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R e s u l t s  a r e  shown of an e x p e r i m e n t a l  s tudy  c o n c e r n e d  wi th  the  h e a t  t r a n s f e r  d u r i n g  v a r i o u s  
m o d e s  of  a i r  f low t h r o u g h  n a r r o w  c h a n n e l s  (Re = 360-32 ,000) .  T h e  channe l  d i m e n s i o n s  a s  
wel t  a s  the  c o n d i t i o n s  a r e  e s t a b l i s h e d  which  c o r r e s p o n d  to a de f in i t e  e f fec t  of  n a t u r a l  c o n -  
vec t ion  on the  h e a t  t r a n s f e r .  

Hea t  e x c h a n g e r s  f o r  u se  in c e r t a i n  a p p l i c a t i o n s  of  m o d e r n  t e c hno logy  m u s t  s a t i s f y  r a t h e r  s t r i n g e n t  
r e q u i r e m e n t s  d i c t a t e d  by the  need  fo r  a c h i e v i n g  p r e c i s e  t h e r m a l  o p e r a t i n g  c o n d i t i o n s  with o p t i m u m  we igh t s  
and s i z e s  a s  we l l  a s  wi th  a m i n i m u m  w a s t e  of e n e r g y .  

Hea t  e x c h a n g e r s  d e s i g n e d  in t h i n - l a y e r  s t a g e s  a r e  m o s t  s u i t a b l e  f o r  such  a p p l i c a t i o n s .  

T h e r e  a r e  not  su f f i c i en t  da t a  a v a i l a b l e  on the  h e a t  t r a n s f e r  d u r i n g  a f o r c e d  a i r  f low th rough  n a r r o w  
c h a n n e l s  [1-3],  on the  b a s i s  of  which  c o n t a c t - t y p e  hea t  e x c h a n g e r s  o p e r a t i n g  o u t s i d e  the  g r a v i t a t i o n  f ie ld  
could  be d e s i g n e d .  

By v a r y i n g  the  a i r  p r e s s u r e  in c h a n n e l s  of v a r i o u s  d i m e n s i o n s ,  the  a u t h o r s  w e r e  ab l e  to e l i m i n a t e  
a l m o s t  a l l  n a t u r a l  convec t ion  and to  s tudy  the h e a t  t r a n s f e r  d u r i n g  an e x c l u s i v e l y  f o r c e d  flow of a i r  t h rough  
the  c h a n n e l s .  At  tha t  t i m e ,  the  channe l  d i m e n s i o n s  and the  c r i t i c a l  G r a s h o f  n u m b e r  w e r e  e s t a b l i s h e d  at  
which  the e f f ec t  of n a t u r a l  convec t ion  m u s t  be c o n s i d e r e d  in the  h e a t  t r a n s f e r  c a l c u l a t i o n s .  

The  t e s t s  w e r e  p e r f o r m e d  in a n a r r o w  channel  m a d e  up of p a r a l l e l  c o p p e r  p l a t e s  h = 1.5, 3, 5, o r  8 
m m  a p a r t  wi th  p r o v i s i o n s  fo r  c o o l i n g .  The  width  of the  p l a t e s  was  the  s a m e  in a l l  c h a n n e l s :  b = 100 m m .  

A s  h a s  been  noted  in [1], a v a r i a t i o n  in the  width  of a channe l  with a l a r g e  b / h  r a t i o  h a s  no a p p r e c i a b l e  
e f fec t  on the  m a g n i t u d e  of the  hea t  t r a n s f e r  c o e f f i c i e n t .  The l a t e r a l  T e x t o l i t e  w a l l s  in o u r  c h a n n e l s  w e r e  
a l m o s t  i n a c t i v e  in the  hea t  t r a n s f e r ,  s i n c e  the  hea t  l e a k a g e  t h rough  t h e m  did not  exceed  1% of the  to ta l  
t h e r m a l  f lux .  T h e r e  was  no duct  s t a g e  i n s e r t e d  b e f o r e  the  e n t r a n c e  to a t e s t  channe l  fo r  h y d r o d y n a m i c  
s t a b i l i z a t i o n ,  r a t h e r  the  f ron t  edge  of the  p l a t e s  w e r e  s h a r p  so a s  to  a p p r o x i m a t e l y  s i m u l a t e  the  e n t r a n c e  
c ond i t i ons  in a c t u a l  h e a t  e x c h a n g e r s .  B e f o r e  the  e n t r a n c e  to a t e s t  channe l  and behind  i t  w e r e  i n s t a l l e d  
m i x e r s ,  in o r d e r  to  e n s u r e  an a d e q u a t e  s t i r r i n g  of the a i r  ahead  of  the  t e m p e r a t u r e  m e a s u r e m e n t .  The  

TABLE i. Values of the Correction Factor in Formulas (i) and (4) 
for Calculating the Nusselt Number when i/h < i00 

l/h 

/Q 

Laminar region, Re = 360-1,800 Turbulentregion, Re = 5,600-32,000 

20 40 60 80 100 [ 20 40 60 80 t 1O0 

1,86 1,26 1,10 1,03 1,00 J 1,21 1 ,08 1,03 1,01 [ 1,00 
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Fig.  1. Test  data on the heat t r ans fe r  in channels with 
different re la t ive Iengths:  1/h = 20 (1), 40 (2), 80 (3), 
133 (4), 266 (5). 

t empera ture  in the mixer  was measured  at three points on a t r ansve r se  section ac ros s  the air  s t ream:  the 
differences between the thermocouple readings were insignificant.  The air  t empera tu re  was defined as 
the average readings of the three  thermocouples .  

The tempera tu re  at the walls was measured  with copper -cons tan tan  thermocouples  sealed to the 
inside plate sur faces .  The tempera ture  at the walls was maintained almost  constant by means of c i rcu la t -  
ing water  with constant t empera tu re  through the  cooling sys tem at a high velocity.  Essential ly,  all tes ts  
were run with the cooled plates in a horizontal  position and only for exploring the effect of natural  con-  
vection on the heat t r ans fe r  were the plates set up in a ver t ical  posit ion. 

The heat t r ans fe r  coefficient was determined f rom the expression 

F x A t log 

The e r r o r  of this determination did not exceed 7%. 

The basic apparatus and the test  procedure  have been thoroughly described in [4]. 

Our studies were conducted over  the following range of pa r ame te r s :  a i r  t empera tu re  at the heat 
exchanger entrance tl = 30-100~ air  p r e s su re  p = 1,330-100,000 N /m 2, wall t empera tu re  t w = 8-12~ 
Reynolds number Re = 360-32,000, and Grashof number  Gr = 025-2 ,300 .  The variat ion of the mean heat 
t r ans fe r  coefficient along a channel was determined by using heat exchangers  with different relat ive 
channel lengths:  1/h = 20, 40, 80 ,133,  and 266. 

The tes t  data for  channels with different relat ive lengths are  shown in Fig.  1. 

In the evaluation of test  data, the physical  quantities entering into the s imilar i ty  rat ios  were de-  
termined f rom the mean tempera tu re  in the test  segment of a channel.  The distance between plates was 
taken as the charac te r i s t ic  dimension. With it, the corre la t ion between the heat t r ans fe r  equation for  a 
c i rcu la r  and for  a rectangular  channel section was most  sa t i s fac tory .  With the equivalent d iameter  d e 
= 4F/U as the usual charac te r i s t i c  dimension, the variance between heat t r ans fe r  data for pipes and for  
rec tangular  channels was more  appreciable.  

For  this reason,  as had been already noted in [5], it was ra the r  difficult to general ize the test  data 
on the heat t r ans fe r  in channels of various shapes by universal  c r i t e r ia l  re la t ions .  

As can be seen in Fig.  1, for  values of the Reynolds number  in the 300-1800 the test  data for  var ious  
channel lengths, plotted in logar i thmic coordinates,  follow approximately straight  paral lel  l ines.  The 
tes t  data for  channels 1.5, 3, and 5 mm wide can in this range be general ized by the equation: 

Nu = 0.1 Re ~ Kz, ( 1 )  

where K l denotes a coefficient accounting for  the effect of the entrance stage.  I ts  values are  given in Table 
1. 
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Fig .  2. Relat ion Nu = f(Gr) for  va r ious  
va lues  of the Reynolds  number :  Re 
= 1,550 (1,4), 840 (2,5), 360 (3, 6); h 
=1 .5 ,  3, 5 r a m  (a), h = 8 m m  (b). 

Our t e s t  da ta  indica te  that ,  at r e l a t i v e  channel lengths 1/h >100, the m e a n - o v e r - t h e - l e n g t h  Grashof  
number  r e m a i n s  a lmos t  constant  and depends on the Reynolds  number  only .  We note that ,  as  in the ca se  
of heat  t r a n s f e r  in s m a l l  p ipes  with d = 1.5-6.0 mm studied in [4], the Reynolds  number  was much h igher  
h e r e  than in the c r i t i c a l  r e l a t i ons  for  channels  with l a r g e  c h a r a c t e r i s t i c  d imens ions .  It was qui te  diff icult  
to detect  a s igni f icant  va r i a t ion  in the exponent of the Reynolds  number  ove r  such a n a r r o w  range of the 
c h a r a c t e r i s t i c  d imension  in our  t e s t s .  We will  only indicate  the ex i s t ence  of such a va r i a t ion ,  t h e r e f o r e ,  
by compar ing  our  t e s t  data  with those  of o ther  au thors  [1, 2]. The t e s t s  p e r f o r m e d  on channels  with the 
p l a t e s  1.5, 3, and 5 m m  apar t  have shown that na tu ra l  convection has  no effect  at  all  on the heat  t r a n s f e r  
dur ing a forced  a i r  flow at a Grashof  number  f rom 0.25 to 1000. The va r ia t ion  of the Grashof  number  over  
th is  range was effected he re  by reduc ing  the a i r  p r e s s u r e  in the channel f rom 100,000 to 1,000 N/m 2. The 
d i s tance  between p la t e s  was used a s  the c h a r a c t e r i s t i c  d imension  in defining the Grashof  n u m b e r .  A 
change in the heat  exchanger  pos i t ion  r e l a t i v e  to g rav i ta t iona l  f o r ce s  had a lso  no effect  on the r a t e  of heat  
t r a n s f e r .  

The t e s t  data  obtained with the Grashof  number  va ry ing  f rom 1000 to 0.25 in channels  1.5, 3, and 5 
m m  wide a r e  shown in F ig .  2 for  s e v e r a l  va lues  of the Reynolds  n u m b e r .  

At the same  t ime ,  some i n c r e a s e  in the heat  t r a n s f e r  coeff ic ient  for  the 8 mm channel was noted even 
at a Grashof  n u m b e r  Gr = 1000. An effect  of na tu ra l  convection on the r a t e  of heat  t r a n s f e r  dur ing a forced 
a i r  flow was r evea l ed  only with the p l a t e s  in a hor izonta l  pos i t i on .  With the p l a t e s  turned into a v e r t i c a l  
pos i t ion ,  no such effect  could be o b s e r v e d .  

With a d e c r e a s i n g  Grashof  number ,  accord ing  to F ig .  2, the t e s t  va lues  of the Nusse l t  number  for  
the 8 mm wide channel approached  the va lues  of th i s  number  for  the 1.5, 3, and 5 mm wide channe ls .  

An a n a l y s i s  of the t e s t  data  has  y ie lded  the following re la t ion  for  the 8 ram wide channel:  

GrO,1 
Nu -- ReO.O5 + 0.1 Re ~ Kz. (2) 

It mus t  be noted that  the effect  of na tu ra l  convection becomes  somewhat  weake r  as the Reynolds  
number  i n c r e a s e s .  

At va lues  of the Reynolds  number  Re > 1800 one o b s e r v e s  a rap id  i n c r e a s e  of the hea t  t r a n s f e r  coef -  
f i c ien t .  In the case  of shor t  channels  (I/h < 20), m o r e o v e r ,  the t e s t  data for  the Re = 1800-5600 range  fit 
into an equation c h a r a c t e r i s t i c  of a l a m i n a r  fluid flowo It  may be a s sumed ,  then, that  a l a m i n a r  flow 
with Re > 1800 becomes  uns table  at  some d is tance  f rom the en t rance  sect ion and, as the Reynolds  num-  
b e r  i n c r e a s e s ,  the flow mode changes a l o n g t h e e n t i r e  channel .  In the case  of longer  channels  (I/h > 100), 
even at Re > 1800 the t e s t  da ta  fi t  into an equation c h a r a c t e r i s t i c  of t r ans i t i ona l  f low. Our t e s t  data for  
channels  of va r ious  r e l a t i v e  lengths  a r e  adequate ly  well  gene ra l i zed  by the fol lowing r e l a t ion :  

Nu = 10--  + 4.37.10-3Re ~ (3) 

within the Re -- 1800-5600 range .  

Within the Re > 5600 range  our  t e s t  data for  channels  of va r ious  r e l a t i v e  lengths  a r e  gene ra l i z ed  by 
the re la t ion  

Nu= 0,013 Re~ z. (4) 

The values  of the c o r r e c t i o n  f ac to r  K l for  turbulent  flow a re  given in Table  1. It i s  evident  he r e  that  the 
effect  of the en t rance  s tage on the mean Nusse l t  number  i s  much weaker  in the turbulent  reg ion  than in the 
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l a m i n a r  region,  i . e . ,  that at the ent rance  to the t e s t  segment  a turbulent  a i r  flow s tabi l izes  the rmal ly  and 
hydrodynamica l ly  f a s t e r  than a l a m i n a r  a i r  flow. 

I t  mus t  also be noted that  at Re > 16,000, when the veloci ty of forced a i r  exceeded 70 m / s e c ,  the 
dependence of the Nussel t  n u m b e r  on the Reynolds n u m b e r  was much  s t ronge r  than according  to fo rmula  
(4). This  pecul ia r i ty  can, evidently,  be explained by the v e r y  high degree  of turbulence in the a i r  s t r e a m ,  
which affected the s t ruc tu re  of the boundary l aye r  at such ve loc i t ies  of forced a i r  f low.  

We compared  our  t e s t  data on the heat  t r a n s f e r  in n a r r o w  rec tangu la r  channels with data per ta in ing 
to s m a l l - d i a m e t e r  p ipes  [4]. 

Tes t  data for  p i p e s  with an inside d i a m e t e r  d = 1.5, 3, 4, 6 m m  and with l/d > 100 a r e  shown in Fig.  1 
with a dashed l ine .  As can be seen he re ,  the t e s t  va lues  per ta in ing  to the heat  t r a n s f e r  in r ec t angu la r  
channels  a re  slightly higher  than those for  smal l  p ipes ,  especia l ly  in the l a m i n a r  reg ion .  

The t e s t  data obtained f o r  the hydraul ic  r e s i s t a n c e  in the l a m i n a r  region fit  into the following equa-  
tion: 

~= 40 ( Prw~ '/3. 

Re ~ Pr a / 

Fo r  the flow region where  Re >5000, the t es t  data fit  into the equation: 

= 0.29 Re -~ 

The mean  a i r  t e m p e r a t u r e  in the t e s t  segment  was used as the t e m p e r a t u r e  p a r a m e t e r  with r e sp ec t  
to which the t es t  data were  evaluated in t e r m s  of the hydraul ic  r e s i s t a n c e .  
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N O T A T I O N  

weight ra te  of a i r  flow, p e r  second; 
specif ic heat  of a i r  at constant  p r e s s u r e ;  
a i r  t e m p e r a t u r e  at the ent rance  to and at the exit  f r o m  a t e s t  channel; 
total inside sur face  a r e a  of the cooled p la tes ;  
logar i thmic  mean t e m p e r a t u r e  di f ference between a i r  and channel wall; 
a r ea  of a t r a n s v e r s e  channel section; 
wet p e r i m e t e r  of a channel; 
channel length; 
plate width; 
d rag  coefficient;  
Prandt l  num be r  at wall t e m p e r a t u r e  and at a i r  t e m p e r a t u r e .  
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