  e l se  an iner t  gas  supplied at the environmenta l  t empe ra tu r e .  In the l a t t e r  case ,  the 
gas  r ep l aces  the displaced liquid, and complex  heat  and m a s s  t r a n s f e r  p r o c e s s e s  a re  involved, in which 
the gas  is cooled and the ves se l  wall is heated. 

The t e m p e r a t u r e  var ia t ions  in gas  and wall can be descr ibed  by a sy s t em of the type of (1) and (2); 
natural  convect ion is the t r a n s f e r  mechan i sm if the expulsion is slow. The r e su l t s  f r o m  numerous  e x p e r i -  
ments  [5] show that  the h e a t - t r a n s f e r  ra te  f r o m  gas  to wall is exp re s sed  by an equation of the type of (4); 
in that  c a se  also,  va r ia t ion  in the h e a t - t r a n s f e r  coeff icient  (~ f r o m  5 to 30 W/m 2. deg has no effect  on the 
wall heating ra te  or  gas  cooling ra te .  Although numerous  m e a s u r e m e n t s  were  made,  the conditions for  
the p r o c e s s e s  in all c a s e s  co r r e sponded  to (3). 

The same  type of resu l t  was obtained on cooling local ized m a s s e s ,  as in the operat ion of cooling s y s -  
t e m s  based  on throt t l ing of c o m p r e s s e d  gases  [7]. In such a sys tem,  some of the p r e c . . l e d  gas  is fed 
d i rec t ly  to the spec imen to be cooled and by pas se s  the heat  exchanger .  The cold gas  is pa s sed  through a 
throt t le  to the specimen,  which may  take the f o r m  of a thin disk in an insulated vesse l .  The h e a t - t r a n s f e r  
coeff icient  is then de te rmined  by the flow conditions, and it was 700-4000 W/m 2- deg. 

Before  we cons ider  the r e a s ons  for  the s imi l a r i ty  between the va r ious  p r o c e s s e s ,  we mus t  cons ider  
a ve ry  s imple  calculat ion.  

If we a s su m e  that  the cooled object  is a lumped m a s s  of high t he rma l  conductivity, and also that  the 
gas  t e m p e r a t u r e  equals  the mean t e m p e r a t u r e  of the gas  between input and output, then we get the following 
f o r m  for  the internal  p rob lem neglect ing the heat  influx f r o m  the surroundings  [6]: 

T - - T i n  
T O '-- T in -- exp (--  P'r), (5) 

where 

Mmcm- }- aF Mm}'m- Mmcm 1 2 G ~ g  
2Ggcg aF (6) 

It is simple to show that the second factor in (6) can be neglected for ~F/Ggcg > 20. 

Now we consider the solution of (1) and (2). This we consider for pipeline cooling, and we note that 
the 0t/O~term in (!) can be neglected because it is small when the time to cool the tube at a given point is 
much greater than the time taken to fill the tube up to that point. This corresponds to the majority of cases 
of practical importance, and it can be demonstrated rigorously by reducing (1) to dimensionless form and 
estimating the dimensionless coefficients to the terms containing the variables. 

We can therefore suppose that the cooling is described satisfactorily by the system 
at 4~z 

~ '  (7 --- 0 = O, 
Ox p,~gD (1') 

OT c~ 
- -  -~- - ( T  - -  t )  = O .  

O'r 9nfra6 (2') 
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To es t ima te  the o rde r  of the f ac to r s  in (1), we cons ider  an equation descr ib ing the instantaneous wall 
and flow t e m p e r a t u r e s  at va r ious  instants;  this  can be der ived by a s imple  t r ans fo rmat ion  f r o m  (1): 

dt (T) 4~z dx 
r (~) - -  t (~) Wpgcg D (I") 

I t  is not poss ible  to in tegrate  (1") exact ly,  but some impor tant  conclusions can be drawn. The inte-  
g ra l  of the left  side is the ra t io  of the t e m p e r a t u r e  change along the channel f r o m  input to output to the l a t e r -  
al t e m p e r a t u r e  difference;  the in tegral  of the r ight  side is s imply  four  t imes  the product  of St by the ra t io  
of the channel length to d iamete r .  If we specify that  4 S t / / d  >> 1 within the re levant  region, we can a s sume  
that  the difference in t e m p e r a t u r e  between wal l  and flow is much s m a l l e r  than the t e m p e r a t u r e  drop along 
the channel,  and then we can a s sume  t -  T in determining the s tored  heat  in the pipeline.  This  assumpt ion 
is in comple te  ag reemen t  with exper iment .  F o r  instance,  when a c ryogenic  liquid is displaced f r o m  a v e s -  
sel,  the wall t e m p e r a t u r e  c e a s e s  to change at  all points when no more  liquid is taken, and a t ta ins  a con-  
stant value.  

The exact  value of S t / / d  at which we can a s sume  T -~ t is dependent on the requ i red  accuracy .  

Then (1") and (2") can be put as  

OT 4a 1 
Ox Wpgcg D (T - -  t) = O, 

OT a 
' - - ( T - - t ) = O ,  

0r proem ~ 

r (0 ,  x )=T O , T(~, 0)=Tin, 

or 

(I") 

(2" ) 

OT 
0~ = _  ~r  . (7) 

,~T ..... 4 ~  

Ox 

The solution thus amounts  to integrat ing (7) with r e s p e c t  to r and x :  

= I pgcgD W'~ ] T--Tin --exp - -  -- . (8) 
T O - -  Tin 4PmCr~ x 

Exper imen t s  have shown that  (8) becomes  an equation of (4) type on account of the ef fec ts  of the initial 
p a r t s  of the channel and the r e sponse  t ime  of the surface  over  a finite length. The only complex indepen- 
dent v a r i a b l e s  a re  the ra t ios  of the overa l l  specif ic heats  of the body and flow together  with the homo-  
chronic i ty  number .  

The solution applies  for  numerous  internal  p rob l ems  when the h e a t - t r a n s f e r  ra te  along the flow is 
substant ial ly l e s s  than the h e a t - t r a n s f e r  ra te  t r a n s v e r s e  to the body. 

A cha rac t e r i s t i c  fea ture  of these  p rob l ems  is that there  is no change in the heating or  cooling ra te  
when the h e a t - t r a n s f e r  coeff icient  is var ied.  The cooling ra te  can be inc reased  for  a given size and given 
the rmophys ica l  p a r a m e t e r s  of the body by increas ing  the gas  density (e. g . ,  by increas ing  the p r e s s u r e ) ,  
by increas ing  the specific heat  (using another  coolant), o r  by ra i s ing  the l inear  speed of the coolant.  

t, T 
x, y 

Pg, Pm 
Cg, c m 

D, 6 

6I 

W 
l 
G 

St 

NOTATION 

are the temperature of coolant (heat transfer agent) and body; 
are the coordinates along flow and normal to it; 
are the specific density of heat transfer agent and body; 
are the specific heat of heat transfer agent and body; 
are the linear dimensions of body (e. g., diameter and thickness of relatively thin cylindrical 
bodies); 
is the thermal diffusivity of body; 
i s  the linear flow velocity; 
is the length of the body; 
is the mass flow rate of coolant (heat transfer agent); 
is the Stanton number; 
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F, f 
Ot 

1o 

2. 

3. 

4. 

5. 

6. 

7. 

are the heat t ransfer  surface and cross-sect ional  area of channel; 
is the heat t ransfer  coefficient. 
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