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Results are described of investigaiions of local and average heat trans- 
fer between a single sphere and an airstream at normal and reduced 
pressures in the Reynolds number range 50 to 97 �9 10 ~. 

The p r e s e n t  i nves t iga t ion  to d e t e r m i n e  loca l  and 
a v e r a g e  coe f f i c i en t s  of hea t  t r a n s f e r  be tween  an i s o -  
l a t ed  s p h e r e  and a s t r e a m  of a i r  was  unde r t ake n  i n 
connec t ion  with a s tudy o f : the  s a m e  quan t i t i e s  for  
s p h e r e s  in c l o s e - p a c k e d  and loose  cubic  a r r a n g e m e n t s ,  
the  a im be ing  to f a c i i i t a t e  c o m p a r i s o n  of the data .  

The loca l  hea t  t r a n s f e r  of an i so l a t ed  s p h e r e  has  
been  the sub j ec t  of a l i m i t e d  n u m b e r  of i nves t i ga t i ons  
whose  main  r e s u l t s  wi l l  be examined  below.  A v e r a g e  
hea t  t r a n s f e r  be tween  a s p h e r e  and a s t r e a m  of a i r  
has  been  dea l t  with by a n u m b e r  of au thors ,  both in 
the  USSR [1-3]  and a b r o a d  [4-9] .  F o r  c o m p a r i s o n  
with our  da ta  we sha l l  make  use of only the  m o s t  r e -  
cen t  p a p e r s  o r  of those  which conta in  a g e n e r a l i z a t i o n  
of e a r l i e r  work .  
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Fig.  1; Schema t i c  cu taway  view of the 
e x p e r i m e n t a l  sphe re :  1) c o p p e r  bushing;  
2) g l a s s  tube; 3) c o p p e r  h e m i s p h e r e ;  4) 
s p h e r e  h e a t e r ;  5) p o r c e l a i n  tubes ;  6) r e -  
t a in ing  s c r e w ;  7) loca t ion  of s p h e r e  t h e r -  
moeouple ;  8) g roove  for  plug h e a t e r ;  9) 
plug t h e r m o c o u p l e ;  10) g l a s s  cloth;  11) 
c o p p e r  plug; 12) connec to r ;  13) tef lon 

i n s e r t .  

Our method  of m e a s u r i n g  the loca l  hea t  t r a n s f e r  of 
a s p h e r e  does  not d i f f e r  in p r i n c i p l e  f rom that  f i r s t  
p r o p o s e d ,  as  f a r  as  we know, by Smidt  and W e h n e r  
in 1936 l l0f .  In th is  method  a s m a l l  s ec t i on  o r  plug 
is i s o l a t e d  on the s u r f a c e  of a hea ted  s p h e r e ,  i n su l a t ed  

f r o m  the r e m a i n d e r ,  and equipped with an independent  
h e a t e r  and t he rmoe oup l e .  In the a bse nc e  of hea t  ex -  
change  be tween the plug and the sphe re ,  the hea t  t r a n s -  
f e r  on the plug s u r f a c e  may  be computed  f rom the 
p o w e r  g e n e r a t e d  by  the plug he a t e r .  
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Fig .  2. Dependence  of loca l  hea t  t r a n s f e r  over  the 
s p h e r e  p e r i m e t e r  on i ts  angle  of r o t a t i o n  ~0 (degrees )  
at  Re v a l u e s :  1) 97 100; 2) 81 900; 3) 63 200; 4) 
37 3O0; 5) 28 000; 6) 11 500; 7) 6100; 8) 1500; 9) 50. 

The construction and instrumentation of the copper 

sphere, diameter 50 ram, used in our investigations 

are shown in Fig. I. The solid copper sphere was 

made in two halves, fastened by the screw 6. In each 

half of the sphere there was a hexahedral milled slot 

2.2 mm deep, in which the electric heater 4 was lo- 

cated. The heater was a spiral of nichrome wire 0.2 

mm in diameter and about 1.3 m long, enclosed in 

thin-walled (0.5 mm thick) porcelain tubes 5 of out- 

side diameter 3.8 ram. A copper plug ii of square 

section (dimensions 6.6 x 6.6 or 8.6 x 8.6 ram) was 

located between the two hemispheres, and had a spheri- 

cal outside surface. The thickness of both plugs was 

5 ram. Along the perimeter of the plug there was a 

groove 0.5 ram wide, in which was enclosed the plug 

heater 8, made of enameled eonstantan wire 0.15 mm 

in diameter. The teflon insert 13 served as a mount- 

ing block inside the sphere. In the center of the plug 

a 0.5-ram diameter drilled hole was provided to allow 

passage of a copper-constantan thermocouple formed 

f r o m  0.12 mm wi re .  T h e t h e r m o c o u p l e  junct ion  9 was 
s o l d e r e d  f lush with the ou te r  s u r f a c e  of the plug. 

A s i m i l a r  t h e r m o c o u p l e  7 fo r  m e a s u r i n g  the s p h e r e  
t e m p e r a t u r e  was c l a m p e d  be tw e e n  the two h e m i s p h e r e s  
at a d i s t a n c e  of about 1 m m  f rom the edge of one s ide  
of the plug. The s p h e r e  suppo r t  2 was a g l a s s  tube o[ 
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outs ide d i a m e t e r  6.2 mm,  through which passed  all  
the leads  f r o m  the h e a t e r s  and t he rmocoup le s .  The 
suppor t  was connected  with a graduated  c i r c l e ,  on which 
the angle of ro ta t ion  of the sphe re  could be r ead  to an 
a c c u r a c y  of 0.2 ~ . The insula t ion be tween the plug and 
the s p h e r e  was g lass  cloth 0.2 m m  thick. 
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Fig. 3. Heat transfer at the forward stagnation point 
of a sphere: 1) accordingto thedataof [8]; 2) [5]; 3)the 

authors. 

The inves t iga t ions  of loca l  and a v e r a g e  hea t  t r a n s -  
f e r  fo r  the sphe re  w e r e  c a r r i e d  out on t h r e e  fac i l i t i e s :  

1) a wind tunnel (working sec t ion  d i a m e t e r  1.25 m, 
Re range 1.3 �9 104 to 9.7. 104); 

2) a test rig with a high-pressure blower (in chan- 
nels of section 20 • 20 and 25 • 25 cm, Re range from 
1.4.103 to 5.1. 104); 

3) a test rig with a vacuum pump (in a channel of 
section 20 x 20 cm, Re range 50 to 550), 

In rig 3 the pressure did not drop below 13.5 N/cm 2, 
permitting low values of Re, but still outside the mo- 
lecular flow regime, The considerable decrease in 
Grashof number Gr when operating at reduced pres- 
sure reduced the effect of natural convection in the 
total heat transfer at small values of Re. 

The blockage of the tunnel section by the sphere 
did not exceed 0.16% for the wind tunnel and 3.4% for 
the channels, i .e . ,  it was much less than in the tests 
of Wadsworth [5} and Cary [6] (16 and 11%, respec- 
tively). 

For rigs 1 and 2 the mean flow velocities and cor- 
rections were determined by preliminary calibration 
of the channel section with the aid of a three-channel 
cylindrical probe. In rig 3 the air velocity was mea- 
sured with the aid of a lemniscate. 

The thermoeouple cold ]unctions were located di- 
rectly in the channel, permitting immediate measure- 
ment of the temperature drop Atbetween the sphere 
surface and the air stream. 

The electrical arrangement for measurement and 
control of temperature and current consisted of two 
independent units: i) a supply unit for the sphere and 
plug heaters (measurement to an accuracy of 0.01 A), 
also containing current controls, and 2) a temperature 
measurement unit (potentiometer and mirror galva- 
nometer). The accuracy of temperature measurement 
was 0.05 ~ C. 

The test began when the air stream was brought up, 
with the aid of a gate valve (or a rheostat in the wind 
tunnel), to the required velocity value. Then the sphere 
heater was switched on, and continued to operate for 
10-30 rain, after which time the sphere surface tem- 
perature remained constant for the duration of the 
test. After the sphere was heated, the plug heater was 
brought on, and the power supplied to the heater was 
controIied with a rheostat in such a way as to make 
the temperature of the plug identical with that of the 
sphere. �9 Then the sphere was rotated by 10 ~ and the 
plug heater power was readjusted. 

During the tests, measurements were made of the 
current supplied to the sphere and plug heaters, the 
air stream temperature, and the temperature drop At. 
The heat flux from the plug (local heat transfer) was 
determined from the power supplied to the plug heater. 
The measured heat transfer from the plug surface may 
be regarded as local with respect to the sphere, since 
the plug surface area was less than 1% of the total 
sphere surface area. 

In computing Re and Nu, all the data were referred 
to the sphere diameter, to the total section area of 
the channel, and to the arithmetic mean temperature 
t m = (t s + ta)/2. The heat loss to the support was less 
than 1% and was not taken into account. No correction 
was made for radiative heat transfer. 
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Fig. 4. Average sphere heat transfer; l) according 
to the data of [4]; 2) [5]; 3) [6]; 4) the authors; 5)[7]. 
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The main  r e su l t s  a re  shown in Figs .  2 -4 .  
It follows f rom an examina t ion  of Fig. 2 that, with 

i n c r e a s e  in the angle of ro ta t ion  of the sphere ,  at all 
Re va lues ,  the va lues  of Nu fall  smoothly,  and then, 
beg inning  at about 60 ~ , the smooth fall  is ma in ta ined  
only for  sma l l  Re (<6000), while for the r e m a i n i n g  Re 
va lues  the fa l l -of f  p roceeds  m o r e  s teeply,  the l a r g e r  
the Re n u m b e r .  At ~0 = 85 ~ and the highest  Re va lues  
the re  is a c l e a r l y  exp re s sed  m i n i m u m .  As Re de-  
c r e a s e s ,  the m i n i m u m  shif ts  to q0 = 100 o and is d rawn 
out over  the g r e a t e r  pa r t  of the sphere .  After  pas s ing  
through the m i n i m u m ,  the Nu value i n c r e a s e s  smooth-  
ly, for  all  Re va lues  (except for Re = 50), r each ing  
i ts  g r ea t e s t  value at qo = 180 ~ In genera l ,  the p ic tu re  
of local  heat  t r a n s f e r  v a r i a t i o n  co r r e sponds  to the 
hydrodynamic  p ic tu re  of flow over  a sphere .  The ana l -  
ogous c u r v e s  of Cary  and Wadsworth [5, 6] show the 
s ame  na tu re  of va r i a t i on  of Nu. 

We also a t tempted a quant i ta t ive  t r e a t m e n t  of our  
t e s t  data on local  heat  t r a n s f e r ,  and Fig.  3 shows all 
our  local  heat  t r a n s f e r  data at the fo rward  s tagna t ion  
point  of the sphere ,  exp re s sed  in the coord ina tes  
lg R e - l g  Nu. A l e a s t - s q u a r e s  fit y ie lds  a r e l a t i on  of 

the fo rm 

Nu -- 2 -+ 4.12 Re ~ (1) 

for  the Re reg ion  50 to 2000, and 

Nu -- 0.945 Re ~ (2) 

for  the Re reg ion  1600 to 90 000. The m a x i m u m  de-  
v ia t ion  of the expe r imen ta l  data f rom the c o r r e l a t i o n  
cu rve  is i15% for (1) and :~8% for  (2). 

F igure  3 also shows for  c o m p a r i s o n  cu rves  c o r -  
r e spond ing  to the e x p e r i m e n t a l  data of Wadswor th  
(Nu = 1.57 Re~ and to the r e l a t ion  Nu = 1.144 Re ~176 
obtained theo re t i ca l l y  by Sibulkin [8}. It may be seen  
that  the Sibulkin cu rve  d e s c r i b e s  our  data quite well 
for  the reg ion  Re > 1600, but is not su i table  for sma l l  
Re values .  

Moreover ,  an approx imate  r e l a t i on  has been  ob- 
ta ined  for ca l cu l a t i ng  the local  heat  t r a n s f e r  coeff i-  
c ien t  at any point  on the fo rward  pa r t  of the sphe re  
with ~ -< 80 ~ ; i t  has  the following fo rm:  

Nu : :  0,00883 1/7i50 - -  q~ Re ~ (3) 

The m a x i m u m  re l a t i ve  e r r o r  in us ing  this  r e l a t ion  

does not exceed • 
F i g u r e  4 shows the ave rage  heat  t r a n s f e r  data for  

the sphere. Throughout the Reynolds number range 
investigated the experimental points are correlated 
well by a relation of the form 

Nu = 0.84 Re ~ (4) 

The mean  devia t ion of the expe r imen ta l  points  f rom 
the c o r r e l a t i on  curve  does not exceed i5%, while the 
m a x i m u m  deviat ion is found in the sma l l  Re region 
and is +12%. 

For comparison, Fig. 4 also shows straight lines 

plotted from the experimental data of other investi- 
gators, as follows: McAdams [4] (Nu = 0.37 Re ~176 Re 
range 17 to 70 000); Wadsworth [5] (Nu = 0.25 Re ~ 

Re 20 000 to 240 000); Cary [6] (Nu = 0.37 Re ~ 

Re 44 000 to 151 000); Yuge [7] (Nu = 2 + 0.493Re ~176 
Re i0 to 1800, andNu= 2 + 0.3Re ~ Re 1800 to 

150 000). 
It may be seen  f r o m  the f igure  that  our  expe r i -  

menta l  data a re  located in the middle  of the data  of 
the above -men t ioned  inves t iga to r s .  The data of Yuge 
come c loses t  to our  c o r r e l a t i o n ,  and for  med ium Re 
va l ue s - - t he  data of MeAdams.  The i n c r e a s e d  Nu v a l -  
ues  of Wadsworth  i n  the high Re reg ion  a re  ev ident ly  
due to the g r e a t e r  in tens i ty  of t u rbu l ence  (blockage 
of the channel  sect ion) than in our  t e s t s .  A c r i t ique  
of the Cary  method is given in [9]. 

The data of Shchitnikov [3], obtained r ecen t l y  for 
a n a r r o w  Re range ,  a re  in good a g r e e m e n t  with our  

data. 
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