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Abs t r ac t  

The s t e a d y  s t a  t c  d i f f u s i o n  equa t i on  f o r  i r r o t a t i o n a l  f l o w  

i s  t rans formed  t o  t h a t  of ~ c h r o e d i n g e r ,  The t empera tu re  ( o r  

s o l u t e t s  c o n c e n t r a t i o n )  d i s t r i b u t i o n  i n  the  f l o w  p a s t  a  c y l i n d e r  

of a r b i t r a r y  c r o s s - s e c t i o n  i s  then  eva lua t ed ,  Var ious  boundary 

c o n d i t i o n s  a r e  considered.  P e r t u r b a t i o n  type  of s o l u t i o n  i s  

t h e n  c o n s t r u c t e d  f o r  t h e  c a se  of f l ow  p a s t  an  i so the rma l  sphere .  

A v a i l a b i l i t y  of t h e s e  s o l u t i o n s  i n  terms of t a b u l a t e d  f u n c t i o n s  

d e m o n s t r a t e s  t h e  advantages  of the  proposed new approach t o  t h e  

problem. 

I n t r o d u c t i o n  

I n  a n a l y z i n g  t h e  temperature  ( o r  s o l u t e  c o n c e n t r a t i o n )  

i n  t h e  p o t e n t i a l  f l o w  p a s t  a  h e a t  ( o r  mass) e m i t t i n g  body i t  

is  v e r y  o f t e n  assumed t h a t  t h z  amount of h e a t  ( o r  mass) con- 

d u c t e d  ups t ream is negl ig ib le( '72) .  F u r t h e r  assumpt ions  a r e  

made when t h e  temperature  d i s t r i b u t i o n  i s  o t h e r  than  two- 

d imens iona l  (374),  Under t h e s e  assumptions many c a s e s  can be 

s o l v e d ,  even i n  a  c l o sed  form, e s p e c i a l l y  when use i s  made of 

Bous s ine sq*  s (4) t r ans format ion .  However, under  t h e  assumpt ion 

of n e g l i g i b l e  ups t ream conduct ion t he  d i f f u s i o n  equa t i on  i s  

t r u n k a t e d  and is t h e r e f o r e  no l onge r  e l l i p t i c ,  Thus, i t s  so lu -  

t i o n s  r e p r e s e n t  a  p roce s s  which i s , i n  c e r t a i n  q u a l i t a t i v e  

r e s p e c t s  d i f f e r e n t  from t h a t  of hea t  o r  mass d i f f u s i o n .  For  

example, a cco rd ing  t o  t h e s e  s o l u t i o n s  t h e  temperature  of t h e  

f l u i d  ups t ream of t h e  f r o n t  s t a g n a t i o n  p o i n t  is una f f ec t ed  by 

t h e  h e a t  e m i t t i n g  body. Hence though s o l u t i o n s  of t he  t r u n k a t e d  



equa t ion  a r e  accep tab le  on design engineers  they  leave  some th ing  

t o  be d e s i r e d ,  

There a r e  a v a i l a b l e  exac t  s o l u t i o n s  f o r  t he  two dimen- 

s i o n a l  d i f f u s i o n  equat ion which r e p r e s e n t  hea t  source i n  an 

i r r o t a t i o n a l  f low.  Attempts were a l s o  made t o  so lve  the  bound- 

a r y  va lue  problems a t  hand i n  terms of s u i t a b l e  sources  and 

s i n k s   distribution^'^). The r e s u l t i n g  express ions  f o r  t h e  

temperature  a r e  i n  the  form of d e f i n i t e  i n t e g r a l s  which a r e  

of t en  d i f f i c u l t  t o  eva lua te .  Furthermore, t h i s  method has n o t  

been shown t o  be app l i cab le  e i t h e r  t o  t h ree  dimensional cases  

o r  t o  t hose  i n  which the  genera l  l i n e a r  cond i t i ons  hold ,  i .e .  

when a  l i n e a r  combination of the  temperature and the  f l u x  i s  

p re sc r ibed  a t  t he  obs t ac l e  surf ace. 

This survey  shows n o t  only t h e  shortcomings of t h e  var ious  

approaches mentioned but  a l so  the  l a c k  of a more u n i v e r s a l  

one, In an a t tempt  t o  overcome t h i s  inadequacy the  problems 

under c o n s i d e r a t i o n  a r e  reformulated i n  a  form which can be 

t ack led  sys t ema t i ca l ly .  I t  i s  s h o w  t h a t  f o r  both two and 

t h r e e  dimensional  cases  the  governing d i f f u s i o n  equa t ion  can 

be reduced t o  t h a t  of ~ c h r a e d i n g e r .  Standard techniques  a r e  

thus  employed i n  t he  so lu t ion  f o r  the  temperature d i s t r i b u t i o n  

i n  the  unseparated f low p a s t  an i so the rma l  c y l i n d e r  of a r b i -  

t r a r y  c r o s s  s e c t i o n .  This s o l u t i o n  i s  then extended t o  the  

case of c i r c u l a r  c y l i n d r i c a l  o b s t a c l e  on which t h e  g e n e r a l  

l i n e a r  cond i t i on  holds. F i n a l l y ,  the  temperature  i n  t h e  

i r r o t a t i o n a l  f l ow p a s t  a sphere i s  eva lua ted  us ing  a  pe r tu rba -  

t i o n  technique,  Thus, un l ike  any of t he  e x i s t i n g  ones t he  

proposed formula t ion  and approach i s  a p p l i c a b l e  t o  a v a r i e t y  



2 

e q u a t i o n  a r e  a c c e p t a b l e  011 des ign  e n g i n e e r s  t h e y  l e a v e  something 

to be d e s i r e d ,  

There  a r e  a v a i l a b l e  e x a c t  s o l u t i o n s  f o r  t h e  two dimen- 

s i o n a l  d i f f u s i o n  e q u a t i o n  which r e p r e s e n t  h e a t  source  i n  an 

i r r o t a t i o n a l  f low.  At tempts  were a l s o  made t o  s o l v e  t h e  bound- 

ary  v a l u e  p rob lems  a t  hand i n  terms o f  s u i t a b l e  sou rce s  and 

s inks  d i s t r i b u t i o n s ( ' ) .  The r e s u l t i n g  e x p r e s s i o n s  f o r  t h e  

t e m p e r a t u r e  a r e  i n  t h e  form of d e f i n i t e  i n t e g r a l s  which  a r e  

of t e n  d i f f i c u l t  t o  e v a l u a t e ,  Fur thermore ,  t h i s  method h a s  n o t  

b e e n  shown t o  be a p p l i c a b l e  e i t h e r  t o  t h r e e  d imensional  c a s e s  

or t o  t h o s e  i n  which t h e  g e n e r a l  l i n e a r  c o n d i t i o n s  hold ,  i . e ,  

when a  l i n e a r  combinat ion  of the  t empera tu re  and t h e  f l u x  i s  

prescribed a t  t h e  o b s t a c l e  su r f ace .  

T h i s  s u r v e y  shows n o t  only  t h e  shortcomings of the  va r i ous  

a p p r o a c h e s  ment ioned b u t  a l s o  t h e  l a c k  of a more u n i v e r s a l  

one, I n  an  a t t e m p t  t o  overcome t h i s  inadequacy t h e  problems 

u n d e r  c o n s i d e r a t i o n  a r e  re fo rmula ted  i n  a form w h i c h  c an  be 

t a c k l e d  s y s t e m a t i c a l l y .  It i s  shown t h a t  f o r  both  two and 

t h r e e  d imens iona l  c a s e s  t h e  governing d i f f u s i o n  e q u a t i o n  can 

be r educed  t o  t h a t  of s ch raed inge r .  S tandard  t e chn iques  a r e  

t h u s  employed i n  t h e  s o l u t i o n  f o r  t h e  t empera tu re  d i s t r i b u t i o n  

i n  t h e  u n s e p a r a t e d  f l o w  p a s t  an i s o t h e r m a l  c y l i n d e r  of a r b i -  

t r a r y  c r o s s  s e c t i o n ,  This  s o l u t i o n  i s  then  extended t o  t h e  

case  of c i r c u l a r  c y l i n d r i c a l  o b s t a c l e  on which t h e  g e n e r a l  

l i n e a r  c o n d i t i o n  ho ld s .  F i n a l l y ,  t h e  t empe ra tu r e  i n  t h e  

i r r o t a t i o n a l  f l o w  p a s t  a  sphere  i s  e v a l u a t e d  u s i n g  a  p e r t u r b a -  

t i o n  t e chn ique ,  Thus, u n l i k e  any of  t h e  e x i s t i n g  ones t h e  

p r o p o s e d  f o r m u l a t i o n  and approach i s  a p p l i c a b l e  t o  a  v a r i e t y  
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of geometrics and boundary condi t ions ,  Yet i t  is independent 

of any assumption which i s  incompatible w i t h  the phys ica l  

n a t u r e  of the  process  under considerat ion.  

Transformation of the Diffusion Equation 

W i t h  a s  the  temperature or  concentrat ion of s o l u t e  

and U i  ( i  3 )  a s  the components of v e l o c i t y  of the  f l u i d  

i n  t h e  d i r e c t i o n s  of the a r t e s i a n  co-ordinate r' , the 

d i f f u s i o n  equat ion can be w r i t t e n  t h u s :  

The v a r i a b l e s  3,: and 11; a r e  non-dimensionalized with r e spec t  

t o  a c h a r a c t e r i s t i c  length L and the  speed of the stream 

when unobstructeci u . The non-dimensional P e c l e t  number 

i s  def ined  by 

where K i s  the d i f f u s i v i t y  of the f l u i d .  It  i s  therefore  a 

measure of the  r e l a t i v e  s t r e n g t h  of convection w i t h  r e spec t  t o  

conduction. 

For i r r o t a t i o n a l  f low the  fol lowing hold 

where the  p o t e n t i a l  func t ion  Y i s  a known funct ion  of x; and 

[ 2 / a x , )  i s  u n i t y  f a r  from t h e  s o l i d  body. Therefore the 

v a r i a b l e  @ , defined by 



s a t i s f i e s  t h e  equa t ion  

Though t h i s  t rans format ion  appears i n  the  l i t e r a t u r e  on hea t  

t r a n s f e r  ve ry  few at tempts  have been done t o  analyze temp- 

e r a t u r e  d i s t r i b u t i o n  by solving equa t ion  ( 2 ) .  This  formula t i o n  

is advantageous n o t  only because t h e  governing equa t ion  ( 2 )  

i s  f a i r l y  w e l l  lrnown but a l s o  because s a t i s f i e s  cond i t i ons  

which a r e  no more complicated than those  imposed on 7- . The 

g e n e r a l  l i n e a r  cond i t i on  i s  taken t o  be 

where n i s  t h e  normal t o  the  o b s t a c l e  s u r f a c e ,  {(s) is  a 

f u n c t i o n  of p o s i t i o n  S on i t  and Te i s  a  c h a r a c t e r i s t i c  

t empera ture  ( o r  concent ra t ion) ,  When one of t he  non-dimensional 

c o n s t a n t s  f i  and 1\1 vanish e i t h e r  7- or  the  f l u x  ( a ~ / a n )  

i s  p r e s c r i b e d ,  bu t  i n  gene ra l  both c o n s t a n t s  a r e  non-zero. 

S ince  ( a ?/an) vanishes  on t h e  o b s t a c l e  s u r f a c e ,  cond i t i on  

(3) reduces  t o  

+ N (3 G / 2 n) = T, f ( s )  s X/(G ?/2) . (4) 



Two Dimensional Cases 

Under Boussinesqr  s(4) t rans format ion  equa t ion  ( 2 )  reduces  

t o  

where  y/ i s  the  Lagrangets  stream f u n c t i o n ,  and t h e  complex 

c o n j u g a t e  of )D , If the f low p a s t  t he  c y l i n d e r  is e i t h e r  

symmetric w i t h  r e s p e c t  t o  3% = cons t ,  o r  one which does  no t  

fo rm a wake, the  o r i g i n  of the  co-ord ina tes  ( y ,  Y) can be s o  

chosen  t h a t  t h e  c r ~ ~ s - ~ e c t i o n  of t he  wet s u r f a c e  i s  v f a ,  -Qd -=a. IP 
I n  terms of the  co-ordinates  ( 5 ,  ) de f ined  by f' 

t h i s  boundary is 3 = o . Solu t ions  f o r  a i n  terms of 

Mathieu and r e l a t e d  func t ion  of 7 and , r e s p e c t i v e l y ,  

are a v a i l a b l e  f o r  a  l a r g e  c l a s s  of boundary condi t ions .  

Consider t h e  elementary case  of an i so thermal  cy l inde r ,  

s o  t h a t  p h )  and M a r e  equal  t o  u n i t y  and vanishes.  

I t  i s  f u r t h e r  assumed t h a t  the  temperature of t h e  s t ream a t  

i n f i n i t y ,  T* , i s  a l s o  uniform. The s o l u t i o n  of equa t ion  (2 ' )  

h a s  the  fo l lowing  form 

Using  Ince-Goldste in  no ta t ion ,  t h e  f u n c t i o n s  CPb and fib+ a r e  

d e f i n e d  by: 
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q7++ -fwj = (-0 >(-v BZi+, cos ((2i+l) ) 7 

where Kp i s  modified Bessel Function of the second kind. 
(rqt1) 

The c o n s t a n t s  A(" ac anb B ,(+, s a t i s f y  w e l l  known recurrence 

r e l a t i o n s h i p s  and a r e  normalized thus 

Since the  f u n c t i o n s  Gkk approachzero  a s  i s  increased 

i n d e f i n i t e l y  t h e  assumed form s a t i s f i e s  the  condi t ion of i so-  

thermal stream a t  i n f i n i t y ,  The condi t ions  a t  the s o l i d  sur face  

y i e l d s  

The cons tan t  c o e f f i c i e n t s  at a r e  t h u s  found t o  be given i n  

terms of the  modified Bessel Functions of the  f i r s t  kind by 



I n  d e r i v i n g  t h e s e ,  u s e  i s  made of t h e  o r thogona l i t y  of the 

Mathier  F u n c t i o n s ,  and  t h e  i d e n t i t y  

M o r e  c o m p l i c a t e d  i n t e g r a l s  a r e  encountered when s )  is  not  

u n i f o r m .  The r e s u l t i n g  d i s t r i b u t i o n  T((P,Y) f o r  P' = I i s  

p l o t t e d  i n  F i g u r e  1. 

Whi le  t h e  s o l u t i o n  j u s t  ob t a ined  holds  f o r  isothermal  

c y l i n d e r  o f  a r b i t r a r y  shape i t  i s  impossible t o  ob ta in  such 

g e n e r a l  s o l u t i o n  f o r  c a s e s  i n  which ly, N and (s) do n o t  

v a n i s h .  I n  t e r m s  of (3, ) equa t ion  (4.) reads  
P 

7' 

The t e r m  ( 2 ~ / 2  n) i s  e q u a l  t o  t he  v e l o c i t y  t a n g e n t i a l  t o  the 

o b ~ t a c l e  s u r f a c e  which v a r y  from one c ros s  s e c t i o n  t o  another.  

The a p p l i c a b i l i t y  t h e  proposed methods t o  the  ca ses  i n  which 

the g e n e r a l  l i n e a r  c o n d i t i o n  ho ld  i s  the re fo re  demonstrated by 

c o n s i d e r i n g  t h e  c a s e  of c i r c u l a r  cy l inde r s .  For u n s e ~ a r a t c d  

f l o w  the p o t e n t i a l  and s t r e a m  f u n c t i o n s  a r e  given by 



where (,f. ) a r e  p o l a r  c o - o r d i n a t e s  and A i s  s o  chosen t h a t  

p = 1 i s  t h e  c y l i n d r i c a l  s u r f a c e .  Comparison of e q u a t i o n s  ( 5 )  

and (12) i m p l i e s  t h a t  t h e  f o l l o w i n g  i d e n t i t i e s  hold  

Theref o r e  i f  #s) i s  a g a i n  u n i t y  t h e  c o n s t a n t s  6 )  d i f f e r  f rom 

t h o s e  g i v e n  by e q u a t i o n  ( 1 0 )  on ly  i n  t h e i r  be ing  p r o p o r t i o n a l  

t o  [ M kk,, (0, - ( p p h ~ )  + N ~ ( ( 0 ,  - {~4/..) ') ] - I  

r a t h e r  t h a n  t o  [ kkh (0, - @.h)')  ] - l o  

It is f i n a l l y  remarked t h a t  t h e  assumed form ( 6 )  h o l d s  

whenever t h e  t empera tu re  ( o r  mass) d i s t r i b u t i o n  i n  t h e  f l o w  

f i e l d  is symmetric  w i t h  r e s p e c t  t o  y= 0 .  This c o n d i t i o n  

i s  s a t i s f i e d  when t h e  t e m p e r a t u r e s  a t  i n f i n i t y  and a t  t h e  s o l i d  

s u r f  ace  a r e  uni form,  N e v e r t h e l e s s ,  t h e  f l o v ~  p a t t e r n  and t h e  

geometry of t h e  c r o s s  s e c t i o n  need n o t  be symmetric w i t h  r e s p e c t  

t o  anJr s t r a i g h t  l i n e  i n  t h e  ( z,, X2 ) plane .  For  example, when 

t h e  t e m p e r a t u r e  a t  i n f i n i t y  and a t  t h e  s o l i d  s u r f a c e  a r e  uniform 

t h e  form ( 6 )  h o l d s  f o r  u n s e p a r a t e d  f l o w  p a s t  almost  any a i r f o i l -  

If t h e r e  is  s e p a r a t i o n  t h i s  form h o l d s  i f  t h e r e  i s  no t r a n s f e r  

a c r o s s  the  r e s u l t i n g  wake Y= 0 $o 4 - 4  , and t h e  p a t t e r n  i s  

symmetric  w i t h  r e s p e c t  t o  t h e  l i n e  3, = c o n s t ,  I n  such c a s e s  
/ 

t h e  z e r o  f l u x  c o n d i t i o n  i s  s a t i s f i e d  because U p  - ( P~z)') 
vanish .  I n  such  cases 7 and a appear  t o  be" con t inuous  

a c r o s s  1 ; "  b u t  p h y s i c a l l y  t h e  two branches  of t h i s  curve  

e n c l o s e  a r e g i o n  which i s  n o t  p a r t  of t h e  domain under d i s c u s s i o n .  

The more g e n e r a l  c a s e s ,  when T and @ a r e  n o t  symmetric,  can 



b e  s o l v e d  by g e n e r a l i z i n g  the  expansion ( 6 )  t o  i n c l u d e  a l s o  

p r o d u c t s  of Ma t h i e u  and r e l a t e d  f u n c t i o n s  w h i c h  a r e  a n t i -  

symmetr ic  with r e s p e c t  t o  ' = 0 and 2 2 ="- 

Temperature i n  t h e  Flow P a s t  an  I s o t h e r m a l  Sphere 

C o n s i d e r  a s p h e r e  of uni form tempera tu re  To . L e t  t h e  

t e m p e r a t u r e  of t h e  f l o w  p a s t  i t  be uni form a t  i n f i n i t y  s o  t h a t  

t h e  f o l l o w i n g  h o l d  

S p h e r i c a l  c o o r d i n a t e s  a r e  used s o  t h a t  t h e  s o l i d  s u r f a c e  i s  

d e f i n e d  by + = I  and the  govern ing  e q u a t i o n  r e a d s  

Solution of t h e  fo l lowing  form is assumed 

where  t h e  m u l t i p l e r  of ( R  12 ) i n  t h e  argument  of t h e  exponent  

is  e q u a l  t o  Y . The functions 0; f o r  i * ~ ,  a r e  made t o  



s a t i s f y  

The func t ions  @i f o r  i > 0 are  homogeneous a t  the two 

boundaries  so  t h a t  equat ions (13) and (14) a r e  s a t i s f i e d  by 

p r e s c r i b i n g  the appropr ia te  conditions on 00 . 
I n  view of equation ( I &  ) (and the  inexis tance and hence 

t h e  vanishing of @ ) 0, can be expressed by the form 
-I  

w h e r e  ~ ~ c o s B )  a r e  Legendre Polynonials. The constants  

C, a r e  obtained f r p m  the  boundary condi t ions a t  the s o l i d  

su r face  which y i e ld  

p r o  

B y  expressing { i n  terms of c s s [ ( b - ~ k ) & ]  and u t i l i z i n g  

equat ion  ( / I )  these  cons tants  a re  found t o  be given by 



where jig i s  the  Kroneker d e l t a .  The upper l i m i t  f i s  an 

i n t e g e r  which is equal e i t h e r  t o  //2 or  ( -  and E i s  

equal  t o  2 and 1 when zkf b and 2k = 0 respect ively.  

The bracketed q u a n t i t i e s  are  def ined  thus : 

The func t ion  @, i s  solved by expressing the r i g h t  hand 

s i d e  of equat ion (16] ) a s  a sum of terms of the form 

T - ~ / ~  KA&rh) ( ~ 0 5  8) . Once t h i s  i s  done the so lu t ion  

f o r  0, can be expressed a s  t h e  sum of funct ions  &+,Apwhich 

s a t i s f y  the equat ion 

[L ~r + +-= I t  .* -.k.o- :-& a jmg .-- a 
e avl 38 2 P+ A 

$9 KIP. PA)  P, (cost?) 

a r e  f i n i t e  a t  i n f i n i t y  and vanish  on * = 1. These a re  given by 

and when Y =r ?IY+IILI/" i s  given by the l i m i t  approached 

a s  & -,p . 
I n  rearranging the r i g h t  hand s ide  of equation (16,) use 

i s  made of the  r e l a t i o n s h i p  

The c o e f f i c i e n t s  u a re  g iven  by 



where the upper l i m i t  is  d o r  f , whichever  i s  smal le r .  

Using t h e  w e l l  known r e c u r r a n c e  r e l a t i o n s h i p  t h e  f o l l o w i n g  

can e a s i l y  be shown t o  hold 

ir-2 

where 

The s o l u t i o n  f o r  a, i s  t h e r e f o r e  



Funct ions  0. f o r  i w i l l  no t  be evaluated within the 
L 

f rameworlr of t h i s  t r e a t i s e .  The foregoing so lu t ion  neverthe- 

l e s s  o u t l i n e s  one of the methods ;one could use. The general  

scheme implied by equat ions (15) and ( l G i )  i s  f a i r l y  wel l  

known, I t s  convergence and the  o the r  methods f o r  solving QL 

( 6 )  a r e  discussed by Morse and Feshba'ch , 

Discussion 

Unlike any of the a v a i l a b l e  s o l u t i o n s  those obtained or 

o u t l i n e d  here  a r e  not  r e s t r i c t e d  t o  any range of kk and 

hold  when i t  i s  small, Thus f o r  v e r y  i n e f f e c t i v e  convection 

t h e  equat ion (15), (17) and (18) reduces t o  

The c o n t r i b u t i o n  t o  the r i g h t  hand s i d e  which i s  of OIP1'J 

is  the  s p h e r i c a l l y  symmetric d i s t r i b u t i o n  of temperature o r  

concen t ra t ion  i n  a  s tagnant  medium, Understandably i t  i s  the 

e f f e c t  of convection, a s  r e f l e c t e d  by terms of 0 ( ~ 2 )  t 

k s o  , which g ives  r i s e  t o  asymmetry w i t h  r e spec t  t o  

8 = d / x  . The s i t u a t i o n  i s  somewhat d i s s i m i l a r  i n  the case 

O?J o f  f low p a s t  an isothermal  cy l inder .  When /?e i s  small A,; 
and fi"!") L L + I  a r e  n e g l i g i b l e  u n l e s s  L = ?  . Therefore, in '  

v iew of equat ion (10) aga in  the f i r s t  term i n  expansion ( 6 )  

i s  the  predominant and t h e  d i s t r i b u t i o n  i s  e s s e n t i a l l y  

7 -independent. Terms which r e p r e s e n t  7 v a r i a t i o n s  a re  

s m a l l e r  by an o rde r  of magnitude. However, i n  t h i s  case one 



obviously cannot car ry  t h e  l i m i t i n g  process t o  the extreme, 

Pa = o , because there  is no two-dimensional so lu t ion  fo r  the 

d i f f u s i o n  i n  a  stagnant i n f i n i t e l y  wide medium. 

The f e a t u r e s  of the s o l u t i o n s  j u s t  discussed have in te res t -  

ing  coun te rpa r t s  i n  the theory of laminar flow pas t  obstacles. 

I n  such cases  Reynolds number, & , i s  the  measure of the 

e f f e c t i v e n e s s  of momentum t r a n s f e r  by convection as  compared 

t o  i t s  d i f f u s i o n  by v i scos i ty .  When vanish there i s  no 

s o l u t i o n  f o r  the  flow p a s t  a cy l inder  b u t  t he re  i s  f o r  flow 

p a s t  a sphere. Jus t  as  equat ions (15) (17) and (18) reduces 

t o  equat ion (26)  when Pe + so i s  the Stokes flow past  a 

sphere bel ieved t o  be t h e  l i m i t  of the  viscous flow solution 

when Fk. + 0 . However, i t  i s  impossible t o  analyze the 

viscous f low o r  temperature d i s t r i b u t i o n  around a sphere by 

p e r t u r b a t i o n s ,  w i t h  the z e r o t h  pe r tu rba t ion  a s  the ttconvection- 

l e s s t t  ( z e r o  & or  Pe ) so lu t ion .  
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