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The process of heat and mass transfer for a substance on sublimation 
of a rotating sphere in rarefied air is examined experimentally in this 
paper. We have determined the average values for the coefficients of 
convective heat transfer at pressures of 10 < P < 10 s N/m 2 for the me- 
dium at rotation velocities for the sphere up to 60 rad/sec. 

Many r e s e a r c h e r s  have r ecen t l y  devoted  t h e i r  t i m e  
to s tudying the p r o c e s s  of heat  t r a n s f e r  and the h y d r o -  
dynamics  of flow in the ro ta t ion  of d i sks ,  cones ,  and 
sphe re s  in a i r ,  without cons ide r ing  the t r a n s v e r s e  
flow of m a s s .  Here  the author  makes  an a t t empt  ex-  
p e r i m e n t a l l y  to study the p r o c e s s  of heat  t r a n s f e r  f r o m  
a ro ta t ing  s p h e r e  in r a r e f i e d  a i r  w h e n p h a s e  c o n v e r s i o n  
of the f i r s t  kind takes  p lace  on the s u r f a c e  of that 
sphe re .  r 

The t r a n s f e r  of heat  and m a s s  f r o m  a ro ta t ing  
sphe re  in r a r e f i e d  a i r  is of cons ide r ab l e  i n t e r e s t  to 

a s t r o p h y s i c i s t s ,  a e r o d y n a m i c i s t s ,  and t h e r m o p h y s i -  
c i s t s .  

When a sub l ima t ing  sphe re  ro t a t e s  in a gas med ium 
in the v i scous  r e g i m e ,  the flow of the v a p o r - a i r  m i x -  
t u r e  about the s p h e r e - - g e n e r a t e d  by cen t r i fuga l  and 
Cor io i i s  f o r c e s - - i s  addi t ional ly  compl i ca t ed  by a 

t r a n s v e r s e  flow of m a t t e r .  The nonun i fo rmi ty  in the 
dens i ty  g rad ien t s  of the med ium at v a r i o u s  points  on 
the s p h e r e  in th is  ca se  c o m p l i c a t e s  the convec t ive  
hea t -  and m a s s - t r a n s f e r .  Cons ide r ing  the eomplex i ty  
of the convec t ive  heat  t r a n s f e r  in the ro ta t ion of a 
sphere ,  the author  under took  an e x p e r i m e n t a l  study in 
o r d e r  to d e t e r m i n e  only the a v e r a g e  va lues  fo r  the 
h e a t - t r a n s f e r  coef f ic ien t .  The e x p e r i m e n t s  w e r e  c a r -  
r i ed  out on a t e s t  ins ta l l a t ion  d e s c r i b e d  in [1]. Seve ra l  
changes  had been  in t roduced  into this  ins ta l Ia t ion ,  and 
nameIy:  the c i r c u l a r  heat  sh ie ld  was r e p l a c e d  with a 
s p h e r i e a l  sh ie ld  of the s a m e  d i a m e t e r ,  and ins tead  of 
the ba lance  beam,  on the shaft  of the e l e c t r i c  m o t o r  
we mounted the s p h e r i c a l  body be ing  s tudied.  The 
sphere  was made  of t ex to l i t e  whose  su r f ace  was coated  
with a thin l a y e r  of  highly sub l ima ted  m a t e r i a l - - n a p h -  
tha lene .  A n u m b e r  of m i c r o t h e r m o e o u p l e s  w e r e  in -  
t roduced  to the su r f ace  of the sub l ima t ing  m a t e r i a l  
through the hollow shaft  ; t h e s e  t h e r m o c o u p l e s  w e r e  
used  to m e a s u r e  the a v e r a g e  t e m p e r a t u r e  of the sphe re  

s u r f a c e .  
In addit ion,  dur ing  the c o u r s e  of the e x p e r i m e n t  we 

m e a s u r e d  the su r f aee  t e m p e r a t u r e  of both the shie ld  
and the ambien t  med ium,  the lo s s  of  m a s s  on the par t  
of the sub l ima t ing  m a t e r i a I ,  and the ve loc i ty  of sphere  
ro ta t ion .  To avoid v ib ra t ion  dur ing  the rota t ion,  the 
e x p e r i m e n t s  w e r e  c a r r i e d  out with a sphe re  of s m a l l  

d imens ions  and low weight ,  and the hollow shaft was 
shor t  and qui te  r ig id .  The r e su l t s  f r o m  these  e x p e r -  
imenta l  s tudies  a r e  shown in F ig s .  1, 2, 3, and 4. 

F i g u r e  1 shows J m  (kg/m2" see) as a function of 
co ( t a d / s e e )  for  va r i ous  p r e s s u r e s  of the ambient  
med ium,  i . e . ,  (10 < P < 105) N / m  2. The e x p e r i m e n t a I  

data  show that  with an i n c r e a s e  in the angu la r  ve loc i ty  
of the s p h e r e  t h e r e  is an i n c r e a s e  in the r a t e  of sub-  
l ima t ion .  This  quant i ta t ive  r e l a t i onsh ip  appea r s  o v e r  
a wide range  of p r e s s u r e s .  However ,  with a drop in 
the o v e r - a l l  p r e s s u r e  (P < 1.33 �9 104 N/m2), the v e l -  
oc i ty  of s p h e r e  ro ta t ion  begins  to exe r t  only s l ight  in-  

f l u e n c e  on the sub l imat ion  p r o c e s s ,  and when P 
10 N / m  2, we find that  J m  is independent  of co. 

P r o c e e d i n g  f r o m  the function J m  = f(co), on the 
ba s i s  of the t h e r m a l  and m a t e r i a l  ba lance  we d e t e r -  
mined the convec t ive  heat  t r a n s f e r  

c~c~ Tar n Tp.m 

H e r e  it  was  a s s u m e d  that the heat  which is suppl ied 
to the su r f ace  of the sphere  is com p le t e ly  expended on 
the phase  conve r s ion .  F i g u r e  2 shows C~co n as a func-  
tion of co. We see  f r o m  the f igu re  that  with an i n c r e a s e  
in co fo r  a p r e s s u r e  of P > 10 N / m  2, C~co n i n c r e a s e s .  
The function C~co n = f(co) appea r s  m o s t  m a r k e d l y  at 
a m b i e n t - m e d i u m  p r e s s u r e s  of P > 1.33 �9 104 N / m  z 

(curves  1 and 2). 
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Fig .  1. Subl imat ion r a t e  J m  ( k g / m 2 " s e c )  v e r s u s  angu-  
l a r  ve loc i ty  of sphe re  ro ta t ion  o3 ( r ad / see )  at p r e s s u r e s :  
1) 1 .105;  2) 1.33" 104; 3) 1.33 .10s; 4) 1.33.102;  5) 1.33.  

�9 i01 N / m  2. 
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Fig.  2. Convect ive heat t r a n s f e r  coefficient  ~ e r  (W/m2. 
�9 deg) v e r s u s  condi t ions  of sphere  ro ta t ion  veloci ty  
( rad /sec)  at the following ambien t  p r e s s u r e s :  1) 1 �9 
�9 105; 2) 1 .33.104;  3) 1.33"103; 4) 1.33.102;  5) 1.33- 

�9 101 N/m 2. 

To ver ify the expe r imen ta l  r e s u l t s ,  we c a r r i e d  out 
t e s t s  on the heat t r a n s f e r  of a ro ta t ing  sphere  at  n o r -  
mal  a tmosphe r i c  p r e s s u r e ,  for  which the ra te  of sub-  
i ima t ion  is  v e r y  low. These r e s u l t s  were  compared  
with the data of other  au thors .  

F igure  3 shows the compara t i ve  data for  convect ive  
heat  t r a n s f e r  as funct ions  of the veloci ty  of sphere  
rota t ion in d i m e n s i o n l e s s  fo rm.  We see  f rom the f ig-  
u r e  that the reduced r e su l t s  of ou r  inves t iga t ions  l ie  
on a s ingle  common s t ra igh t  l ine  plotted f rom the r e -  
su l t s - -ob ta ined  by other  authors  [2 -4] - -on  heat t r a n s -  
fe r  not encumbered  by m a s s  t r a n s f e r .  These data can 
be expressed  by a c r i t e r i a l  equation of the following 
form:  

Nu = 0,3 Re~ (2) 

The r e su l t s  shown in Fig.  3 a r e  in s a t i s f ac to ry  
a g r e e m e n t  with the theore t i ca l  data de r ived  in [6]. 

For  f ree  convect ion when w = 0, the r e su l t s  of the 
study at a tmosphe r i c  p r e s s u r e  a r e  de sc r ibed  by the 
equation 

Nu = 2 -F 0,34 (Gr) ~ (3) 

where  when Gr = 0 we obtain Nu = 2, which coinc ides  
with the theore t i ca l ly  found value for  the t r a n s f e r  of 
heat  by means  of pure  heat conduction.  

In [5, 6] the a u t h o r s - - i n v e s t i g a t i n g  the t r a n s f e r  of 
heat in the ro ta t ion  of spheres  and cy l inde r s - - took  into 
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Fig.  3�9 Convect ive heat t r a n s f e r  v e r s u s  sphere  r o -  
ta t ion veloci ty  in d i m e n s i o n l e s s  form at n o r m a l  a t -  
mospher i c  p r e s s u r e :  1) au tho r s '  data;  2) o the r  data.  

consideration the influence of free convection. The 
coefficient of convective heat transfer or, correspond- 
ingly, the dimensionless Nu number, in this case, is 
a function of the viscosity, inertia, and lift forces. 
The inf luences  of these  forces  on convect ive  heat  
t r a n s f e r  is  expres sed  in d i m e n s i o n l e s s  fo rm as the 
ra t io  of the i ne r t i a l  and lift  fo rces  to the fo rces  of 
f r ic t ion .  The r e su l t s  of the s tudies  a re  genera l ized  in 
the form of the equation 

Nu = 2 (Re ~ -k Gr) ~ (4) 

where  the Re n u m b e r  v a r i e s  in the range  1 �9 104 < Re < 
< 1.8 �9 105, and the rat io G r / R e  2 > 0.1. When G r / R e  2 < 
< 0.1, the inf luence  of f r ee  convect ion can be neglected,  
and the Nu n u m b e r  is then de t e rmined  f rom Eq. (2). 

In the ro ta t ion  of a sub l ima t ing  sphere  in a r a re f i ed  
gas, the m a s s  forces  genera ted  on sub l imat ion  may be 
m o r e  subs tan t ia l  than the l if t  or  ine r t i a  fo rces .  As 
d e m o n s t r a t e d  by the r e su l t s  of our  expe r imen t s ,  at 
low p r e s s u r e s  (P < 1.33 "104 N/m2), the ra te  of sub l i -  
mat ion for  ~ = 0 i s  of the s ame  o r d e r  of magni tude  as 
for  the ro ta t ing  sphere .  Cons idera t ion  of the quant i -  
ta t ive effect of these  forces  on the p r o c e s s  of convec-  
t ive heat t r a n s f e r  is not a lways possible �9  We t h e r e -  
fore  a t tempted  ind i rec t ly  to evaluate  the effect of the 
ine r t i a l  fo rces  on the ra t e  of convect ive  heat t r a n s f e r  
in a ra re f ied  gas where,  because  of the o v e r - a l l  i n -  
t ens i ty  of heat t r a n s f e r  r e su l t i ng  f rom the lift and 
m a s s  forces  when w = 0. The r e su l t s  of the expe r i -  
menta l  study in the p r e s s u r e  range  10 < P < 104 N/m 2, 
p roces sed  in d i m e n s i o n l e s s  fo rm a r e  genera l i zed  in 
the following equation:  

N u -  Nuo = 1.83 Re ~ (5) 

The c o r r e l a t i on  of the exper imen ta l  data is  shown 
in Fig .  4. The Nusse l t  n u m b e r  and, cor respondingly ,  
the Reynolds n u m b e r  were  ca lcula ted  on the ba s i s  of 
the exper imen ta l  data .  The physical  p a r a m e t e r s  of the 
gas were  de t e rmined  f rom the a r i t hme t i c  mean  of the 
t e m p e r a t u r e  between the sur face  of the sphere  and the 
ambien t  med ium.  

Having analyzed the expe r imen ta l  data in the p r e s -  
su re  range  10 < P < 105 N / m 2, we see that the r o t a -  
t ional  motion of the sub l ima t ing  sphere  leads to a p r o -  
nounced i n c r e a s e  in the ra te  of sub l imat ion .  The 
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Fig. 4. Correlation of experimental data on heat 
transfer on sublimation of rotating sphere at var- 
ious pressures of surrounding medium: i) 1.33 �9 

�9 i04; 2) 1.33-103; 3) 1.33"102 N/rn 2. 

7 1 0  



intensification of the process of convective heat- and 

mass-transfer is due in this case to the hydrodynamic 

action on the layer of gas adjacent to the sphere. 

When the sphere is rotating in an unbounded volume 

and the gas-flow regime is viscous, the molecules of 

the vapor-air mixture--because of the viscosity--are 

drawn into the circular motion. The increase in the 

velocity of rotational motion in this case leads to a 
rise in the velocity of sphere streamlining, which 
governs the increase in the intensity of convective 

heat transfer. On the other hand, when we find phase 
conversion at the surface of the sphere the rotational 

motion enhances the increase in the speed with which 
the vapor is removed from the sublimation surface, 
i. e., it increases the intensity of the convective mass 

transfer. 
Because of the nonuniform distribution of the gas- 

flow velocities about the rotating sphere, as well as 
because of the appearance of a transverse flow of va- 

por from the sublimating material, the flow of the 
vapor-air mixture becomes complex. The nature of 

such a flow is experimentally not easy to determine. 

On the basis of experimental results, we can state 
that only a transverse flow of substantial density can 
exert perceptible influence on the nature of the gas 

flow and, consequently, on the process of heat- and 
mass-transfer. As is shown by the experimental data, 

for a low-intensity process of sublimation which, in 
our case, takes place at atmospheric pressure, we 

find complete analogy between the processes of heat- 

and mass-transfer. In this case, the intensity of heat 

transfer in the presence of mass transfer virtually 
coincides with the intensity of pure heat transfer. With 
a drop in P, the relative density of the transverse 

mass flow increases, while the role of the convective 

heat-flow component diminishes. This results in a 

phenomenon such that--even in the range of pressures 

corresponding to the viscosity regime--the velocity of 

sphere rotation has but slight effect on the sublima- 

tion process. The nature of sphere streamlining by a 

flow of a rarefied gas depends on the relationship be- 

tween the mean molecular free path l and the sphere 
dimension d, i. e., I/d. Investigations have shownthat 

with a value of I/d> 0.01, we cannot neglect the dis- 

crete nature of the medium, since we note the effects 
of slippage and a temperature discontinuity about the 
surface of the sphere in the process of heat-and mass- 

transfer, and these introduce an effective thermal 
resistance into the convective heat transfer. In our 
case, when P ~ i0 N/m 2, I/d ~ 0.03, and neither the 

rate of sublimation nor the velocity of convective heat- 

and mass-transfer are functions of the velocity of 

sphere rotation. 
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