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Laminar Natural Convection Over a Slender Vertical 
Frustrum of a Cone with Constant Wall Heat Flux 
T. Y. Na,  D e a r b o r n  and J .  P .  Chiou,  De t ro i t  

A b s t r a c t .  The p r o b l e m  of l a m i n a r  na tura l  convect ion  flow o v e r  a s l ende r  f r u s t r u m  of a cone with constant  wall 
heat  flux is  t r e a t ed  in th is  pape r .  The govern ing  d i f fe ren t i a l  equat ions  a r e  so lved  by a combina t ion  of quas i l i n -  
e a r i z a t i o n  and f i n i t e - d i f f e r e n c e  methods .  Numei~ical solut ions  a r e  obtained for  P rand t l  num be r s  f r o m  0.1 to 
100 for  a r ange  of v a l u e s  of t r a n s v e r s e  c u r v a t u r e  p a r a m e t e r .  It is  found that  the e f fec t  of t r a n s v e r s e  c u r v a t u r e  
is  of g r ea t  s ign i f i cance  in such f lows .  

Lamina re  nat f i r l iche  Konvektion fiber e inem dfinnen, s enk rech ten  Kege l s tumpf  mi t  kons tan tem Wandw{irmestrom 

Z u s a m m e n f a s s u n g .  In d i e s e r  Arbe i t  wird das  P r o b l e m  der  l a m i n a r e n ,  na t f i r l ichen Konvekt ionss t rSmung fiber e l -  
nero dfinnen Kege l s tumpf  mit  kons tan tem Wandw~irmestrom behandel t .  Die  maBgebl ichen Di f fe ren t i a lg l e i chungen  
werden  mi t  Hilfe e i n e r  Kombinat ion yon Q u a s i l i n e a r i s i e r u n g  und D i f f e r e n z e n v e r f a h r e n  ge lSs t .  N u m e r i s c h e  LS- 
sungen werden  fiir die  P r a n d t l '  schen  Zahlen  zwischen  0 .1  und 100 innerha lb  e ines  B e r e i c h e s  yon Querkrf im - 
mungswer t en  e r h a l t e n .  E s  wird geze ig t ,  dab der  Einflu[~ de r  Querkr f immung  in so lchen  S t r6mungen  yon g ro~e r  
Bedeutung i s t .  
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constants in the transformation, defined in 
Eq .  (14) 
dependent  v a r i a b l e ,  defined in Eq .  (7) 
dependent  v a r i a b l e ,  defined in E q. (7) 
g rav i t a t iona l  a c c e l e r a t i o n  

heat  conduct iv i ty  
~-gr id  

c h a r a c t e r i s t i c  length 
Nusse l t  number  
P rand t l  number  
wall heat  flux 

r ad ia l  d i s t ance  f r o m  the axis  of the cone 
t r a n s v e r s e  c u r v a t u r e  r a t i o ,  defined in 
Eq. (28) 

R e  
T 
U,V 

x , y  

Reynolds  n u m b e r  
t e m p e r a t u r e  
ve loc i ty  components  in the x~ and y - d i r e c -  
t ions ,  r e s p e c t i v e l y  
r e c t a n g u l a r  coo rd ina t e s  

Greek Letters 

8 dimensionless temperature, defined in 
Eq .  (4) 
bulk modulus 
cone angle 
dynamic  v i s c o s i t y  
s t r e a m  function 

~,~ transformed indepen~dent variables, defined 
in Eq. (7) 
transverse curvature parameter 

Introduction 

The problem of laminar natural convection flow over 

a vertical cone has been treated in the literature by 

many authors since 1953. Merk and Prins [I] found 

the similarity solution for the case of an isothermal 

cone. The ease was extended by Hering and Grosh [2] 

to the case of non-isothermal cones where the wall 

temperature varies as x n. Similarity solutions were 

obtained for a family of values of the n's. Further 

analyses of this problem for low Prandtl numbers 

were made by Hering [3] and Sparrow and Guinle [4] 

and, for large Prandtl numbers, by Roy [5]. Other 

analyses include the solutions for cones with a cons- 

tant-wall-heat flux boundary condition [63, for slender 

cones with power-law wall temperature [73 and for 

a slender frustrum of a cone with constant wall tem- 

perature [8]. In all these works with the exception 

of references [7] and [8], the cone angles under 

consideration were large so that the effect of trans- 

verse curvature was negligible. From the mathema- 

tical point of view, such flows were similar and, as 

such, the governing differential equations can be re- 

duced to ordinary differential equations. 

When the cone angle is small, the boundary layer 

thickness is of the same order-of-magnitude of the 
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F i g .  1. The  c o o r d i n a t e  s y s t e m  

The  b o u n d a r y  c o n d i t i o n s  a r e :  

= o : ~ = o ;  9=o;  b.__e=_i 
b~ 

= = :  u =  O; e = 0 . 

The d i m e n s i o n l e s s  q u a n t i t i e s  in  E q s .  ( 1 - 3 )  a r e  

r e l a t e d  to  t h e i r  c o r r e s p o n d i n g  p h y s i c a l  v a r i a b l e s  

t h r o u g h  t h e  f o l l o w i n g  d e f i n i t i o n s :  

x x0 

c 

c o n e  [ 7 - 1 0 ]  s o  t h a t  t h e  t r a n s v e r s e  c u r v a t u r e  t e r m s  

h a v e  to b e  r e t a i n e d  in  t h e  g o v e r n i n g  d i f f e r e n t i a l  e q u a -  

t i o n s .  The r e s u l t  i s  t h a t  t h e  d i f f e r e n t i a l  e q u a t i o n s  a r e  

n o n - s i m i l a r ,  w h i c h  m e a n s  t h e  d i f f e r e n t i a l  e q u a t i o n s  

a r e  no  l o n g e r  r e d u c i b l e  to  o r d i n a r y  d i f f e r e n t i a l  e q u a -  w h e r e  

t i o n s .  

In  t h i s  p a p e r ,  t h e  p r o b l e m  of  n a t u r a l  c o n v e c t i o n  

f l o w  o v e r  a f r u s t r u m  of  a c o n e  w i l l b e  t r e a t e d  f o r  t h e  

c a s e  of s p e c i f i e d  wa l l  h e a t  f l u x .  S i m i l a r  to  r e f e r e n c e  

[ 8 ] ,  t he  g o v e r n i n g  d i f f e r e n t i a l  e q u a t i o n s  a r e  f i r s t  

l i n e a r i z e d  b y  t h e  q u a s i l i n e a r i z a t i o n  m e t h o d .  The  r e -  

s u l t i n g  e q u a t i o n s  a r e  t h e n  s o l v e d  b y  a f i n i t e - d i f f e r e n c e  

m e t h o d  o u t l i n e d  in  d e t a i l  in  r e f e r e n c e  11 .  R e f e r r i n g  

to F i g u r e  1,  t h e  f l o w  o v e r  a f r u s t r u m  of  a c o n e  wi l l  

a p p r o a c h  to  t h e  f l o w  o v e r  a f u l l  c o n e  a s  x 0 a p p r o a c h e s  

to z e r o .  I t  s h o u l d  b e  p o i n t e d  ou t  t h a t  t he  d i f f e r e n t i a l  
R e  L = 

e q u a t i o n s  in  t h i s  a n a l y s i s  wi l l  b e  r e d u c e d  to  t he  s i m -  

i l a r i t y  e q u a t i o n s  of  L in  [ 6 ]  i f  t he  t r a n s v e r s e  c u r v a t u r e  

t e r m s  a r e  o m i t t e d .  

A n a l y s i s  

The  g o v e r n i n g  d i f f e r e n t i a l  e q u a t i o n s  f o r  t he  s o l u t i o n  

of n a t u r a l  c o n v e c t i o n  f l o w  p a s t  a s l e n d e r  v e r t i c a l  

f r u s t r u m  of  a c o n e  w i t h  c o n s t a n t  w a l l  h e a t  f l u x e s  

( F i g .  1)  c a n  b e  w r i t t e n  in  t e r m s  o f  d i m e n s i o n l e s s  

q u a n t i t i e s  a s  : 

b(~G) + : o ( i )  
b~ b~ 

-~G-~,~ i ~ / ~G} 
u--§ . . . .  ~-- +e (Z) 

b~ by r by by 

U ~ §  " �9 

bx b 9 Pr r by 

r0(x) 
5 0 : - - -E--  R ~ L ;  e :  

T - T a t  

; ~ : E  

u L  
e 

Re L = ~ . 
"9 

(4) 

(5) 

If  t h e  c h a r a c t e r i s t i c  l e n g t h ,  L, i s  c h o s e n  a s  t h e  d i s -  

t a n c e  x 0 ( F i g . l ) ,  t h e n  t he  R e y n o l d  n u m b e r  b e c o m e s :  

{ cos (%xdk)x  
`9 = '9 2 

2/5 
= Gr 2/5 (6) 

x 0 

w h e r e  G r x 0  i s  t h e  G r a s h o f  n u m b e r  b a s e d  on  x 0 .  

N e x t ,  t h e  f o l l o w i n g  t r a n s f o r m a t i o n  wi l l  b e  i n t r o -  

d u c e d :  

~--:~; ~ = ~1-i~5 

f(~,-~)-: ; g(~,~) : 

w h e r e  t h e  s t r e a m  f u n c t i o n  r i s  d e f i n e d  b y :  

(7) 

~ :  be a n d  r v :  - b--i (s) 

a n d ,  f o r  c o n e s ,  

r 0 = x s i n ~  . 
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Equat ions  (1-3)  then b e c o m e :  

r 0 r r 0 f '  

- f '  R +  g - R  - g + g 

! 

P-E g '  
( ' ' , ,  + R+ fg - ~ f  

~)f _ 1 , 

(9) 

(io) 

subjec t  to the boundary  condi t ions :  

= 0: f ( g , 0 )  = f ' ( g , 0 )  = 0; g ' ( g , 0 )  = - 1 

'n = ' = :  f ' ( ~ , = )  = 0; g (~ ,= )  = 0 

where  p r i m e s  in E q s .  (9) and (10) r e p r e s e n t  d i f f e r -  

ent ia t ion  with r e s p e c t  to ~, and 

dr 0 ~ 

r0 clx l+x I+~ 

The r a t i o  r / r  0 r e p r e s e n t s  the e f fec t  of t r a n s -  

v e r s e  c u r v a t u r e .  F o r  f lows fa r  d o w n s t r e a m ,  r is  

v e r y  c lo se  to r 0 and the e f fec t s  of the t r a n s v e r s e  

c u r v a t u r e  a r e  neg l ig ib le .  F u r t h e r m o r e ,  the p a r a -  

m e t e r  R app roaches  to 1 when x b e c o m e s  l a r g e .  

Equa t ions  (9) and (10) b e c o m e  s i m i l a r  and can be 

written as : 

( 1 1 )  

3 2 f " '  + f f ' - T ( f ' )  + g = 0  (12) 

1 g,, 9 1 
P'W + ~ f g '  - ~ f ' g = O  (13) 

which can  be r educed  to the f o r m  given by Lin [6] 

through the t r a n s f o r m a t i o n :  

~*=A~, f*=Bf, 8*=Cg ( 1 4 )  

and 

A=-c= Eg ;B= . ( 1 5 )  

The s t a r r e d  quant i t ies  in Eq .  (14) r e f e r  to the s a m e  

v a r i a b l e s  in Lin [6] ' s  work.  

F o r  cones ,  we have 

r = r 0+ ycosc~ 

r 0 = x sinc~ . 

In t e r m s  of the s i m i l a r i t y  v a r i a b l e s  defined in 

E q. ( 7 ) ,  the r a t i o  r / ~ 0  can t h e r e f o r e  be wr i t t en  as  : 

= 1 + 7 ,q (16) 
r0 1+ g 

where  the TV G ( t r a n s v e r s e  c u r v a t u r e )  p a r a m e t e r  

y i s  defined as :  

Cot c~ 

7=Gr ~ �9 
x 0 

( 1 7 )  

Substi tut ing r / r  0 f r o m  E q. (16) into E qs .  (9) 

and (10) ,  we get :  

. .2 

f,,, _ f,, + f '  + ~ • 

3 2 
X { (R+  ~ - - ) f f " - I ( R + ~ ) - ~ I ( f ' ) }  

- f '  R+ f - -~ ,q f '  + ( )g  

f, bf, ()f'-y*f' } 

i P r  

( i s )  

bf 

subject to the boundary conditions: 

= o :  f ( ~ , o )  = f ' ( ~ , 0 )  = o~ g ' ( ~ , o )  = - 1 

: = :  f ' ( ~ , = )  = o; g ( ~ , = )  = o 

(19) 
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where  the  no ta t ion  u ( ) ,  in E q s . ( 1 8 )  and (19) r e -  

p r e s e n t s  the two t e r m s  on the r i g h t - h a n d  s ide  of 

E q .  (16)  and 

* ~ (20) 
= ' l  l+g " 

N u m e r i c a l  Solu t ions  

To so lve  E q s .  (18)  and ( 1 9 ) ,  they  a r e  f i r s t  wr i t t e n  a s  

a f i r s t - o r d e r  s y s t e m .  The d e r i v a t i v e s  a r e  then a p -  

p r o x i m a t e d  by c e n t e r e d - d i f f e r e n c e  g r a d i e n t s  and a v e r -  

ages  c e n t e r e d  at  the midpo in t s  of the ne t  r e c t a n g l e s  

def ined by :  

= gn-1 + kn '  n = 1 , 2 , . . . , N  gO = 0,  gn 

' 0  = 0,  nj 

~ j  = ~ 

= ~j-1 + h j ,  j = 1 ,2  . . . . .  J (21) 

a s  shown in F i g u r e  2. A n o n - u n i f o r m  g r id  h def ined  
3 

by 

hj = K hi_ 1 (22) 

whe re  the r a t i o  of ad j acen t  i n t e r v a l s ,  K, i s  a c o n -  

s t a n t .  The d i s t a n c e  f rom the s u r f a c e  to the j th s t a t ion  

i s  then g iven  by :  

K j - 1 ~j = h j - - ~  , j = 1 ,2  . . . . .  l . (23)  

The g - d i r e c t i o n  g r id  k n is a r b i t r a r y .  L i n e a r i z a t i o n  

i s  ach ieved  by  the method of q u a s i l i n e a r i z a t i o n  and 

the r e s u l t i n g  s y s t e m  of a l g e b r a i c  equa t ions  a r e  then 

so lved  by an e f f i c i en t  b l o c k - t r i d i a g o n a l  f a c t o r i z a t i o n  

t echn ique .  D e t a i l s  of the method of so lu t ion  a r e  i d e n -  

t i c a l  to the one used  in r e f e r e n c e  11 and a r e  t h e r e -  

f o r e  omi t t ed  h e r e .  

In e n g i n e e r i n g  a p p l i c a t i o n s ,  i t  i s  the  s u r f a c e  t e m -  

p e r a t u r e  Tw(X) tha t  i s  of i n t e r e s t  for  the c a s e  in 

which the wal l  hea t  f lux i s  s p e c i f i e d .  F r o m  the d e -  

f in i t i ons  of E q s .  (4)  and (77 ,  

[Tw(X) -Tcc]TV C = 

(qOxO/k) g 1/5 

[ ge $ cosc~(q0x0/k)X 3 

7 

1/'5 [ g ( g ' O ] T v C  (24) 

where  the s u b s c r i p t  "TVC" means  the ef fec t  of TVC 

is  i nc luded .  If the cone angle  0t i s  l a r g e ,  the ef fec t  

of TVC is  neg l ig ib l e  and E q s .  (9)  and (10)  b e c o m e :  

f ' " +  R+ f f " - ~ ( f '  + g 

(25) 

_1 g " +  ( R + 4 )  p r f g  ' ~ P r f ' g  

= g P r ( f '  ~ - g  ' ~f b-'~) (26) 

which a r e  a l so  n o n - s i m i l a r .  The e x p r e s s i o n  for  the 

wall  t e m p e r a t u r e  i s  g iven  by:  

[Tw(X ) - Tcc]N0_TVC = 

(q0x0 /k )  g l / 5  

ge B C~ } 1/5  

The e f fec t  of TVC as  a r e s u l t  of s l e n d e r n e s s  can  

t h e r e f o r e  be c h a r a c t e r i z e d  by the fo l lowing r a t i o :  

(27) 

[g(  g ,0)  ]NO-TVC " 

[Tw(X) -Tc,]TV C [g( g ,07 ]TVC 

RTVC = [Tw(X ) -Tcc]N0_TVC [g( g, O) ]N0-TVC 

(28) 

If the TVC effec t  i s  neg l i g ib l e ,  the r a t i o  RTV C 

will  be  a p p r o x i m a t e l y  1. The r a t i o  RTV C i s  g r e a t e r  

or  s m a l l e r  than 1 depending  on whe ther  the wall  t e m -  

p e r a t u r e  T w i s  i n c r e a s e d  o r  d e c r e a s e d ,  r e s p e c t i v e l y ,  

a s  a r e s u l t  of TVC. 

To c a l c u l a t e  the r a t i o  RTVC, E q s .  (25)  and (26) 

a r e  f i r s t  so lve d ,  f r o m  which we ge t  L g ( g , 0 ) ] N 0 - T V C  

as  a funct ion of g. Then (18) and (197 a r e  so lved ,  

f r o m  which we obta in  [ g ( g , 0 )  ]TVC as  a funct ion of g. 

The r a t i o  of the two s e t s  of so lu t ions  then give the 

r a t i o  RTV C a s  a funct ion of g. Table I g i v e s  the r a t i o  

RTV C as  a funct ion of g fo r  P r  = 1.00 and fo r  a f e w  

v a l u e s  of TVC p a r a m e t e r ,  ? ,  n a m e l y  0 . 2 5 ,  0 . 5 , 0 . 7 5  

and 1 .00 ,  r e s p e c t i v e l y .  The fo l lowing conc lu s ions  a r e  

d rawn  : 

1. F o r  a l l  the  c a s e s  c o n s i d e r e d ,  the ef fec t  of TVC 

i s  to d e c r e a s e  the wall  t e m p e r a t u r e  Tw(X) for  a g iven  

va lue  of the TVC p a r a m e t e r  7. The d e c r e a s e  i s  s een  to 



T . Y .  N a  and  J . P .  C h i o u :  L a m i n a r  N a t u r a l  C o n v e c t i o n  O v e r  a S l e n d e r  V e r t i c a l  F r u s t r u m  of  a C o n e  77 

T a b l e  2.  RTvc f o r  v a r i o u s  P r a n d t l  n u m b e r s  ( f o r  7 = 0 . 7 5 )  

RTVC 

P r = O . 1  P r =  1 . 0  P r = l O  P r  = 100 

0 . 0 0  1 . 0 0 0 0  1 . 0 0 0 0  1 . 0 0 0 0  1 . 0 0 0 0  
0 . 2 5  0 . 8 2 9 3  0 . 8 8 2 1  0 . 9 1 5 1  0 . 9 4 4 7  
0 . 7 5  0 . 6 8 0 1  0 . 7 9 8 9  0 . 8 7 0 3  0 . 9 1 8 0  
1 . 7 5  0 . 7 0 8 2  0 . 8 2 7 0  0 . 8 9 4 8  0 . 9 3 4 3  
3 . 7 5  0 . 7 7 3 4  0 . 8 6 7 6  0 . 9 2 0 5  0 . 9 5 1 3  
7 . 7 5  0 . 8 3 0 3  0 . 9 0 6 7  0 . 9 4 7 3  0 . 9 6 8 4  

1 5 . 7 5  0 . 8 8 7 3  0 . 9 4 0 3  0 . 9 6 6 6  0 . 9 8 0 4  
3 1 . 7 5  0 . 9 2 7 3  0 . 9 6 2 4  0 . 9 8 0 0  0 . 9 8 8 4  
6 3 . 7 5  0 . 9 5 5 3  0 . 9 7 8 1  0 . 9 8 8 2  0 . 9 9 3 1  

1 2 7 . 7 5  0 . 9 7 2 9  0 . 9 8 6 6  0 . 9 9 3 0  0 . 9 9 6 1  

r e a c h  25 g f o r  t h e  l a r g e s t  v a l u e  of  t he  TV C p a r a m e t e r  

(7 = 1) p r e s e n t e d  in  T a b l e  1.  

2 .  The r a t i o  RTV C f i r s t  d e c r e a s e s  wi th  {,  r e a c h e s  

a m i n i m u m  a t  a c e r t a i n  l o c a t i o n  and  t h e n  i n c r e a s e s  

wi th  ~. U l t i m a t e l y ,  RTV C wi l l  a p p r o a c h  to 1 a t  v e r y  

l a r g e  v a l u e  of ~ w h i c h  m e a n s  t h e  s o l u t i o n s  wi l l  a p -  

p r o a c h  to  t h e  s i m i l a r i t y  s o l u t i o n  of E q s .  ( 1 2 )  a n d  ( 1 3 ) .  

T h i s  i s  p h y s i c a l l y  r e a s o n a b l e  s i n c e ,  a s  ~ i n c r e a s e s ,  

t he  b o u n d a r y  l a y e r  t h i c k n e s s  b e c o m e s  s m a l l  a s  c o m -  

p a r e d  w i th  t h e  r a d i u s  of t he  c o n e ,  r O, and  a s  a r e s u l t  

t he  TVC e f f e c t  b e c o m e s  l e s s  i m p o r t a n t .  

3 .  L a r g e r  v a l u e s  of t he  TVC p a r a m e t e r  7 c o r -  

r e s p o n d s  to  m o r e  p r o f o u n d  TVC e f f e c t .  F r o m  the  

d e f i n i t i o n  of  7,  a l a r g e  7 m e a n s  e i t h e r  a s m a l l e r  

c o n e  a n g l e  0t o r  a s m a l l e r  x O. In b o t h  c a s e s ,  t h e  

b o u n d a r y  l a y e r  t h i c k n e s s  b e c o m e s  c l o s e r  to  t h e  c o n e  

r a d i u s  r 0 a n d  a n  i n c r e a s e  in  t he  TVC e f f e c t  r e s u l t s .  

S i n c e  a n  i n c r e a s e  in  t h e  wa l l  h e a t  f l u x ,  q o '  r e s u l t s  

in  a d e c r e a s e  in  t he  v a l u e  of t h e  TVC p a r a m e t e r  7,  

t he  TVC e f f e c t  i s  s e e n  to  b e  i n v e r s e l y  p r o p o r t i o n a l  

to  t he  wa l l  h e a t  f lux  ( r a i s e d  to t h e  p o w e r  of 1 / 5 ) .  

4 .  The  e f f e c t  of TVC i s  d i f f e r e n t  f o r  d i f f e r e n t  v a l -  

u e s  of P r a n d t l  n u m b e r s .  A s  a n  i l l u s t r a t i o n ,  t h e  wa l l  

t e m p e r a t u r e s  a r e  t a b u l a t e d  in  Tab le  2 f o r  one  v a l u e  

of t he  TVC p a r a m e t e r  and  f o r  a f ew  v a l u e s  of P r a n d t l  

n u m b e r s .  It i s  s e e n  t h a t  the  e f f e c t  of TVC i s  m o r e  

p r o n o u n c e d  f o r  s m a l l e r  P r a n d t l  n u m b e r s .  

S i m i l a r  to  r e f e r e n c e  [ 8 ] ,  we c o n c l u d e  t he  p a p e r  

b y  s h o w i n g  h o w  the  s o l u t i o n  f o r  t h e  f r u s t r u m  of  a c o n e  

a s  p r e s e n t e d  a b o v e  c a n  b e  u s e d  a p p r o x i m a t e l y  f o r  a 

fu l l  c o n e .  C o n s i d e r ,  f o r  e x a m p l e ,  the  p r o b l e m  of  

n a t u r a l  c o n v e c t i o n  of  a i r  a t  80 ~ F o v e r  t h e  f r u s t r u m  of  

a c o n e  ( L =  1 f t ,  x 0 = 2 i n .  and  c~= 5 o ) w i th  c o n s t a n t  

h e a t  f lux  of 1000 B t u / h r - f t  2 .  F o r  t h i s  c a s e ,  t h e  TVC 

p a r a m e t e r  ? i s  found  to  b e  a p p r o x i m a t e l y  0 . 3 8 .  If  

we d e c r e a s e  x 0 f r o m  2 i n .  to  O. 5 i n . ,  t h e  c o r r e s -  

p o n d i n g  v a l u e  of  7 wi l l  b e  1 . 1 5 .  F o r  s u c h  a s m a l l  

v a l u e  of x 0 ( F i g .  1 ) ,  t h e  s o l u t i o n  f o r  t h e  f r u s t r u m  of  

a c o n e  b e c o m e s  a good  a p p r o x i m a t i o n  of  the  b o u n d a r y  

l a y e r  f l o w  o v e r  a fu l l  Cone wi th  L = 1 2 . 5  i n . ,  e s -  

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

e q u a t i o n s  no  l o n g e r  a p p l y  n e a r  the  t i p  of a fu l l  c o n e .  

T h i s  a p p r o x i m a t i o n  i s  of s i g n i f i c a n c e  s i n c e ,  f r o m  the  

m a t h e m a t i c a l  p o i n t  of  v i e w ,  a z e r o  v a l u e  of x 0 wil l  

g ive  r i s e  to  a m a t h e m a t i c a l  s i n g u l a r i t y  in  t he  t r a n s -  

v e r s e  c u r v a t u r e  f a c t o r  r / r 0  in  t he  d i f f e r e n t i a l  e q u a -  

t i o n ,  E q s .  ( 9 )  and  ( 1 0 ) .  I t  s h o u l d  b e  n o t e d  t h a t  the  

s a m e  d i f f i c u l t y  was  b y - p a s s e d  in  a s i m i l a r  m a n n e r  

in  the  a n a l y s i s  of t he  h e a t  t r a n s f e r  o v e r  a s l e n d e r  

c o n e  b y  K u i k e n  E7] .  In h i s  w o r k ,  K u i k e n  u s e d  in  e f -  

f e c t  t h e  i n v e r s e  of t he  d i s t a n c e  m e a s u r e d  f r o m  the  

t ip  a l o n g  the  c o n e  s u r f a c e  a s  t he  f l o w - d i r e c t i o n  c o -  

T a b l e  1.  S e l e c t e d  s o l u t i o n s  of  R,vc f o r  P r  = 1 . 0 0  

RTVC 

[ g ( ~ , O ) ] N O _ T V  C 7 = 0 . 2 5  7 = 0 . 5 0  7 = 0 . 7 5  7 = 1 . 0 0  

0 . 0 0  1 . 8 7 2 9  1 . 0 0 0 0  1 . 0 0 0 0  1 . 0 0 0 0  1 . 0 0 0 0  
0 . 2 5  1 . 8 2 8 2  0 . 9 5 4 7  0 . 9 1 5 7  0 . 8 8 2 1  0 . 8 4 6 7  
0 . 7 5  1 . 7 8 4 1  0 . 9 1 9 9  0 . 8 5 4 2  0 . 7 9 8 9  0 . 7 4 9 3  
1 . 7 5  1 . 7 3 2 5  0 . 9 3 0 7  0 . 8 7 4 3  0 . 8 2 7 0  0 . 7 8 7 1  
3 . 7 5  1 . 6 9 3 0  0 . 9 4 9 4  0 . 9 0 5 8  0 . 8 6 7 6  0 . 8 3 3 4  
7 . 7 5  1 . 6 6 4 9  0 . 9 6 5 3  0 . 9 3 4 5  0 . 9 0 6 7  0 . 8 8 1 7  

1 5 . 7 5  1 . 6 4 9 8  0 . 9 7 8 7  0 . 9 5 8 9  0 . 9 4 0 3  0 . 9 2 2 7  
3 1 . 7 5  1 . 6 4 0 6  0 . 9 8 6 8  0 . 9 7 4 3  0 . 9 6 2 4  0 . 9 5 1 1  
6 3 . 7 5  1 . 6 3 6 8  0 . 9 9 2 5  0 . 9 8 5 2  0 . 9 7 8 1  0 . 9 7 1 0  

1 2 7 . 7 5  1 . 6 3 3 9  0 . 9 9 5 5  0 . 9 9 0 9  0 . 9 8 6 6  0 . 9 8 2 3  
1 . 6 3 2 7  1 . 0 0 0 0  1 . 0 0 0 0  1 . 0 0 0 0  1 . 0 0 0 0  
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o rd ina te  ( ~ ) .  As a r e s u l t ,  h is  so lu t ions  s t a r t e d  f r o m  

the d o w n s t r e a m  s ide  and in t eg ra t ed  s t e p - b y - s t e p  in 

the opposi te  d i r e c t i o n  of the f low.  T h e r e f o r e ,  the t ip 

of the cone in K u i k e n ' s  a n a l y s i s  c o r r e s p o n d s  to 

equa l s  to inf ini ty .  Since h is  i n t eg ra t i on  s tops  at a 

f in i te  va lue  of g, the so lu t ion  n e v e r  r e a c h e s  the t ip 

of the cone .  By this  way, s i ngu l a r i t y  at the t ip of the 

cone was avo ided .  
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