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The procedures  and r e su l t s  of an exper imenta l  study of heat  t r an s f e r  in na r row sli t  
channels a r e  descr ibed.  

One of the ways of increas ing  heat  t r an s f e r  to a c ro s s  flow of coolant through pipe c lus te r s  is to de-  
c r e a s e  the dis tance between the pipes. As the heat t r an s f e r  is inc reased ,  the hydraul ic  r e s i s t ance  can be 
decreased  by decreas ing  the coolant veloci ty  and shortening the length of passages  through the interpipe 
space  [1]. Since shortening of these passage  lengths resu l t s  in a dec rea se  in the number  of rows of pipes, 
this u l t imate ly  leads to appara tus  with single rows of pipes. The space  between these horizontal  pipes con-  
s i s t s  of sl i t  channels bounded by their  side su r faces  and end supports  [2]. The h e a t - t r a n s f e r  su r faces  of 
these shapes  have v e r y  smal l  equivalent d i ame te r  (from 0.5 to 1.0 mm) and shor t  lengths (from 10 to 50 
ram) along the d i rec t ion of coolant flow. For  channels of such dimensions high heat  flux f r o m  the t r a n s f e r  
su r face  can be obtained even with l aminar  flow conditions. The best  known theore t ica l  studies of s teady 
s ta te  heat  t r an s f e r  and hydraulic  r e s i s t ance  in such appara tus  a r e  those of Stephan [3] and Schil ler  [4]. 
These  studies however  a s s u m e  smooth channels and uniform veloci ty  at  entry.  In prac t ice  these a s s u m p -  
tions m a y  not be applicable.  Exper imenta l  data [5-7] for  heat t r an s f e r  and hydraulic  r e s i s t ance  lie outside 
the above ranges  of dimensions .  A fur ther  exper imenta l  study was the re fo re  des i rable .  Trans ien t  condi-  
t ions were  chosen as  the mos t  sui table for de termining the heat  t r an s f e r  coefficient.  The m e a s u r e m e n t s  
were  fur ther  s implif ied by maintaining the t e m p e r a t u r e  constant  at  any t ime  for  Bi < 0.1. To achieve this 
the spec imens  were  made of copper  and l imited in length to 20 ram. The main  body 1, of the appara tus  
(Fig. 1) was made of Textoli te  and its internal  su r faces  were  the rmal ly  insulated 2. The spec imens  3, 
mounted inside the body consis ted of two copper  para l le l  pipes between which dis tance pieces were  placed. 
The weight of the spec imens  was about 500 g. C h r o m e l - A l u m e l  thermocouples  4, were  positioned at a 
depth of 10 m m  inside the spec imens  and sealed into them. The spec imens  were  heated by removab le  
hea te r  5. Thei r  shape in the appara tus  body was controlled by the sc rews  7 compres s ing  them agains t  rub-  
ber  pads 6. The position of the thermocouples  (in the d i rec t ion perpendicular  to the plane Fig. 1) was 40 
m m  f rom the end. The working fluid was a i r  passed to the appara tus  through the connection 8, and to the 
sl i t  channels between the exper imenta l  spec imens  thereby cooling them. This a i r  was exhausted to the 
ambient  a tmosphere .  The t e m p e r a t u r e  drop 0 between the spec imens  and the a i r  was measu red  by the 
thermocouple  4 connected dif ferent ia l ly  with the thermocouple  in the ent ry  flow into the appara tus .  A r e -  
cording KP-59 potent iometer  was used for  m e a s u r e m e n t s . *  As previous ly  known iS] de terminat ion  of the 
h e a t - t r a n s f e r  coefficient by the regula t ive  method r equ i re s  an exper imenta l  de te rmina t ion  of the r a t e  of 
change of t e m p e r a t u r e  of the spec imen  for given flow condition over  its h e a t - t r a n s f e r  surface .  The cooling 
ra t e  is given by 

1 dO 
m . . . . .  ( I )  

0 dr 

If the spec imen  t e m p e r a t u r e  does not change while being cooled (the f i r s t  type of regulat ion method) then 
the cooling ra te  can be assoc ia ted  with the ave rage  h e a t - t r a n s f e r  coefficient as follows 

* The a i r  flow was me te red  by a thrott le  controlled f r o m  a sonic let of shor t  longitudinal sect ion (a smal l  
hole in a foil d iaphragm).  

Trans la ted  f r o m  Inzhenerno-Fiz ichesk i i  Zhurnal ,  Vol. 20, No. 4, pp. 706-710, April ,  1971. Original  
a r t i c l e  submitted May 12, 1970. 
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Fig. 1. Expe r imen ta l  setup:  1) body; 2) heat  insulat ion;  
3) expe r imen ta l  s ample ;  4) t he rmocoup ie ;  5) r e m o v a b l e  
hea te r ;  6) packing layer ;  7) p r e s s  s c rew;  8) supplying 
nozzle .  
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Fig. 2. Gene ra l i za t ion  of expe r imen ta l  data 
fo r  s u r f a c e s  Nos, 1-4 (a) and of e x p e r i m e n -  
tal data fo r  s u r f a c e  No. 5 (b). F o r  a: I) s u r -  
f ace s  Nos. 1-3;  II) su r f a c e  No. 4 (h = 0.2 
ram). Fo r  b: 1) ~Re ;  2, 3) Nu. 
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(at Bi < 0.1, ~ = 1). In the p resen t  s tudy this r e la t ionsh ip  
was  not appl icable  because  of app rec i ab le  t e m p e r a t u r e  
change dur ing flow through the channel.  It was t he r e fo re  
n e c e s s a r y  to obtain the r e l a t ionsh ip  between the a v e r a g e  
h e a t - t r a n s f e r  coeff ic ient  and the cool ing r a t e  of the s p e c i -  
men.  Inc reas ing  the t e m p e r a t u r e  of the fluid f lowing 
th rough  the channel  g ives  

C dO 
at . . . . . .  (3) 
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Hence it is poss ib le  to obtain a re la t ionsh ip  between the 
heat  t r a n s f e r  and the cool ing r a t e  

at C dO mC 
e . . . . . . . .  (4) 
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The equat ion is ra ted  for  any heat  e m i s s i o n  along the 
channel  and al lows the r e l a t ionsh ip  between the a v e r a g e  
h e a t - t r a n s f e r  coeff ic ient  and the cool ing r a t e  to be ob-  
tained. In the p re sen t  s tudy the wall  t e m p e r a t u r e  a long 
the channel  was un i fo rm at  any t ime and hence  

~ -- 1 - -  exp ----W--- . (5) 

Subst i tut ion of (4) into (5) and manipu la t ion  gives  

1 
Nu = 0.575 RePr lg - - .  (6) 

1 - - ~  

The heat  t r a n s f e r  in the expe r imen t  can be divided into two par t s ,  the f i r s t  is the heat  f low to the gas  and 
the second is the hea t  to the su r round ings .  The t e m p e r a t u r e s  of both the ambien t  a i r  and the a i r  flow 
th rough  the s p e c i m e n  w e r e  s i m i l a r  and t h e r e f o r e  both heat  f lows had the s a m e  t e m p e r a t u r e  dr iv ing  f o r c e  0 

qo =: moCO, q,~ .... m~CO. 
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Since qg = W6t it follows that 

whence 

moCO = W6t -b m~CO, 

6t moC rnnC C Cm 
0 W W W (m0- -  m. )  = ~ (7) W 

Therefore  the cooling rate  of the specimen by heat t ransfer  m to the a i r  flow is equal to the difference be-  
tween the total cooling rate  m 0 and the heat loss ra te  m n to the surroundings.  The values of both of these 
were found by the usual methods [8]. Slit channels of 0.1 to 0.5 mm width were investigated and their lengths 
varied f rom 20 to 100 ram. The entry to these channels was sharp edged. The possibilities were also 
studied of increas ing the heat t ransfer  by roughening the channel wails both to promote turbulent t ransfer  
and to increase  the hea t - t r ans fe r  surface.  

Five types of surface were tested in the experimental  programs:  type 1 - m i r r o r  finish surface;  
type 2 - surface sanded to a 7 p roughness;  type 3 - surface as in 2 but with a 15 p roughness;  type 4 
- surface with roughening r ibs of 8 p running perpendicular to the flow ac ros s  the whole width of the chan- 
nel; and type 5 - surface with broken rib formed by a three angled cut. The height of these r ibs was 0.5 
mm and their  wavelength was 0.1 ram. 

The resul ts  of the thermal  and hydrodynamic investigations are  given in Fig. 2a and b. Figure 2a 
gives experimental  resul ts  for the channels with surface types 1-4. Line i shows the theoret ical  values [3] 
for Pr  = 0.7. In range of length (1/Re) (//d) = 4 �9 10-3-3 �9 10 -2 the data is approximately corre la ted  by the 
relationship (line 2) 

Nu = 0.615 (_~e .  __~ )-0.~2~. (8) 

When (1/Re)( / /d)  > 3" 10 -2 the heat t ransfer  obeys a constant relationship Nu = 6. An exception to this 
occurred for the channel of 0.2 mm width and type 4 surface. 

Hence the heat t ransfer  in the present  study of channels differs considerably f rom the theoret ical  
analysis.  This can be accounted for  by the effect of the sharp entry shape in forcing the flow back to the 
walls for laminar conditions and in generating turbulence f rom high velocities.  In the range (1/Re)( / /d)  
= 4 .10-3-1  the experimental  data for the hydrodynamic res is tance  of surface types 1-4 approximates 

0.85 (9) 
~-Re = 96 + 1 l 

Re d 

which agrees  with well-known theoret ical  analysis  [4]. Figure 2b gives experimental  data [or the type 5 
ribbed surface.  For  low velocit ies the heat t ransfer  was not as good as that for c i rcu lar  channels (line 
2 [3]). This is due to the formation of stagnant zones in the r eces se s  behind the ribs. The whole of the 
surface begins to contribute substantially to heat t ransfer  for (1/Re)( / /d)  ___ 3 .10  -2. It should be noted 
that the entry and flow conditions have little effect on the hydrodynamic res i s tance  although they do in- 
fluence heat t ransfer .  

Line 1 on Fig. 2b is in agreement  with the theoret ieal  analysis  of the res i s tance  in the entry of c i r -  
eular ehannels. 

N O T A T I O N  

Re is the Reynolds number; 
Pr  is the Prandtl  number; 
Bi is the Blot number; 
Nu is the Nusselt number; 
I is the length of the channel; 
0 is the tempera ture  difference; 
m is the rate of sample cooling due to heat t ransfer  with hea t - t rans fe r  agent; 
mn is the rate of sample cooling due to heat losses;  
m 0 is the total ra te  of sample cooling; 

510 



T 

0~ 

F 
C 
r 
5t 
W 

q0 
qg 

qn 

1. 

2. 
3. 
4. 
5. 
6. 
7. 
8. 

is the time; 
is the heat- t ransfer  coefficient; 
is the heat- t ransfer  surface; 
is the heat capacity of sample; 
is the nonuniformity coefficient of temperature;  
is the increment of heat- t ransfer  agent temperature;  
is the water equivalent of heat- t ransfer  agent; 
is the heat- t ransfer  efficiency; 
is the total heat flux from sample; 
is the heat flux to gas; 
are the heat losses to surroundings. 
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