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©  Apparatus  and  process  for  heat  transfer. 
Apparatus  and  a  process  of  heat  transfer  employ  a  fluid 

flow  passage  in  which  the  flow  consists  of  non-turbulent 
boundary-layers  adjacent  the  surfaces  and  a  non-turbulent 
core-layer  between  the  boundary-layers  and  interfacing 
therewith.  An  interrupter-structure  is  disposed  within  the 
flow  passage  and  interrupts  the  full  development  of  the 
boundary-layers  at  a  multitude  of  spaced  spots,  leaving  the 
heat  transfer  surfaces  unaltered,  unmodified  and  uninter- 
rupted,  so  that  the  boundary-layers  cannot  increase  in 
thickness  but  will  partially  separate  from  the  surfaces  and 
mix  non-turbulently  with  the  core-layer  to  effect  the  required 
heat  transfer  between  the  walls  and  the  fluid.  The  interrup- 
ter-structure  preferably  consists  of  a  plurality  of  spheres,  or  a 
sheet  in  which  spherical,  elliptical,  drop-shaped  or  egg- 
shaped  protrusions  have  been  formed,  all  of  which  can  be 
obtained  readily  on  the  market  place  at  very  low  cost.  This  is 
to  be  contrasted  with  prior  art  apparatus  which  increase  the 
heat  exchange  by  rendering  the  fluid  turbulent  e.g.  by 
turbulence  promoters  or  roughening,  ridging  or  interrupting 
the  heat  transfer  walls.  The  increased  turbulence  increases 
heat  transfer  but  produces  a  proportionally  much  greater 
increase  in  pumping  power  that  makes  these  proposals 
uneconomic  for  many  applications. 



F i e l d   of  t h e   I n v e n t i o n  

T h i s   i n v e n t i o n   i s   c o n c e r n e d   w i t h   new  a p p a r a t u s   f o r   h e a t  

t r a n s f e r   and  w i t h   a  new  p r o c e s s   f o r   h e a t   t r a n s f e r ,   as  e m p l o y e d  

in  s u c h   a p p a r a t u s .  

R e v i e w   of   t h e   P r i o r   A r t  

I t   i s   a  c o n s t a n t   e n d e a v o u r   in   t h e   f i e l d   of   h e a t   t r a n s f e r  

to   i m p r o v e   t h e   e f f i c i e n c y . o f   h e a t   t r a n s f e r   p r o c e s s e s   in  o r d e r   t o  

i m p r o v e   t h e   e f f i c i e n c y   and   a l s o   i f   p o s s i b l e   l o w e r   t h e   c o s t   o f   t h e  

a p p a r a t u s   e m p l o y i n g   t h e   i m p r o v e d   p r o c e s s .   To  t h i s   end  a  n u m b e r  

of   p r i o r   p r o p o s a l s   h a v e   b e e n   made  among  w h i c h   a r e :  

a)  r e d u c i n g   t h e   t h i c k n e s s   of   t h e   b o u n d a r y - l a y e r s   of   t h e  

f l u i d   f l o w i n g   in   a  p a s s a g e   by  t h e   p r o m o t i o n   of   t u r b u l e n c e   in   t h e  

f l u i d   f l o w ,   f o r   e x a m p l e   by  r o u g h e n i n g   t h e   f l o w   p a s s a g e   w a l l s   a n d /  

or   t h e   p r o v i s i o n   of  t u r b u l e n c e   p r o m o t e r s   in   t h e   p a s s a g e .  

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

h e a t   t r a n s f e r   s u r f a c e s   by  u s e   of   c u r v e d   o r   wavy  h e a t   t r a n s f e r  

s u r f a c e s   a n d  

c)  t h e   i n t e r r u p t i o n   of   t h e , h e a t   t r a n s f e r   s u r f a c e s ,   a s  

w i t h   t h e   s o - p a l l e d   " s p l i t - f i n "   a p p a r a t u s .  

A  f r e q u e n t   s e r i o u s   p r o b l e m   w i t h . s u c h   p r o p o s a l s   i s   t h a t ,  

a l t h o u g h   t h e   p r o m o t i o n   of   t u r b u l e n c e   or   t h e   i n t e r r u p t i o n   of   t h e  

h e a t   t r a n s f e r   s u r f a c e s   in  l a m i n a r   f l o w   do  i n c r e a s e   t h e   h e a t   t r a n s -  

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

t h e   p u m p i n g   p o w e r   p e r   u n i t   a r e a   r e q u i r e d   t o   m a i n t a i n   t h e   f l u i d  

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

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

s i d e r a b l e   i n c r e a s e   in  m a n u f a c t u r i n g   c o s t ,   w i t h   t h e   r e s u l t   t h a t  

t h e   o v e r a l l   e c o n o m y   of   t h e   s y s t e m   i s   r e d u c e d .   I n  



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

a d o p t i o n   o f   s u c h   p r o p o s a l s   in  many  c a s e s   u n l e s s   t h e r e   i s   a n  

o v e r r i d i n g   n e e d ,   f o r   e x a m p l e ,   f o r   c o m p a c t n e s s   in   s i z e .  

As  an  e x a m p l e   o f   p r o p o s a l   a)  B r i t i s h   P a t e n t   S e r i a l   N o :  

1 , 1 7 2 , 2 4 7   i s s u e d   t o   Hugh  E d d o w e s   and  P e t e r   E r n e s t   Goss   d i s c l o s e s  

a  h e a t   e x c h a n g e   a p p a r a t u s   in   w h i c h   a  f l o w   p a s s a g e   f o r m e d   b e t w e e n  

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

c r o s s e d   r o d s   or   w o v e n   w i r e   mesh   in   o r d e r   to   p r o m o t e   t u r b u l e n c e  

in   t h e   f l o w .   U . S .   P a t e n t   1 , 8 6 2 , 2 1 9   i s s u e d   t o   J . M .   H a r r i s o n  

d i s c l o s e s   a n o t h e r   s t r u c t u r e   in   w h i c h   e x p a n d e d   m e t a l   i s   u s e d   a s  

a  f l u i d   d e f l e c t o r   t o   t h i n   o u t   t h e   b o u n d a r y - l a y e r .   A  l a r g e   n u m b e r  

of   o t h e r   s o - c a l l e d   " t u r b u l e n c e   p r o m o t e r s "   h a v e   b e e n   p r o p o s e d  

h i t h e r t o   f o r   t h i s   p u r p o s e .  



As  an  e x a m p l e   of   p r o p o s a l   b)  t h e   p u b l i c a t i o n   " H e a t  

T r a n s f e r   H a n d b o o k "   by  A . P . V . \  C o m p a n y   I n c .   of   T o n a w a n d a ,   New  Y o r k ,  

p r o v i d e s   p u m p i n g   p o w e r   v s .   h e a t   t r a n s f e r   d a t a   and   d e s c r i b e s   t h e  

way  in   w h i c h   an  i m p r o v e m e n t   can   be  a c h i e v e d   in   h e a t   t r a n s f e r   b y  

i n d u c t i o n   of   t u r b u l e n t   f l u i d   f l o w   even   a t   low  R e y n o l d s   n u m b e r s ,  

t h i s   i n d u c t i o n   b e i n g   p r o d u c e d   by  u s e   of  c u r v e d   or   wavy   h e a t  

t r a n s f e r   p l a t e s   w h i c h   a r e   s t a c k e d   t o g e t h e r   w i t h   i n t e r p o s e d   g a s k e t s  

to   c o n s t i t u t e   t h e   s o - c a l l e d   " p l a t e   and  f r a m e "   e x c h a n g e r s .   O t h e r  

e x a m p l e s   a r e   d e s c r i b e d   a t   p a g e s   216  and  217  in   t h e   p u b l i c a t i o n   b y  

W.M.  Kays   and   A . L .   L o n d o n   " C o m p a c t   H e a t   E x c h a n g e r s "   2nd  e d i t i o n ,  

McGraw  H i l l   S e r i e s   in  M e c h a n i c a l   E n g i n e e r i n g ,   New  Y o r k ,   1 9 6 4 .  

As  an  e x a m p l e   of   p r o p o s a l   c)  U .S .   P a t e n t   S e r i a l   N o :  

2 , 3 6 0 , 1 2 3   i s s u e d   t o   G e o r g e   W.  G e r s t u n g   and  H i r a m   W a l k e r   d i s c l o s e s  

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

d o e s   a l s o   t h e   a b o v e - m e n t i o n e d   " C o m p a c t  H e a t   E x c h a n g e r s "   a t   p a g e  

212 .   W i t h   t h i s   a r r a n g e m e n t   v e r y   h i g h   c o e f f i c i e n t s   of   h e a t   t r a n s f e r  

a r e   o b t a i n e d   w h i l e   t h e   f l o w   i s   l a m i n a r   by  k e e p i n g   t h e   f i n   l e n g t h  

v e r y   s h o r t   t h r o u g h   s l i t t i n g   and   o f f - s e t t i n g .   T h i s   a l l o w s   t h e  



m a x i m i z a t i o n   o f   h e a t   t r a n s f e r   w i t h i n   t h e   d e v e l o p i n g   b o u n d a r y  

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

of   t h e   s p l i t  f i n s ,   t h e   s p l i t t i n g   and  o f f s e t t i n g   p r e v e n t i n g  

d e v e l o p m e n t   of   t h i c k   b o u n d a r y   l a y e r s .   The  m i x i n g   w i t h   t h e   c o r e -  

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

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

m i x i n g   e f f i c i e n c i e s .   Q u i t e   f r e q u e n t l y   s l i g h t   b u r r s   d e v e l o p   w h e n  

t h e   f i n s   a r e   c u t ,   m a k i n g   t h e   f l o w   t u r b u l e n t   a t   q u i t e   low  R e y n o l d s  

n u m b e r s   w i t h   an  a s s o c i a t e d   h i g h e r   f r i c t i o n   d r a g .   The  r e s u l t s   i n  

b o t h   c a s e s   a r e   h i g h   p u m p i n g   p o w e r   r e q u i r e m e n t s   p e r   u n i t   o f   h e a t  

t r a n s f e r   s u r f a c e   and  v e r y   h i g h   c o s t   o f   m a n u f a c t u r e .  

D e f i n i t i o n   of   t h e   I n v e n t i o n  

I t   i s   t h e r e f o r e   an  o b j e c t   o f   t h e   i n v e n t i o n   t o   p r o v i d e   a  

new  p r o c e s s   f o r   h e a t   t r a n s f e r   by  w h i c h   t h e   h e a t   t r a n s f e r   c a n   b e  

i n c r e a s e d   w i t h o u t   a  c o r r e s p o n d i n g   d i s p r o p o r t i o n a t e   i n c r e a s e   i n  

p u m p i n g   p o w e r .  

I t   i s   a l s o   an  o b j e c t   of   t h e   i n v e n t i o n   t o   p r o v i d e   h e a t  

t r a n s f e r   a p p a r a t u s   of   a  new  t y p e   in   w h i c h   t h e   h e a t   t r a n s f e r   c a n  

be  i n c r e a s e d   w i t h o u t   a  c o r r e s p o n d i n g   d i s p r o p o r t i o n a t e   i n c r e a s e   i n  

p u m p i n g   p o w e ï .  

More  s p e c i f i c   o b j e c t s   a r e   to   p r o v i d e   new  h e a t   t r a n s f e r  

a p p a r a t u s   and  p r o c e s s e s   in   w h i c h   t h e   h e a t   t r a n s f e r   i s   i n c r e a s e d  

w i t h   a v o i d a n c e   of   t u r b u l e n c e   in   t h e   p r e s e n c e   of   l a m i n a r   w a k e -  

i n t e r f e r e n c e   f l o w .  

In  a c c o r d a n c e   w i t h   t h e   p r e s e n t   i n v e n t i o n   t h e r e   i s  

p r o v i d e d   a ' p r o c e s s   of   h e a t   t r a n s f e r   i n c l u d i n g   e s t a b l i s h i n g   in   a  

f l u i d   f l o w   p a s s a g e ,  c o m p r i s i n g   a t   l e a s t   one   h e a t   t r a n s f e r   s u r f a c e ,  

a  n o n - t u r b u l e n t   f l u i d   f l o w   c o n s i s t i n g   of   a  n o n - t u r b u l e n t   b o u n d a r y -  



l a y e r   i m m e d i a t e l y   a d j a c e n t   e a c h   p a s s a g e   s u r f a c e ,   and  a  n o n -  

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

l a y e r   o r   l a y e r s ;  

i n t e r r u p t i n g   n o n - t u r b u l e n t l y   t h e   f u l l   d e v e l o p m e n t   of  t h e  

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

s p a c e d   i n t e r r u p t i o n   s p o t s   t o   c a u s e   n o n - t u r b u l e n t   s e p a r a t i o n   o f  

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

s u r f a c e   a t   t h o s e   i n t e r r u p t i o n   s p o t s  a n d   t h e i r   m i x i n g   w i t h   t h e  

c o r e - l a y e r ,   to   e f f e c t   h e a t   t r a n s f e r   b e t w e e n   t h e   h e a t   t r a n s f e r  

s u r f a c e ,   i t s   r e s p e c t i v e   b o u n d a r y - l a y e r   and  t h e   c o r e - l a y e r .  

A l s o   in   a c c o r d a n c e   w i t h   t h e   i n v e n t i o n   t h e r e   i s   p r o v i d e d  

a p p a r a t u s   f o r   h e a t   t r a n s f e r   b e t w e e n   two  f l u i d s   c o m p r i s i n g :  

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

l e a s t   o n e  f l a t   h e a t   t r a n s f e r   s u r f a c e ;  

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

f l o w i n g   t h e r e i n   b e i n g   s u c h   t h a t   t h e   s a i d   f l u i d   f l o w   w i l l   t a k e   t h e  

f o r m   of   a  n o n - t u r b u l e n t   b o u n d a r y   l a y e r   or   l a y e r s   i m m e d i a t e l y  

. a d j a c e n t   t o   t h e   r e s p e c t i v e   s u r f a c e   or   s u r f a c e s ,   and  a  n o n - t u r b u l e n t  

c o r e - l a y e r   i n t e r f a c i n g   w i t h   t h e   b o u n d a r y - l a y e r   or   l a y e r s ;   a n d  

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

f l o w   p a s s a g e ,   i n t e r r u p t i n g   n o n - t u r b u l e n t l y   t h e   f u l l   d e v e l o p m e n t   o f  

a t   l e a s t   t h e   b o u n d a r y - l a y e r   of   t h e   f l a t   h e a t   t r a n s f e r   s u r f a c e   a t   a  

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

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

h e a t   t r a n s f e r   s u r f a c e   b e t w e e n   t h e   s a i d   i n t e r r u p t i o n   s p o t s   and   m i x  

w i t h   t h e   c o r e - l a y e r   to   e f f e c t   h e a t   t r a n s f e r   b e t w e e n   t h e   h e a t  

t r a n s f e r   s u r f a c e ,   i t s   r e s p e c t i v e   b o u n d a r y - l a y e r ,   and  t h e   c o r e -  

l a y e r .  



D e s c r i p t i o n   of  t h e   D r a w i n g s  

A p p a r a t u s   and   p r o c e s s e s   w h i c h   a r e   p a r t i c u l a r l y   p r e f e r r e d  

e m b o d i m e n t s   of   t h e   i n v e n t i o n   w i l l   now  be  d e s c r i b e d ,   by  way  o f  

e x a m p l e ,   w i t h   r e f e r e n c e   to   t h e   a c c o m p a n y i n g   d i a g r a m m a t i c   d r a w i n g s  

w h e r e i n :  

FIGURE  1  i s   a  p e r s p e c t i v e   v i e w   of   a  h e a t   t r a n s f e r  

a p p a r a t u s ,   w h e r e i n   t h e   h e a t   t r a n s f e r   i s   f r o m   a  f l u i d   f l o w i n g  

w i t h i n   t h e   a p p a r a t u s   t o   t h e   a m b i e n t   a t m o s p h e r e   s u r r o u n d i n g   t h e  

a p p a r a t u s ;  

FIGURE  2  i s   a  s i m i l a r   v i e w   to   F i g u r e   1,  b u t   w i t h   t h e  

f i n s ,   s i d e   and   end   w a l l s   r e m o v e d   t o   show  one   p r e f e r r e d   f o r m   o f  

f l u i d   f l o w   i n t e r r u p t e r   s t r u c t u r e   w i t h i n   i t s   i n t e r i o r ;  

FIGURE  3  i s   a  s e c t i o n   t a k e n   on  t h e   l i n e   3-3   o f   F i g u r e  

2  and   s h o w i n g   t h e   f l u i d   f l o w   o b t a i n e d   i n s i d e   t h e   a p p a r a t u s ;  

FIGURES  4a ,   4b,   4c  and   4d  a r e   p l a n   v i e w s   of   a  s m a l l  

p o r t i o n   of   d i f f e r e n t   i n t e r r u p t i o n   s t r u c t u r e s   t o  s h o w   t h e  

r e s p e c t i v e   f o r m s   t h a t   can   b e  t a k e n   t h e r e b y ;  

FIGURE  5  i s   a  s c h e m a t i c   c r o s s - s e c t i o n   t o   i l l u s t r a t e  

t h e   p r e f e r r e d   f o r m   of  t h e   i n t e r r u p t e r   s t r u c t u r e ;  

FIGURE  6  i s   a  v i e w   s i m i l a r   t o   F i g u r e   2  t o   show  a n o t h e r  

p r e f e r r e d   f o r m   o f  f l u i d - f l o w   i n t e r r u p t e r   s t r u c t u r e ;  

FIGURES  7a  and  7b  a r e   r e s p e c t i v e   p e r s p e c t i v e   v i e w s   t o  

i l l u s t r a t e   t h e   a d a p t i o n   of   t h e   s t r u c t u r e s   of   t h e   i n v e n t i o n   to   a  

h e a t   e x c h a n g e r   e m p l o y i n g . t w o   c o n f i n e d   f l u i d   f l o w   p a t h s   in   h e a t  

e x c h a n g e   r e l a t i o n   w i t h   one  a n o t h e r ;  

'FIGURE  8  i s   a  p e r s p e c t i v e   v i e w   of   an  e m b o d i m e n t  

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

w h e r e i n   t h e   f l o w   i n t e r r u p t i o n   s t r u c t u r e   i s   a  p l u r a l i t y   of   s p h e r e s ;  



FIGURES  9a  and   9b  a r e   t r a n s v e r s e   c r o s s - s e c t i o n s  

t h r o u g h   two  f u r t h e r   e m b o d i m e n t s   w h e r e i n   t h e   f l o w   p a s s a g e s  a r e  

of   c i r c u l a r   c r o s s - s e c t i o n   and   s h o w i n g   two  d i f f e r e n t   a r r a n g e m e n t s  

of   i n t e r r u p t e r   s t r u c t u r e   c o m p r i s i n g   a  p l u r a l i t y   of   s p h e r e s ;  

FIGURE  10  i s   a  t r a n s v e r s e   c r o s s - s e c t i o n   t h r o u g h   a  

s i n g l e   t u b e - i n - s h e l l   h e a t   e x c h a n g e r   o f   t h e   i n v e n t i o n ;  

FIGURE  11  i s   a  l o n g i t u d i n a l   c r o s s - s e c t i o n   on  t h e   l i n e  

1 1 - 1 1   of   F i g u r e   1 0 ;  

FIGURE  12  i s   a  l o n g i t u d i n a l   c r o s s - s e c t i o n   on  t h e   l i n e  

1 2 - 1 2   of   F i g u r e   13  t h r o u g h   a  m u l t i p l e   t u b e   s h e l l - a n d - t u b e   h e a t  

e x c h a n g e r   of  t h e   i n v e n t i o n   in   w h i c h   t h e   t u b e s   a r e   o f   c i r c u l a r  

c r o s s - s e c t i o n ;  

FIGURE  13  i s   a  t r a n s v e r s e   c r o s s - s e c t i o n   on  t h e   l i n e  

1 3 - 1 3   of   F i g u r e   1 2 ;  

FIGURE  14  i s   a  l o n g i t u d i n a l   c r o s s - s e c t i o n   s i m i l a r   t o  

F i g u r e   12  and   on  t h e   l i n e   1 4 - 1 4   of   F i g u r e   15,   b u t   w i t h   a  d i f f e r e n t  

h e a t   e x c h a n g e   s t r u c t u r e   s u r r o u n d i n g   t h e   t u b e s ;  

FIGURE  15  i s   a  t r a n s v e r s e   c r o s s - s e c t i o n   on  t h e   l i n e  

1 5 - 1 5   of   F i g u r e   14;  a n d  

FJGURE  16  i s   a  g r a p h   to   show  t h e   r e l a t i v e   p e r f o r m a n c e  

r a n k i n g   o f   h e a t   e x c h a n g e r   s u r f a c e s   o f   t h e   i n v e n t i o n   as  c o m p a r e d  

w i t h   s u r f a c e s   f r o m   p r i o r   a r t   t u b u l u s   and   p l a t e   h e a t   e x c h a n g e r s .  



D e s c r i p t i o n   of   t h e   P r e f e r r e d   E m b o d i m e n t s  

The  s i m p l e   c o n v e c t i o n - t y p e   h e a t   t r a n s f e r   a p p a r a t u s   1 0  

of   F i g u r e   1  i s   i n t e n d e d   f o r   t h e   t r a n s f e r   o f   h e a t   c a r r i e d   by  a  

l i q u i d   f l u i d ,   s u c h   as  o i l   or   w a t e r ,   t o   t h e   g a s e o u s   a m b i e n t  

a t m o s p h e r e ;   s u c h   a p p a r a t u s   i s   c o m m o n l y   u s e d   f o r   e x a m p l e   as  a n  

o i l   or   w a t e r   c o o l e r .   The  a p p a r a t u s   c o n s i s t s   of   a  h o l l o w   b o d y   12  

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

i n t e r r u p t e r   s t r u c t u r e   t o   be  d e s c r i b e d   b e l o w .   The  l i q u i d   f l u i d   i s  

f e d   i n t o   t h e   a p p a r a t u s   v i a   an  i n l e t   p i p e   14  and   d i s c h a r g e d   t h e r e -  

f r o m   v i a   an  o u t l e t   p i p e   16.  The  e x t e r i o r   of   t h e   body   may  b e  

p r o v i d e d   in   known  m a n n e r   w i t h   s p a c e d   p a r a l l e l   f i n s   18  f o r   m o r e  

e f f i c i e n t   h e a t   t r a n s f e r   t o   t h e   a m b i e n t   a i r .  

The  i n t e r i o r   of   t h e   b o d y   12  p r o v i d e s   a  n o n - t u r b u l e n t  I  

f l u i d   f l o w   p a s s a g e   c o m p r i s i n g   two  s p a c e d   p a r a l l e l   f a c i n g   h e a t -  

t r a n s f e r r i n g   w a l l   s u r f a c e s   20  ( F i g .   3)  p r o v i d e d   by  t h e   w a l l s   2 2 ,  

b e t w e e n   w h i c h   w a l l   s u r f a c e s   t h e   l i q u i d   f l u i d   f l o w s .   The  p a s s a g e  

i s   c o m p l e t e d   by  two  s i d e   w a l l s   24  and  t h e   e n c l o s u r e   i s   c o m p l e t e d  

by  two  t r a n s i t i o n   p i e c e s  2 6   w h i c h   p r o g r e s s i v e l y   c h a n g e   t h e  

c i r c u l a r   c r o s s - s e c t i o n   of  t h e   p i p e s   14  and   16  t o   t h e   r e c t a n g u l a r  

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

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

of   a  p l u r a l i t y   of   d e n s e l y   p a c k e d   s p h e r e s   28  of   a  m a t e r i a l   t h a t  

w i l l   be  u n a f f e c t e d   by  t h e   f l u i d ,   s u c h   as  m e t a l ,   g l a s s   o r   p o r c e l a i n ,  

t h e   p a c k i n g   b e i n g   s u c h   t h a t   t h e   s p h e r e s   c o n t a c t   one  a n o t h e r .   T h e  

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

c o n t a c t   w i t h   t h e   o p p o s e d   h e a t   t r a n s f e r r i n g   w a l l   s u r f a c e s   2 0 .  

S i n c e   in   t h i s   e m b o d i m e n t   t h e   s p h e r e s   a r e   t o u c h i n g   one  a n o t h e r   t h e y  

may  be  j o i n e d   t o   e a c h   o t h e r   a t   t h e i r   p o i n t s   o f   m u t u a l   c o n t a c t   t o  



f o r m   a  u n i t a r y   s t r u c t u r e .   In  o t h e r   e m b o d i m e n t s   t h e y   may  b e  

p a c k e d   a t   a  l o w e r   d e n s i t y  a t   w h i c h   t h e y   a r e   s p a c e d   f r o m   o n e  

a n o t h e r ,   f o r   e x a m p l e ,   by  an  i n t e r p o s e d   a p e r t u r e d   p l a t e   h a v i n g   t h e  

s p h e r e s   d i s p o s e d   in  t h e   a p e r t u r e s   t h e r e o f .   O t h e r   v a r i a t i o n s   w i l l  

be  d e s c r i b e d   b e l o w .  

I t   i s   known  t o   t h o s e   s k i l l e d   in   t h e   a r t   t h a t   f l u i d  

f l o w i n g   w i t h i n   a  p a s s a g e   h a s   b o u n d a r y - l a y e r s   30  i m m e d i a t e l y  

a d j a c e n t   t h e   s u r f a c e s   20,   w h i c h   a c t   to   i n s u l a t e   t h e   w a l l   s u r f a c e s  

f rom  t h e   ma in   body   of   t h e   f l u i d   f l o w i n g   in   a  c o r e   l a y e r   32  

b e t w e e n   and   i n t e r f a c i n g   w i t h   t h e   b o u n d a r y   l a y e r s   30 ,   and  w h i c h  

t h e r e f o r e   r e d u c e   t h e   h e a t   t r a n s f e r   b e t w e e n   t h e   s u r f a c e s   20  and  t h e  

c o r e   l a y e r   32.  C o r r e s p o n d i n g   b o u n d a r y   l a y e r s   30  a r e   a l s o   p r e s e n t  

on  t h e   s u r f a c e s   of  t h e   s p h e r e s   28.   I t   i s   a l s o   known  t h a t   a n  

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

in  t h e   d i r e c t i o n   of  f l u i d   f l o w ,   w h i c h   w i l l   i n c r e a s e   i t s   i n s u l a t i n g  

e f f e c t .   As  d e s c r i b e d   a b o v e ,   p r o p o s a l s   h a v e   b e e n   made  h i t h e r t o   t o  

d i s r u p t   t h e   b o u n d a r y   l a y e r s   by  r o u g h e n i n g   or   r i d g i n g   t h e   s u r f a c e  

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

i n c r e a s i n g   to   a  d i s p r o p o r t i o n a t e l y   g r e a t e r   e x t e n t   t h e   p u m p i n g  

p o w e r   r e q u i r e d .  

In  a p p a r a t u s   of   t h e   i n v e n t i o n   t h e   b o u n d a r y   l a y e r s   3 0 ' a r e  

i n t e r r u p t e d   in   a  " s p o t - w i s e "   m a n n e r   a t   s p a c e d   s p o t s   34  by  m e a n s  

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

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

f l o w   in  t h e   c o r e   32.  In  t h e   a p p a r a t u s   of  t h e   i n v e n t i o n   n o t   o n l y  

a r e   t h e   h e a t   t r a n s f e r   s u r f a c e s   20  n o t   r o u g h e n e d ,   e t c . ,   b u t   on  t h e  

c o n t r a r y   t h e y   a r e   made  as   s m o o t h   as  i s   e c o n o m i c a l l y   p o s s i b l e ,   t o  

t h e   e x t e n t  t h a t   in   many  e m b o d i m e n t s   t h e   s u r f a c e s   20  w i l l   b e  



p o l i s h e d   t o   t h e   d e s i r e d   d e g r e e   of  s m o o t h n e s s .   The   d i s r u p t i o n   o f  

t h e   b o u n d a r y   l a y e r s   30  a t   t h e   m u l t i t u d e   of  s p a c e d   s p o t s   34  

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

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

f r i c t i o n   d r a g .   The  p o l i s h i n g   of  a l l   s u r f a c e s   i n c l u d i n g   t h o s e   o f  

t h e   s p h e r e s   a l s o   a s s i s t s   in   t h e   d e s i r e d   m i n i m i z i n g   of   t h e   f r i c t i o n  

d r a g .  

T h u s ,   t h e   i n v e n t i o n   may  be  r e g a r d e d   as   c o m p r i s i n g   a  f l u i d  

f l o w   s y s t e m   f o r   i m p r o v i n g   t h e   r a t i o   of  c o n v e c t i v e   h e a t   t r a n s f e r  

to   f r i c t i o n   p o w e r   p e r   u n i t   h e a t   t r a n s f e r   s u r f a c e   a r e a   by  s a n d -  

w i c h i n g   s p e c i a l l y   s h a p e d   i n t e r r u p t i n g   and   m i x i n g - s t r u c t u r e s   of  l o w  

f r i c t i o n   d r a g   i m m e d i a t e l y   a d j a c e n t   a  s m o o t h   h e a t   t r a n s f e r   s u r f a c e  

u s i n g   h y d r a u l i c   r a d i i   t h a t   g u a r a n t e e   t o t a l   l a m i n a r   f l o w .   T h e  

m i x i n g   s t r u c t u r e s   c o n t a i n . c e l l u l a r   v o i d s ,   w h i c h   a r e   c o n n e c t e d   w i t h  

one  a n o t h e r ,   in   e a c h   of   w h i c h   t h e   f l u i d   r o t a t e s   s p i r a l - l i k e   as  a  

s i n g l e   l a m i n a r   e d d y .   T h e s e   e d d i e s   a r e   v e r y   e f f i c i e n t   means   o f  

m i x i n g   l a m i n a r   s t r e a m s ,   and   p r e f e r a b l y   a r e   o b t a i n e d   by  c o i n c i d i n g  

a  wake  e d d y   d o w n s t r e a m   of   an  i n t e r r u p t i o n   p o i n t   w i t h   an  a d v a n c e  

eddy   u p s t r e a m   of  a  s u b s e q u e n t   i n t e r r u p t i o n   p o i n t   so  as   t o   p r o d u c e  

w a k e - i n t e r f e r e n c e   f l o w ,   w h i c h   p r o v i d e s   t h e   h i g h e s t   e f f i c i e n c y .  

The  b o u n d a r y   l a y e r s   30  on  t h e   c u r v e d   s u r f a c e s   of   t h e   m i x i n g -  

s t r u c t u r e s   a r e   f a i r l y   t h i c k ,   w h e r e a s   t h e   b o u n d a r y   l a y e r s   of  t h e  

f l a t   h e a t   t r a n s f e r   s u r f a c e s ,   s i t u a t e d   o p p o s i t e   t h e   m i x i n g - s t r u c t u r e  

s u r f a c e s ,   r e m a i n   v e r y   t h i n   on  a v e r a g e   b e c a u s e   t h e y   a r e   r e d u c e d  

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

b e t w e e n   t h e   s u r f a c e   of   t h e   m i x i n g - s t r u c t u r e   and   t h e   h e a t   t r a n s f e r  

s u r f a c e ,   and   a r e   in   a d d i t i o n   e x p o s e d   to   t h e   h i g h e s t   l o c a l  

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



t r a n s f e r   s u r f a c e .   T h i s   a l l o w s   r a p i d   h e a t   f l o w   t h r o u g h   t h e   h e a t  

t r a n s f e r   s u r f a c e .  

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

t h e   v e l o c i t y   g r a d i e n t s   a d j a c e n t   to   t h e   f l a t   h e a t   t r a n s f e r   s u r f a c e s  

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

m i x i n g   s t r u c t u r e .   T h e s e   v e l o c i t y   g r a d i e n t s   a r e ,   m o r e o v e r ,  

m a i n t a i n e d   l a r g e l y   a t   t h e   h e a t   t r a n s f e r   s u r f a c e s   by  v i r t u e   of   t h e  

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

of   c o n t a c t   p o i n t s   b e t w e e n   t h e   m i x i n g   s t r u c t u r e   and  t h e   h e a t  

t r a n s f e r   s u r f a c e .   T h e s e   i n t e r r u p t i o n s   a l s o   c a u s e   t h e   f l o w   t o  

s w i r l   a t   h i g h   v e l o c i t y   t o w a r d   t h e   h e a t   t r a n s f e r   s u r f a c e .   S i n c e  

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

a n a l y s i s   ( s e e ,   e . g .   pp  4 2 2 - 4 2 3 ,   P r i n c i p l e s   of   H e a t   T r a n s f e r ,   3 r d  

e d i t i o n   by  F.  K r e i t h ,   P u b l i s h e r s   H a r p e r   and   Row,  New  Y o r k ,   1 9 7 6 )  

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

t h e   i n t e r r u p t i n g   m i x i n g   s t r u c t u r e   w h i c h   p r o d u c e s   r e p e a t e d   s t e e p  

v e l o c i t y   g r a d i e n t s   s i m i l a r   to   s o - c a l l e d   " e n t r a n c e   e f f e c t s " ,   a l s o  

p r o m o t e s   i n c r e a s e d   h e a t   t r a n s f e r   w h i l e   t h e   f l o w   r e m a i n s   l a m i n a r .  

The  g e n e r a l   d i r e c t i o n   of  f l o w   of  t h e   f l u i d   i s   i n d i c a t e d  

by  a r r o w s   36%'  and  t h e   f l o w   i n t e r r u p t e r   s t r u c t u r e   c a u s e s   t h e  

p r o d u c t i o n   of  l a m i n a r   f l o w   e d d i e s   38  of  s h a p e   and   r o t a t i o n a l  

f r e q u e n c y   t h a t   d e p e n d   upon   t h e   g e o m e t r y   of  t h e   s t r u c t u r e .   W a k e -  

e d d i e s   w i l l   be  p r o d u c e d   a r o u n d   t h e   s p o t s   of  i n t e r r u p t i o n   d o w n s t r e a m  

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

f l o w .   I f   t h e   s p a c i n g   of  t h e   i n t e r r u p t i o n   s p o t s   34  i s   m a d e  s u c h  

t h a t   t h e   a d v a n c e -   and  w a k e - e d d i e s   of  i m m e d i a t e l y   s u c c e s s i v e   s p o t s  

c o i n c i d e ,   t h e n   w a k e - i n t e r f e r e n c e   f l o w   i s   o b t a i n e d   w h e r e b y ,   in   t h e  

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



m i x i n g   i s   o b t a i n e d   b e t w e e n   t h e   i n t e r r u p t e d   b o u n d a r y - l a y e r s   30  a n d  

t h e   a d j a c e n t   c o r e   l a y e r   3 2 .  A   t u r b u l e n t   f l o w ,   w h i c h   i s   to   b e  

a v o i d e d ,   may  be  d i s t i n g u i s h e d   f r o m   an  e d d y   in  t h a t   t h e   f o r m e r   i s  

i r r e g u l a r   and  t h e r e   i s   no  o b s e r v a b l e   p a t t e r n   as   w i t h   an  e d d y .  

E d d i e s   and  s w i r l s   t h e r e f o r e   do  n o t   c o n s t i t u t e   t u r b u l e n c e .   A g a i n  

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

l a m i n a r   f l u i d   f l o w s ,   w h i l e   a  t u r b u l e n t   e d d y   or   v o r t e x   w i l l   b e  

s u r r o u n d e d   by  o t h e r   e d d i e s   and  v o r t i c e s   w h i c h   i n t e r a c t   w i t h   t h e  

t u r b u l e n t   eddy   or   v o r t e x .   The  c o n d i t i o n s   f o r   m a i n t e n a n c e   o f  

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

e x a m p l e   by  p r o v i d i n g   s u i t a b l e   w i n d o w s   in   an  e x p e r i m e n t a l   s t r u c t u r e  

and  a d d i n g   v i s i b l e   f l u i d s   t o   t h e   f l u i d   f l o w   i f   r e q u i r e d .  

C o n v e n i e n t l y ,   as  i l l u s t r a t e d ,   t h e   d i a m e t e r   of  t h e  

s p h e r e s   i s   e q u a l   t o   t h e   s p a c i n g   b e t w e e n   t h e   s u r f a c e s   20  and  t h e  

s p o t s   o f   i n t e r r u p t i o n   34  by  t h e   s p h e r e s   2,8  a r e   t h e i r   p o i n t s   o f  

c o n t a c t   w i t h   t h e   w a l l s .   The  c o n n e c t i o n s   p r o v i d e d   by  t h e s e   c o n t a c t  

p o i n t s   g i v e s   h i g h   h e a t   t r a n s f e r   a t   t h e   p o i n t s   and   a l s o   s e r v e   t o  

s u p p o r t   t h e   w a l l s   a g a i n s t   e x t e r n a l   p r e s s u r e s   g r e a t e r   t h a n   t h e  

i n t e r n a l   p r e s s u r e .   T h e s e   e f f e c t s   can   be  i n c r e a s e d   e v e n   more   b y  

m a k i n g   t h e   c o n n e c t i o n s   s o l i d ,   e . g .   by  b r a z i n g   o r   o t h e r w i s e   f i x i n g  

t h e   s t r u c t u r e   to   t h e   s u r f a c e s   a t   t h e   c o n t a c t   p o i n t s .   I t   i s   n o t  

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

as  l o n g   as  i t   i s   s u f f i c i e n t l y   c l o s e   t h e r e t o   t o   p r o v i d e   t h e  

n e c e s s a r y   e x t e n t   of   i n t e r r u p t i o n   to   t h e   b o u n d a r y   l a y e r s .   T h u s ,   i n  

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

a r o u n d   t h e   a c t u a l   p o i n t   of  c o n t a c t   and   s u b m e r g e d   in   t h e   b o u n d a r y  

l a y e r   w i l l   a l s o   be  e f f e c t i v e   in   t h i s   i n t e r r u p t i n g   f u n c t i o n .   T h e  

i n t e r r u p t e r   s t r u c t u r e   may  t h e r e f o r e   be  s u s p e n d e d   w i t h i n   t h e  



e n c l o s u r e   and  n o t   a c t u a l l y   t o u c h   t h e   w a l l s ,   o r   t o u c h   t h e   w a l l s   a t  

f e w e r   p o i n t s   t h a n   t h e r e   a r e   i n t e r r u p t i o n   p o i n t s .  

F i g u r e   4a  s h o w s   in   p l a n   v i e w   t h e   p r o f i l e   of   s p h e r i c a l  

i n t e r r u p t e r   s t r u c t u r e   e l e m e n t s   of  t h e   s t r u c t u r e   of   F i g u r e s   1 

to   3,  t a k e n   in   t h e   d i r e c t i o n   of  f l o w   of   t h e   f l u i d   in  t h e   p a s s a g e ;  

t h e   p r o f i l e   i s   of  c o u r s e   a  c i r c l e .   O t h e r   p r o f i l e s   can   be  u s e d   a n d  

s h o u l d   be  s u c h   as  to   p r e s e n t   a  s m o o t h l y   c o n t o u r e d   s u r f a c e   to   t h e  

f l u i d   f l o w ,   so  as  to   r e d u c e   f r i c t i o n   l o s s e s   to   a  m i n i m u m   and  a l s o  

to   e n s u r e   t h e   m a i n t e n a n c e   of  l a m i n a r   f l o w .   F i g u r e   4b  shows   f o r  

e x a m p l e   an  e l l i p s o i d a l   p r o f i l e ,   w h i l e   F i g u r e   4c  shows   an  e g g - s h a p e d  

p r o f i l e   and  F i g u r e   4d  s h o w s   a  d r o p - s h a p e d   p r o f i l e ;   in   t h e   l a t t e r  

two  p r o f i l e s   t h e   f a c e   o f  l a r g e s t   r a d i u s   f a c e s   u p s t r e a m .  

F i g u r e   5  i l l u s t r a t e s   t h e   s t a t e m e n t   a b o v e   t h a t   t h e   e l e m e n t s  

of   t h e   i n t e r r u p t e r   s t r u c t u r e   do  n o t   n e c e s s a r i l y   c o n t a c t   t h e   h e a t  

e x c h a n g e   s u r f a c e   and   a  c h a i n - d o t t e d   p r o f i l e   40  i s   i l l u s t r a t e d   i n  

w h i c h   t h i s   i s   n o t   t h e   c a s e ,   t h e   h i g h e s t   p o i n t   of  t h e   p r o f i l e   b e i n g  

s p a c e d   a  m in imum  d i s t a n c e   d  f rom  t h e   s u r f a c e   20;  in  t h e   c a s e   of   a  

c o n v e x   c u r v i l i n e a r   s u r f a c e   s p a c e d   f rom  a  f l a t   s u r f a c e   20  t h i s  

d i s t a n c e   d  s h o u l d   n o t   be  more   t h a n   a b o u t   10%  of   t h e   e f f e c t i v e  

d i a m e t e r   of   t h e   c u r v e d   s u r f a c e .  

A  p y r i m i d a l   s u r f a c e   42  i s   a l s o   i l l u s t r a t e d   in  b r o k e n  

l i n e s   t e r m i n a t i n g   a t   t h e   c o n t a c t   p o i n t  3 4   and   t h i s   i s   u n s a t i s f a c t o r y  

f o r   u s e   in  f l o w   i n t e r r u p t i n g   s t r u c t u r e s   of  t h e   i n v e n t i o n ,   p r i n c i p -  

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

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

w i t h   c o n s e q u e n t   l e s s   d i s r u p t i n g   of  t h e   l a y e r   and   much  l e s s  

e f f e c t i v e   h e a t   e x c h a n g e   a t  t h e   s u r f a c e ;   t h e   p r e f e r r e d   f o r m   of   t h e  

p r o f i l e   may  be  c h a r a c t e r i s e d   a s  b e i n g   c o n v e x   c u r v i l i n e a r   and  t h i s  



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

p o s s i b l e   to   t h e   f l a t   and  s m o o t h   h e a t   t r a n s f e r   s u r f a c e   w h i l e   m a i n -  

f a i n i n g   l a m i n a r   f l o w .  

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

v e r y   v i s c o u s ,   s u c h   as  a  v i s c o u s   o i l   t h a t   i s   to   be  h e a t e d .   W h e n  

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

w a l l s   20  of   t h e   p a s s a g e   can   be  i n c r e a s e d   c o n s i d e r a b l y   w i t h o u t   t h e  

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

low  t h e r m a l   c o n d u c t i v i t y   and   a  t h e r m a l   b o u n d a r y   l a y e r   w i l l   b e  

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

t h a t   i s   much  t h i n n e r   t h a n   t h e   r e s p e c t i v e   b o u n d a r y   l a y e r .   T h e  

i n t e r p o s e d   s t r u c t u r e   m u s t   be  a r r a n g e d   to   i n t e r r u p t   t h i s   t h i n n e r  

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

b o u n d a r y - l a y e r .   The  p r i n c i p a l   f a c t o r   in  t h e   d e t e r m i n a t i o n   of   t h e  

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

w h i c h   i s   h i g h   when  t h e   v i s c o s i t y   i s   h i g h   and   t h e   t h e r m a l   c o n d u c t -  

i v i t y   i s   l o w .  

One  of   t h e   p r i n c i p a l   p a r a m e t e r s   to   be  c o n s i d e r e d   i n  

d e t e r m i n i n g   w h e t h e r   a  p a r t i c u l a r   f l u i d   f l o w   w i l l   be  l a m i n a r   a n d  

n o n - t u r b u l e n t   i s   t h e   R e y n o l d s   n u m b e r   w h i c h   i s   o b t a i n e d   by  t h e  

r e l a t i o n :  

R   
F l u i d   Mass  V e l o c i t y   x  P a s s a g e  E q u i v a l e n t   D i a m e t e r  
F l u i d   V i s c o s i t y  

C l a s s i c a l l y   i t   was  b e l i e v e d  t h a t   w i t h   a  R e y n o l d s   n u m b e r  

l e s s   t h a n   a b o u t   4 , 0 0 0   t h e   f l o w   m u s t   be  l a m i n a r ,   w h i l e   i f   i t   w a s  

g r e a t e r   t h a n   a b o u t   6 , 0 0 0   i t   w o u l d   b e c o m e   t u r b u l e n t .   I t   i s   n o t  

p o s s i b l e   in   t h e   a p p a r a t u s   of   t h e   i n v e n t i o n   to   d e t e r m i n e   t h e   f l u i d  

v e l o c i t i e s   in   t h e   i n t e r r u p t e r   s t r u c t u r e   b u t  o n l y   t h e   o v e r a l l  



v e l o c i t y   and  t h e   o n l y   p r o o f   t h a t   t h e   f l o w   w i l l   be  l a m i n a r   i s   t o  

p l o t   t h e   s o - c a l l e d   J - f a c t o r   c u r v e   w h i c h   w i l l   show  an  a b r u p t   c h a n g e  

in  s l o p e   a t   t h e   o n s e t   of   t u r b u l e n c e .   The  e x i s t e n c e   of   a  J - f a c t o r  

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

o c c u r r i n g   and   t h i s   can   o c c u r   w i t h   R e y n o l d s   n u m b e r s   as  h i g h   a s  

1 5 , 0 0 0 .  

F i g u r e   6  i l l u s t r a t e s   a n o t h e r   fo rm  t h a t   may  be  t a k e n   b y  

t h e   i n t e r r u p t e r   s t r u c t u r e   c o n s i s t i n g   of  a  s h e e t   44  in   w h i c h  

a l t e r n a t e   c o n v e x   and  c o n c a v e   p r o f i l e s   28  and  46  r e s p e c t i v e l y  

h a v e   b e e n   f o r m e d ,   so  t h a t   t h e   c o n v e x   p r o f i l e   28  on  one  s i d e  

f o r m s   t h e   c o n c a v e   p r o f i l e   46  on  t h e   o t h e r   s i d e .   Such   a  " c o n v e x -  

c o n c a v e "   s h e e t   can   be  m a n u f a c t u r e d   i n e x p e n s i v e l y   by  r o l l - f o r m i n g  

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

s l i d   i n t o   t h e   s p a c e   b e t w e e n   t h e   two  w a l l s   22.   I t   w i l l   be  n o t e d  

t h a t   t h e   c o n v e x i t i e s   on  one  s i d e   in   s u c c e s s i v e   r ows   a r e  

s t a g g e r e d   t r a n s v e r s e l y   of  t h e   d i r e c t i o n   of   f l o w   so  t h a t   t h e r e  

a r e   no  c h a n n e l s   p e r m i t t i n g   s t r a i g h t - t h r o u g h   f l o w   w i t h o u t  

i n t e r r u p t i o n   of   t h e   r e s p e c t i v e   a d j a c e n t   b o u n d a r y   l a y e r   3 0 .  

F i g u r e   7a  i l l u s t r a t e s   t h e   a p p l i c a t i o n   of  t h e   i n t e r r u p t e r  

s t r u c t u r e   0$  F i g u r e   6  t o   a  t w o - p a t h ,   t w o - f l u i d   h e a t   e x c h a n g e r   i n  

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

s h e e t   40.  T h u s ,   i n l e t   14  and  o u t l e t   16  a r e   f o r   t h e   p a t h   on  o n e  

s i d e   of   t h e   s h e e t ,   w h i l e   i n l e t   48  and   o u t l e t   50  a r e   f o r   t h e   p a t h  

on  t h e   o t h e r   s i d e   of  t h e   s h e e t .   In  a  more   c o m p l e x   s t r u c t u r e   n o t  

i l l u s t r a t e d   a  n u m b e r   of  p a r a l l e l   p a s s a g e s   w i l l   be  f o r m e d   by  a  

s t a c k   of  s p a c e d   s h e e t s   22,   e a c h   p a s s a g e   c o n t a i n i n g   a  s h e e t   4 4 ,  

t h e   h e a t   e x c h a n g e   b e t w e e n   a d j o i n i n g   p a t h s   t a k i n g   p l a c e   t h r o u g h  

t h e   w a l l s   22  as  w e l l   as  t h e   s h e e t   4 4 .  



F i g u r e   7b  s e r v e s   to   i l l u s t r a t e   t h e   a p p l i c a t i o n   of   t h e  

i n t e r r u p t e r   s t r u c t u r e   of   F i g u r e s   1  to   3  to   s u c h   a  t w o - p a t h ,   t w o -  

f l u i d   h e a t   e x c h a n g e r ,   t h e   h e a t   e x c h a n g e   t a k i n g   p l a c e   t h r o u g h   t h e  

w a l l   22  b e t w e e n   t h e   two  p a t h s .  

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

c o n n e c t i o n   w i t h   h e a t   e x c h a n g e   a p p a r a t u s   of   t h e   k i n d   k n o w n  

g e n e r a l l y   as  of   p l a t e   t y p e ,   s i n c e   t h e   h e a t   e x c h a n g e   t a k e s   p l a c e  

t h r o u g h   a  p l a t e .   The  i n v e n t i o n   i s   a l s o   a p p l i c a b l e   t o   h e a t  

e x c h a n g e r s   of  t h e   e q u a l l y   w e l l   known  s h e l l   and  t u b e   t y p e .   F o r  

e x a m p l e ,   in   a  f u r t h e r   f o r m   of   t h e   a p p a r a t u s   i l l u s t r a t e d   b y  

F i g u r e   8  t h e   f l o w   p a s s a g e   i s   a  t u b e   o f   s q u a r e   c r o s s - s e c t i o n  

h a v i n g   two  p a i r s   of   o p p o s e d   p a r a l l e l   w a l l  s u r f a c e s   20  and   t h e  

i n t e r r u p t e r   s t r u c t u r e   i s   a  row  of   c l o s e l y   p a c k e d   s p h e r e s   2 8  

t o u c h i n g   b o t h   p a i r s   of   s u r f a c e s   a t   s p a c e d   i n t e r r u p t e r   s p o t s .  

Such   a  s t r u c t u r e   w i l l   e x h i b i t   i m p r o v e d   h e a t   e x c h a n g e   t h r o u g h   a l l  

f o u r   of   t h e   t u b e   w a l l s   22.   In  t h e   f o r m   of  a p p a r a t u s   i l l u s t r a t e d  

by  F i g u r e s   9a  and  9b  t h e   f l o w   p a s s a g e   i s   a  t u b e   22  of   c i r c u l a r  

c r o s s - s e c t i o n   and  t h e   i n t e r r u p t e r   s t r u c t u r e   s p h e r e s   m u s t   be  o f  

s m a l l e r   d i a m e t e r   t h a n   i t s   i n t e r n a l   d i a m e t e r   so  as   n o t   t o   b l o c k  

t h e   p a s s a g e d   The  m i n i m u m   d i a m e t e r   f o r   t h e   s p h e r e s   i s   a b o u t   75% 

of   t h e   t u b e   i n t e r n a l   d i a m e t e r ,   more   p r e f e r a b l y   f r o m   a b o u t   90% 

to   a b o u t   95%  t h e r e o f .   In  p r a c t i c e   t h e   d i f f e r e n c e   s h o u l d  b e   a s  

s m a l l   as  p o s s i b l e   c o n s i s t e n t   w i t h   o b t a i n i n g   t h e   n e c e s s a r y   f l o w  

c a p a c i t y   and  e n s u r i n g   t h a t   t h e   f l o w   p a t h . c a n n o t   be  b l o c k e d   b y  

r e t a i n e d   s o l i d   m a t e r i a l   in   t h e   f l u i d .   F i g u r e   9a  s h o w s   a  p r e f e r r e d  

c o n f i g u r a t i o n   in   w h i c h   t h e   s p h e r e s   a r e   d i s t r i b u t e d   h e l i c a l l y   around  t h e  

l o n g i t u d i n a l   a x i s   52,   w h i l e   F i g u r e   9b  s h o w s  a   l e s s   s a t i s f a c t o r y  

s t r u c t u r e   in   w h i c h   a l l   of   t h e   s p h e r e s   a r e   to   t h e   same  s i d e   of  t h e  



a x i s .   The  s t r u c t u r e s   of  F i g u r e s   8,  9a  and  9b  c an   be  u s e d   as  t h e  

b a s i s   f o r   a  h e a t   e x c h a n g e r   of  t h e   s o - c a l l e d   b a y o n e t   t y p e .  

F i g u r e s   10  and  11  i l l u s t r a t e   a  s i n g l e   t u b e - i n - s h e l l '  

e x c h a n g e r   in  w h i c h   one  f l u i d   p a t h   w i t h   i n l e t   and  o u t l e t   14  and  1 6  

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

s h e l l   54  and  t h e   i n n e r   c i r c u l a r   c r o s s - s e c t i o n   t u b e   22,  w h i l e   t h e  

o t h e r   f l u i d   p a t h   w i t h   i n l e t   48  and  o u t l e t   50  i s   of  c o u r s e   f o r m e d  

by  t h e   t u b e   22.  The  a n n u l a r   s h e l l   s p a c e   i s   of   r a d i a l   d i m e n s i o n  

j u s t   s u f f i c i e n t   t o   r e c e i v e   t h e  s p h e r e s   2 8  a n d   t h e   s p a c e s   b e t w e e n  

t h e   s p h e r e s   and  t h e   i n n e r   w a l l   of  t h e   o u t e r   s h e l l   a r e   c o m p l e t e l y  

f i l l e d   w i t h   a  s u i t a b l e - c e m e n t i t i o u s   m a t e r i a l   56  t o   p r e v e n t   f l u i d  

f l o w   t h e r e t h r o u g h   t h a t   w o u l d   be  w a s t e d .   The  i n t e r r u p t e r   s y s t e m  

e m p l o y e d   w i t h i n   t h e   t u b e   22  c an   be  t h a t   shown  in   F i g u r e s   9a  o r  

9b,  b u t  p r e f e r a b l y   i s   as   shown  in   F i g u r e s   10  and  11  in  w h i c h   r o w s  

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

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

34  b o t h   a l o n g   t h e   l e n g t h   of   t h e   t u b e   and   a l s o   a r o u n d  i t s   c i r c u m -  

f e r e n c e .   As  w i t h   t h e   s h e l l - s i d e   i n t e r r u p t e r   s y s t e m   t h e   u s e l e s s  

s p a c e   b e t w e e n   t h e   rows   i s   f i l l e d   w i t h   a  c e m e n t i t i o u s   or   o t h e r  

s u i t a b l e   m a t e r i a l   58,  s u c h   as   c o n c r e t e  o r   c e r a m i c   c e m e n t .  

F i g u r e s   12  and   13  i l l u s t r a t e   a  m u l t i p l e   t u b e   in   s h e l l  

h e a t   e x c h a n g e r   in   w h i c h   a  p l u r a l i t y   of  p a r a l l e l   t u b e s   22  a r e  

d i s p o s e d   w i t h i n   a  s i n g l e   o u t e r   s h e l l   5 4 .  

Each   t u b e   22  i s   s u r r o u n d e d   by  s p h e r e s   28  in   r o w s ,  

c i r c l e s   o r   h e l i x e s   t h e r e o f   w i t h   some  of   t h e   s p h e r e s   c o n t a c t i n g  

two  a d j a c e n t   t u b e s ,   so  t h a t   i t   d i s r u p t s   t h e   b o u n d a r y   l a y e r s   o f  

b o t h   t u b e s .   The  t u b e s   2 2  t h u s   t a k e   t h e   p l a c e   of   t h e   c e m e n t   5 8  

of   t h e   s t r u c t u r e   of  F i g u r e s   10  and  11  and   o n l y   t h e   c e m e n t   56  i s  



r e q u i r e d   b e t w e e n   t h e   o u t e r m o s t   s p h e r e s   and   t h e   s h e l l   54.  T h e  

i n t e r r u p t e r   s t r u c t u r e   w i t h i n  t h e   t u b e s   22  c an   be  of  t h e   f o r m  

i l l u s t r a t e d   by  F i g u r e s   9a  or  9 b .  

F i g u r e s   14  and   15  i l l u s t r a t e   a  p a r t i c u l a r   f o r m   of   t u b e -  

i n - s h e l l   e x c h a n g e r   in   w h i c h   t h e   s h e l l - s i d e   i n t e r r u p t e r   s t r u c t u r e  

i s   p r o v i d e d   by  a  p l u r a l i t y   of   o u t e r   r o d s   60  of  h e m i s p h e r i c a l  

c r o s s - s e c t i o n   and   a  p l u r a l i t y   of  i n n e r   r o d s   6 2 . o f   c i r c u l a r   c r o s s -  

s e c t i o n   t h a t   a r e   a s s e m b l e d   i n t o   t h e   f o r m   of  s t a c k a b l e   g r i d s   o f  

s q u a r e   s h a p e   in   end   e l e v a t i o n .   When  so  s t a c k e d   t h e   g r i d s   f o r m  

a  p l u r a l i t y   of   p a r a l l e l   p a s s a g e s   64  of   s q u a r e   c r o s s - s e c t i o n  

t h r o u g h   e a c h   of   w h i c h   a  r e s p e c t i v e   t u b e   22  of   c i r c u l a r   c r o s s -  

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

r o d s   60  and   62  in   c o n t a c t   w i t h   t h e   t u b e s   e x t e r n a l   w a l l s   t o  

p r o v i d e   t h e   n e c e s s a r y   i n t e r r u p t e r   s t r u c t u r e ;   t h e s e   p a s s a g e s   64  

t h u s   form  t h e   s h e l l   s i d e   f l o w   p a t h   and  t h e   u n w a n t e d   s p a c e   i s  

f i l l e d   by  t h e   c e m e n t i t i o u s   m a t e r i a l .   In  s u c h   a  s t r u c t u r e   t h e  

n e c e s s a r y   p o i n t w i s e   i n t e r r u p t i o n   o c c u r s   a t   t h e   i n t e r s e c t i o n   o f  

two  c u r v e d   c y l i n d r i c a l   s u r f a c e s   and   i l l u s t r a t e s   t h a t   a  s p h e r i c a l  

o r   s i m i l a r   s u r f a c e   i s   n o t   a l w a y s   r e q u i r e d .   I t   w i l l   be  a p p a r e n t  

t h a t   t h e   p a s s a g e s   64  c an   i n s t e a d   be  of   some  p o l y g o n a l   c r o s s -  

s e c t i o n   o t h e r   t h a n   s q u a r e ,   i . e .   w i t h   l e s s   o r   more   t h a n   f o u r  

s i d e s ,   f o r   e x a m p l e   t r i a n g u l a r   or   h e x a g o n a l ,   a  s p a c e - f i l l i n g  

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

s p a c e   i s   u t i l i s e d .  

The  i n v e n t i o n   can   a l s o   be  a p p l i e d   in   t h e   a p p a r a t u s   o f  

F i g u r e   1  t o   t h e   a i r   f l u i d   f l o w   p a t h s   c o n s t i t u t e d   by  t h e   s p a c e s  

b e t w e e n   t h e   f i n s   18,  t h e s e   s p a c e s   b e i n g   p r o v i d e d   w i t h   any   of  the  f low 



i n t e r r u p t e r   s t r u c t u r e s   of  t h e   i n v e n t i o n ,   s u c h   as  t h o s e  

s p e c i f i c a l l y   i l l u s t r a t e d .   The  i n t e r p o s e d   s t r u c t u r e   can   be  m a d e  

to  i n c r e a s e   t h e   e f f i c i e n c y   of   t h e   h e a t   t r a n s f e r   b e t w e e n   t h e   f i n s  

and  t h e   a i r   o v e r   t h e   f i n s .   Such   an  a r r a n g e m e n t   can  be  made  to   b e  

more  e f f i c i e n t   t h a n   t h e   " s p l i t   f i n "   s t r u c t u r e s   p r o p o s e d   h i t h e r t o  

in  w h i c h   t h e   f i n s   a r e   s p l i t   and  s t a g g e r e d   i n  o r d e r   to   d i s r u p t   t h e  

b o u n d a r y   l a y e r s .  

The  e v a l u a t i o n   of  t h e   p e r f o r m a n c e   of   h e a t   e x c h a n g e r   s u r -  

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

a b l e s   i n v o l v e d ,   b u t   one  m e t h o d   t h a t   h a s   g a i n e d ; a c c e p t a n c e   i s  

d e s c r i b e d   in   t h e   T r a n s a c t i o n s   of   t h e   S o c i e t y   of   M e c h a n i c a l   E n g -  

i n e e r s ,   V o l .   1 0 0 ,   A u g u s t   1978  in   a  p a p e r   by  J . G .   S o l a n d ,   W.  M. 

Mack,   J r .   and  W.  M.  R o h s e n o w   e n t i t l e d   " P e r f o r m a n c e   R a n k i n g   o f  

P l a t e - F i n   H e a t   E x c h a n g e r   S u r f a c e s " .   F i g u r e   16  i s   a  p l o t   o f   t h e  

r a n k i n g   of   s u r f a c e s   in   a c c o r d a n c e   w i t h   t h i s   m e t h o d ,   c o m p a r i n g  

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

1 .2   cm  d i a m e t e r   and   a  p l a t e   h e a t   e x c h a n g e r   of   0 .5   cm  p l a t e   p i t c h .  

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

u n i t s   (NTU)  p e r   u n i t   v o l u m e   of  t h e   h e a t   e x c h a n g e r   c o r e   (V) ,   w h i l e  

t h e   h o r i z o n t a l   p l o t   i n d i c a t e s   t h e   p u m p i n g   p o w e r   (E)  r e q u i r e d   t o  

move  t h e   f l u i d   t h r o u g h   t h e   c o r e   p e r   u n i t   v o l u m e   of   t h e   h e a t  

e x c h a n g e r   c o r e   (V).   An  i m p r o v e m e n t   in   h e a t   e x c h a n g e r   p e r f o r m a n c e  

i s   i n d i c a t e d   by  t h e   l i n e   b e i n g   h i g h e r   on  t h e   v e r t i c a l   p l o t ,   a n d  

t h e   i n c r e a s e   in  p e r f o r m a n c e   can   be  m e a s u r e d   a l o n g   any  v e r t i c a l  

l i n e .  



The  t e s t   f l u i d   was  w a t e r   and  t h e   l o w e s t   c h a i n - d o t t e d  

l i n e   A  i s   f o r   h e a t   t r a n s f e r   in  a  t u b e   of   1 .2   cm  d i a m e t e r ,   u s i n g  

d a t a   o b t a i n e d   f rom  t h e   a b o v e - m e n t i o n e d   p a p e r   of   S o l a n d ,   M a c k  

and  R o h s e n o w .   The  b r o k e n   l i n e   B  i s   f o r   a  "APV"  p l a t e   h e a t  

e x c h a n g e r   of   0 . 5   cm  p l a t e   p i t c h ,   u s i n g   d a t a   o b t a i n e d   f r o m   t h e   "APV 

H e a t   T r a n s f e r   H a n d b o o k ,   2nd  E d i t i o n ,   p u b l i s h e d   by  APV  I n c .   o f  

T o n a w a n d a ,   New  Y o r k ,   U . S . A . "   I t   w i l l   be  s e e n   t h a t   l i n e   B  r e p r e -  

s e n t s   an  i m p r o v e m e n t   of   28%  in  p e r f o r m a n c e   o v e r   l i n e   A.  T h e  

l o w e r   s o l i d   l i n e   C  p l o t s   t h e   p e r f o r m a n c e   of  a  h e a t   e x c h a n g e r   o f  

t h e   i n v e n t i o n   e m p l o y i n g   c l o s e l y   p a c k e d   s p h e r e s  o f   6 . 3 5   mm  d i a m e t e r  

b e t w e e n   p l a t e s   of  t h a t   s p a c i n g ,   w h i l e   t h e   h i g h e r   s o l i d   l i n e   D 

p l o t s   t h e   maximum  p e r f o r m a n c e   so  f a r   o b t a i n e d   w i t h   a  h e a t   e x c h a n -  

g e r   of  t h e   i n v e n t i o n .   I t   w i l l   be  s e e n   t h a t   l i n e   C  r e p r e s e n t s   a n  

i m p r o v e m e n t   of   r e s p e c t i v e l y   100%  and   52%  o v e r   l i n e s   A  and   B ,  

w h i l e   l i n e   D  r e p r e s e n t s   an  i m p r o v e m e n t   of   r e s p e c t i v e l y   415%  a n d  

2 9 0 % .  



1.  A p p a r a t u s   f o r   h e a t   t r a n s f e r   b e t w e e n   two  f l u i d s  

c o m p r i s i n g :  

a  body   (10)  p r o v i d i n g   a  f l u i d   f l o w   p a s s a g e   c o m p r i s i n g  

a t   l e a s t   one  h e a t   t r a n s f e r   s u r f a c e   (20)  c h a r a c t e r i s e d   in  t h a t  

t h e   p a r a m e t e r s   of  s a i d   p a s s a g e   in  r e l a t i o n   to   t h e  

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

t a k e   t h e   fo rm  of   a  n o n - t u r b u l e n t   b o u n d a r y   l a y e r   or  l a y e r s  

(3)  i m m e d i a t e l y   a d j a c e n t   to   t h e   r e s p e c t i v e   s u r f a c e   or  s u r f a c e s ,  

and  a  n o n - t u r b u l e n t   c o r e - l a y e r   (32)  i n t e r f a c i n g   w i t h   t h e  

b o u n d a r y - l a y e r   or  l a y e r s ;   a n d  

a  f l u i d   f l o w   i n t e r r u p t e r   s t r u c t u r e   (28)  d i s p o s e d  

w i t h i n   t h e   f l o w   p a s s a g e ,   i n t e r r u p t i n g   n o n - t u r b u l e n t l y   t h e  

f u l l   d e v e l o p m e n t   of  a t   l e a s t   t h e   b o u n d a r y - l a y e r   of  t h e   h e a t  

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

s p o t s   ( 3 4 ) ,   w h e r e b y   p a r t s   of  t h e   i n t e r r u p t e d   b o u n d a r y - l a y e r  

w i l l   s e p a r a t e   n o n - t u r b u l e n t l y   f rom  t h e   h e a t   t r a n s f e r   s u r f a c e  

b e t w e e n   t h e   s a i d   i n t e r r u p t i o n   s p o t s   and  mix  w i t h   t h e   c o r e -  

l a y e r   to   e f f e c t   h e a t   t r a n s f e r   b e t w e e n   t h e   h e a t   t r a n s f e r  

s u r f a c e ,   i t s   r e s p e c t i v e   b o u n d a r y - l a y e r ,   and  t h e   c o r e - l a y e r .  

2.  A p p a r a t u s   as  c l a i m e d   in  c l a i m   1,  c h a r a c t e r i s e d  

in  t h a t   t he   s p a c i n g   of  i m m e d i a t e l y   s u c c e s s i v e   s p a c e d   i n t e r -  

r u p t i o n   s p o t s   (-34)  in  t h e   d i r e c t i o n   of   f l o w   is   s u c h   t h a t  

w a k e - i n t e r f e r e n c e   f l o w   is   e s t a b l i s h e d   b e t w e e n   t h e   s a i d  

s u c c e s s i v e   s p o t s .  

3.  A p p a r a t u s   as  c l a i m e d   in   c l a i m   1  or  2,  c h a r a c t e r i s e d  

in   t h a t   s u r f a c e s   (20)  a r e   p o l i s h e d   to   d e c r e a s e   t h e   f r i c t i o n  

of  t h e   f l u i d   f l o w i n g   t h e r e o v e r .  

4.  A p p a r a t u s   as  c l a i m e d   in  a n y  o n e   of  c l a i m s   1  to   3 ,  

c h a r a c t e r i s e d   in  t h a t   t he   s u r f a c e s   of   t h e   s a i d   f l u i d   f l o w  

i n t e r r u p t e r   s t r u c t u r e   (28)  a r e   p o l i s h e d   to   d e c r e a s e   t h e  

f r i c t i o n   of  t h e   f l u i d   f l o w i n g   t h e r e o v e r .  



5.  A p p a r a t u s   as  c l a i m e d   in   any  one  of  c l a i m s   1  t o   4 ,  

c h a r a c t e r i s e d   in  t h a t   t h e   body   i s   p r o v i d e d   w i t h   a t   l e a s t   o n e  

p a i r   of  s p a c e d   e x t e r n a l   p a r a l l e l   f i n s   (12)  and  a  g a s e o u s   f l u i d  

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

of  f i n s .  

6.  A p p a r a t u s   as  c l a i m e d   in   a n y  o n e   of  c l a i m s   1  to   5 ,  

c h a r a c t e r i s e d   in  t h a t   t h e   s a i d   f l u i d   f l o w   p a s s a g e   h a s   t w o  

p a r a l l e l   f a c i n g   h e a t   t r a n s f e r   s u r f a c e s   ( 2 0 ) ,   w h e r e i n   t h e  

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

b e t w e e n   t h e   f a c i n g   s u r f a c e s   and  w h e r e i n   t h e   s t r u c t u r e   e n g a g e s  
b o t h   of  t h e   s u r f a c e s   a t   r e s p e c t i v e   i n t e r r u p t i o n   s p o t s   ( 3 4 ) .  

7.  A p p a r a t u s   as  c l a i m e d   in  a n y  o n e   of   c l a i m s   1  to   7 ,  

c h a r a c t e r i s e d   in  t h a t   t h e   s a i d   f l u i d   f l o w   i n t e r r u p t e r   i s  

a  p l u r a l i t y   of   s p h e r e s   ( 2 8 ) .  

8.  A p p a r a t u s   as  c l a i m e d   in   c l a i m   7,  w h e r e i n   t h e   s a i d  

s p h e r e s   a r e   p a c k e d   a t   maximum  d e n s i t y   so  as  to   t o u c h   t h e  

i m m e d i a t e l y   a d j a c e n t   s p h e r e s .  

9.  A p p a r a t u s   as  c l a i m e d   in   a n y  o n e   of   c l a i m s   1  t o   7 ,  

c h a r a c t e r i s e d   in  t h a t   t h e   s a i d   f l u i d   f l o w  i n t e r r u p t e r  

s t r u c t u r e   i s   a  p l u r a l i t y   of  e l l i p s o i d s   ( F i g .   4 b ) .  

10.  A p p a r a t u s   as  c l a i m e d   in   a n y  o n e   of  c l a i m s   1  to   7 ,  

c h a r a c t e r i s e d   in  t h a t   f l u i d   f l o w   i n t e r r u p t e r   s t r u c t u r e  

p r o v i d e s   a  p l u r a l i t y   of   d r o p - s h a p e d   s h a p e s   ( F i g .   4c)  h a v i n g  

t h e   f a c e   of  maximum  r a d i u s   f a c i n g   i n t o   t h e   d i r e c t i o n   of  f l o w  

of  f l u i d   in   t h e   p a s s a g e .  

11.  A p p a r a t u s   as  c l a i m e d   in  a n y  o n e   of  c l a i m s   1  to   7 ,  

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

u r e   p r o v i d e d   a  p l u r a l i t y   of  e g g - s h a p e d   s h a p e s   ( F i g .   4 d )  

h a v i n g   t h e   f a c e   of  maximum  r a d i u s   f a c i n g   i n t o   t h e   d i r e c t i o n  

of  f l o w   of  f l u i d   in   t h e   p a s s a g e .  



12.  A p p a r a t u s   as  c l a i m e d   in  a n y  o n e   of  c l a i m s   1  to   1 1 ,  

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

u r e   c o m p r i s e s   a  s h e e t   h a v i n g   a  p l u r a l i t y   of  c o n v e x   c u r v i -  

l i n e a r   s h a p e s   f o r m e d   t h e r e i n ,   t h e   s h e e t   b e i n g   s p a c e d   f r o m  

t h e   r e s p e c t i v e   h e a t   t r a n s f e r   s u r f a c e   w i t h   t h e   s a i d   s h a p e s  

i n t e r p o s e d   b e t w e e n   t h e   s u r f a c e   and  t h e   s h e e t .  

13.  A p p a r a t u s   as  c l a i m e d   in  c l a i m   12,  w h e r e i n   t h e   s a i d  

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

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

has   a  p l u r a l i t y   of  s a i d   c o n v e x   c u r v i l i n e a r   s h a p e s   e x t e n d i n g  

f rom  e a c h   f a c e   t h e r e o f   so  as  to   h a v e   t hem  i n t e r p o s e d   b e t w e e n  

t h e   r e s p e c t i v e   s u r f a c e   and  t h e   s h e e t .  

14.  A p p a r a t u s   as  c l a i m e d   in   a n y  o n e   of  c l a i m s   1  to   1 3 ,  

c h a r a c t e r i s e d   in  t h a t   t h e   s a i d   f l u i d   f l o w   p a s s a g e   c o m p r i s e s  

two  s p a c e d   f a c i n g   h e a t   t r a n s f e r   s u r f a c e s ,   one  of  w h i c h   i s  

f l a t   and  s m o o t h   and  t h e   o t h e r   of   w h i c h   has   a  p l u r a l i t y   o f  

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

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

t h e i r   a p i c i e s   i m m e d i a t e l y   a d j a c e n t   to   or  c o n t a c t i n g   t h e   f l a t  

and   s m o o t h   h e a t   t r a n s f e r   s u r f a c e   to   f o r m   t h e   s a i d   b o u n d a r y -  

l a y e r   i n t e r r u p t i o n   s p o t s .  

15.  A p p a r a t u s   as  c l a i m e d   in   a n y  o n e   of  c l a i m s   1  to   8 ,  

c h a r a c t e r i s e d   in  t h a t   t h e   f l u i d   f l o w   p a s s a g e   i s   of   s q u a r e  
t r a n s v e r s e   c r o s s - s e c t i o n   and  t h e   f l u i d   f l o w   i n t e r r u p t e r  

s t r u c t u r e   i s   a  p l u r a l i t y   of  s p h e r e s   of  d i a m e t e r   to   j u s t   f i t  

w i t h i n   t h e   p a s s a g e .  

16.  A p p a r a t u s   as  c l a i m e d   in   a n y  o n e   of  c l a i m s   1  to   8 ,  

c h a r a c t e r i s e d   in  t h a t   t h e   f l u i d   f l o w   p a s s a g e   i s   of  c i r c u l a r  

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

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

75%  of  t h e   d i a m e t e r   of   t h e   p a s s a g e .  



17.  A p p a r a t u s   as  c l a i m e d   in   c l a i m   16,  w h e r e i n   t h e   f l u i d  

f l o w   i n t e r r u p t e r   s p h e r e s   a r e   of  d i a m e t e r   b e t w e e n   a b o u t   90% 

and  95%  of  t h e   d i a m e t e r   of   t h e   p a s s a g e .  

18.  A p p a r a t u s   as  c l a i m e d   in  c l a i m   16  or  17,   w h e r e i n   t h e  

s p h e r e s   a r e   d i s p o s e d   in   a  h e l i c a l   f o r m a t i o n   a b o u t   t h e  

l o n g i t u d i n a l   a x i s   of  t h e   p a s s a g e .  

19.  A p p a r a t u s   as  c l a i m e d   in   a n y  o n e   of  c l a i m s   16  to   1 8 ,  

and  of  s h e l l   and  t u b e   t y p e ,   w h e r e i n   t h e   s a i d   f l u i d   f l o w  

p a s s a g e   i s   p r o v i d e d   by  a  t u b e   ( 2 2 ) ,   a  s h e l l   (54)  s u r r o u n d s  

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

f l u i d   f l o w   p a s s a g e ,   and  t h e   s h e l l   s i d e   f l u i d   p a s s a g e   s u r r o u n d -  

i n g   t h e   t u b e   c o n t a i n s   a  f l u i d   f l o w   i n t e r r u p t e r   s t r u c t u r e   ( 2 8 )  

s u r r o u n d i n g   and  c o n t a c t i n g   t h e   e x t e r n a l   s u r f a c e   of   t h e   t u b e .  

20.  A p p a r a t u s   as  c l a i m e d   in   c l a i m   19  and  c h a r a c t e r i s e d  

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

t u b e s ,   and  w h e r e i n   a  s h e l l   s i d e   p a s s a g e   f l u i d   f l o w   i n t e r r u p t e r  

s t r u c t u r e   c o n t a c t s   t h e   e x t e r n a l   s u r f a c e   of  more   t h a n   one  t u b e .  

21.  A p p a r a t u s   as  c l a i m e d   in   c l a i m   19,   c h a r a c t e r i s e d   i n  

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

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

t u b e .  

22.   A p p a r a t u s   as  c l a i m e d   in   c l a i m   20,  c h a r a c t e r i s e d  

in   t h a t   t h e   s a i d   s h e l l   s i d e   p a s s a g e   f l u i d   f l o w   i n t e r r u p t e r  

s t r u c t u r e   c o m p r i s e s   a  p l u r a l i t y   of  s p h e r e s   s u r r o u n d i n g   a n d  

c o n t a c t i n g   t h e   t u b e ,   some  of  t h e   s p h e r e s   c o n t a c t i n g   more   t h a n  

one   t u b e .  

23.  A p p a r a t u s   as  c l a i m e d   in   c l a i m   21,   c h a r a c t e r i s e d   i n  

t h a t   t h e   s p a c e   b e t w e e n   t h e   s h e l l   s i d e   p a s s a g e   s t r u c t u r e  

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

w i t h   a  s p a c e - f i l l i n g   m a t e r i a l .  



24.  A p p a r a t u s   as  c l a i m e d   in  c l a i m   1 9 , ' c h a r a c t e r i s e d   i n  

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

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

p l u r a l i t y   of  p a r a l l e l   rows  of  s p h e r e s   c o n t a c t i n g   t h e   i n n e r  

w a l l   of   t h e   p a s s a g e ,   t h e   s p a c e   b e t w e e n   t h e   rows   b e i n g   f i l l e d  

w i t h   a  s p e c e - f i l l i n g   m a t e r i a l .  

25.  A p p a r a t u s   as  c l a i m e d   in  c l a i m   19,  c h a r a c t e r i s e d   i n  

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

p l u r a l i t y   of  r o d s   of  h e m i s p h e r i c a l   t r a n s v e r s e   c r o s s - s e c t i o n  

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

w i t h   t h e   t u b e   e x t e r n a l   s u r f a c e .  

26.  A p p a r a t u s   as  c l a i m e d   in  c l a i m   24,  c h a r a c t e r i s e d  

in  t h a t   t h e   s h e l l   s i d e   i n t e r r u p t e r   s t r u c t u r e   has   t h e   f o r m  

of  a  m u l t i - a p e r t u r e   g r i d   h a v i n g   a  t u b e   p a s s i n g   t h r o u g h   e a c h  

a p e r t u r e .  

27.  A p p a r a t u s   as  c l a i m e d   in  a n y  o n e   of   c l a i m s   1  to   2 6 ,  

c h a r a c t e r i z e d   in   t h a t   t h e   i n t e r r u p t e r   s t r u c t u r e   i s   c o n n e c t e d  

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

s p o t s   to   i n c r e a s e   t h e   h e a t   t r a n s f e r   b e t w e e n   t h e   f l u i d ,   t h e  

s t r u c t u r e   and  t h e   w a l l .  

28.   A  p r o c e s s   of  h e a t   t r a n s f e r   i n c l u d i n g   e s t a b l i s h i n g  

in   a  f l u i d   f l o w   p a s s a g e   c o m p r i s i n g   a t   l e a s t   one  h e a t   t r a n s f e r  

s u r f a c e   a k n o n - t u r b u l e n t   f l u i d   f l o w   c o n s i s t i n g   of  a  n o n -  

t u r b u l e n t   b o u n d a r y - l a y e r   i m m e d i a t e l y   a d j a c e n t   e a c h   p a s s a g e  

s u r f a c e ,   and  a  n o n - t u r b u l e n t   c o r e - l a y e r   i n t e r f a c i n g   w i t h   t h e  

r e s u l t a n t   b o u n d a r y   l a y e r   or  l a y e r s ;  

i n t e r r u p t i n g   n o n - t u r b u l e n t l y   t h e   f u l l   d e v e l o p m e n t  

of  t h e   b o u n d a r y - l a y e r   of  e a c h   h e a t   t r a n s f e r   s u r f a c e   a t   a  

p l u r a l i t y   of  s p a c e d   i n t e r r u p t i o n   s p o t s   to   c a u s e   n o n - t u r b u l e n t  

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

h e a t   t r a n s f e r   s u r f a c e   a t   t h o s e   i n t e r r u p t i o n   s p o t s   and  t h e i r  

m i x i n g   w i t h   t h e   c o r e - l a y e r ,   to  e f f e c t   h e a t   t r a n s f e r   b e t w e e n  

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

t h e   c o r e - l a y e r .  
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