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©  Heat  transfer  boiling  surface. 

A  heat  transfer  device  comprises  a  base  wall  of  heat 
conductive  material,  a  plurality  of  spaced  apart  fins  formed 
integrally  with  the  surface  of  the  base wall  at  30 to  40 fins  per 
inch,  and  a  plurality  of  indentations  formed  in  the  peripheral 
edge  of  the  fins  by  a  diamond  knurling  tool  forming  two 
series  of  parallel  threads  in  the  range  of  40-80  threads  p e r  
inch  intersecting  each  other  at  an  angle  of  10  to  80  degrees. 



T h i s   i n v e n t i o n   r e l a t e s   to  a  h e a t   t r a n s f e r   d e v i c e ,  

and  more   p a r t i c u l a r l y   to   a  h e a t   t r a n s f e r   t u b e   h a v i n g   a n  

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

One  mode  of  h e a t   t r a n s f e r   f rom  a  s u r f a c e   to   a  

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

T h i s   p h e n o m e n o n   i s   w e l l   known  and  c o n s i s t s   in   t h a t ,   d u r i n g  

b o i l i n g ,   maecy  v a p o u r   b u b b l e s   a r e   g e n e r a t e d   on  t h e   h e a t   t r a n s -  

f e r   s u r f a c e   f rom  a c t i v e   a r e a s   known  as  n u c l e a t i o n   s i t e s   a n d  

r i s e   to   t h e   s u r f a c e   of   t h e   l i q u i d .   T h i s   c r e a t e s   a g i t a t i o n  

and  i n c r e a s e s   h e a t   t r a n s f e r .   I t   i s   a l s o   known  t h a t   t h e s e  

v a p o u r   b u b b l e s   a r e   more  r e a d i l y   f o r m e d   a t   s u r f a c e   i r r e g u l a r -  

i t i e s .   T h e r e f o r e ,   in  o r d e r   to   o b t a i n   a  l a r g e   h e a t   t r a n s f e r  

c o e f f i c i e n t ,   i t   i s   g e n e r a l l y   r e c o g n i z e d   to   r o u g h e n   t h e   s u r -  

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

s i t e s   as  p o s s i b l e .   Up  to   now,  v a r i o u s   m e t h o d s   of   f o r m i n g  

n u c l e a t i o n   s i t e s   h a v e   b e e n   p r o p o s e d .   U .S .   P a t e n t   N o .  

3 , 3 2 6 , 2 8 3   t e a c h e s   t h e   i d e a   of  k n u r l i n g   an  a l r e a d y   f i n n e d  

t u b e .   U .S .   P a t e n t   No.  3 , 4 5 4 , 0 8 1   t e a c h e s   a  m e t h o d   f o r   i n -  

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

f o r m e d   by  s c o r i n g   a r e   d e f o r m e d   by  a  s u b s e q u e n t   k n u r l i n g  

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



s u r f a c e   c a v i t i e s   f o r   v a p o u r   e n t r a p m e n t  s o   as  to   p r o m o t e  

n u c l e a t e   b o i l i n g .   U . S .   P a t e n t   No.  3 , 6 8 3 , 6 5 6   t e a c h e s   a n o t h e r  

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

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

c a v i t i e s .   U . S .   P a t e n t   No.  3 , 8 9 3 , 2 3 3   t e a c h e s   t h e   i d e a   o f  

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

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

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

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

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

can   be  o b t a i n e d   by  a  m e t h o d   s i m i l a r   to   t h e   one  d i s c l o s e d   i n  

U .S .   P a t e n t   No.  3 , 3 2 6 , 2 8 3   m e n t i o n e d   a b o v e .   In  t h e   p r i o r  

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

f i n n e d   t u b e   i n   s u c h   a  way  as  to  c r e a t e   a  r e g u l a r   p a t t e r n   o f  

14  to  33  t e e t h   p e r   c i r c u m f e r e n t i a l   i n c h   in   e a c h   f i n .   T h e  

p a t e n t e e   s p e c i f i c a l l y   p o i n t s   o u t   t h a t   a t   l e s s   t h a n   14  t e e t h  

p e r   c i r c u m f e r e n t i a l   i n c h   a  low  i n c r e a s e   in   h e a t   t r a n s f e r   i s  

o b t a i n e d   and  t h a t   a t   a  d e n s i t y   h i g h e r   t h a t   33  t e e t h   pe r   c i r -  

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

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

f e r   i s   r e d u c e d .  

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

in  h e a t   t r a n s f e r   of  200  to  300%  o v e r   t h a t   of   a  s m o o t h   t u b e  

may  be  o b t a i n e d   by  p e r f o r m i n g   an  i m p r o v e d   k n u r l i n g   o p e r a t i o n  

on  a  f i n n e d   t u b e .  

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

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



s u r f a c e   of   t h e   b a s e   w a l l   a t   a b o u t   30  to   40  f i n s   p e r  

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

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

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

of   4 0 - 8 0   t h r e a d s   p e r   i n c h   i n t e r s e c t i n g   e a c h   o t h e r   a t   a n  

a n g l e   of  10  to   80  d e g r e e s ,   p r e f e r a b l y   a b o u t   60  d e g r e e s .  

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

t a t i o n s   a r e   f o r m e d   as  a  k n u r l e d   d i a m o n d   p a t t e r n   a r o u n d  

t h e   o u t e r   p e r i p h e r y   of   t h e   t u b e .  

The  h e i g h t   of  t h e   f i n   i s   p r e f e r a b l y   in   t h e   r a n g e  

of   .025  to   .040  i n c h   and  t h e   d e p t h   of  t h e   i n d e n t a t i o n s  

in   t h e   r a n g e   of  .012  to   .020  i n c h .  

The  i n v e n t i o n   w i l l   now  be  d i s c l o s e d ,   b y  w a y   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 r a w i n g s   i n  

w h i c h :  

F i g u r e   1  i l l u s t r a t e s   a  f i n n e d   t u b e   upon   w h i c h   h a s  

b e e n   f o r m e d   a  f i n n i n g   o p e r a t i o n   as  a  f i r s t   s t e p   in   t h e  

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

a  d i a m o n d   k n u r l i n g   o p e r a t i o n ;  

F i g u r e   2  i s   an  e n l a r g e d   f r a g m e n t a r y   l o n g i t u d i n a l  

s e c t i o n   t h r o u g h   a  p o r t i o n - o f   t h e   t u b e   of  f i g u r e   1  u p o n  

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

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   h a v e   b e e n   p e r f o r m e d ;   a n d  

F i g u r e   3  i s   a  g r a p h i c a l   p r e s e n t a t i o n   of   t h e   h e a t  

f l u x   f o r   t h e   t u b e s   t e s t e d   o v e r   a  r a n g e   of  Log  Mean  T e m -  

p e r a t u r e   D i f f e r e n c e .  



R e f e r r i n g   to   F i g u r e   1,  t h e r e   i s   shown  a  t u b e  

10  h a v i n g   i n t e g r a l l y   f o r m e d   e x t e r n a l   f i n s   12.   The  f i n s  

a r e   p r e f e r a b l y   a r r a n g e d   in   c o n f i g u r a t i o n   f r o m   30  to   4 0  

f i n s   p e r   i n c h   (FPI)   and  h a v e   a  h e i g h t   of   a b o u t   .032  i n c h .  

Such  t u b e   i s   s u b s e q u e n t l y   s u b j e c t e d   t o  a   k n u r l i n g  o p e r a t i o n  

a t i o n   known  as  d i a m o n d   k n u r l i n g   w h e r e i n   two  s e r i e s   o f  

p a r a l l e l   t h r e a d s   14  and  16  in   t h e   r a n g e   of   4 0 - 8 0   t h r e a d s   p e r  

i n c h   (TPI)   i n t e r s e c t i n g   e a c h   o t h e r   a t   an  a n g l e   of   a b o u t  

60°  a r e   f o r m e d   on  t h e   f i n s   a t   a  d e p t h   of   a b o u t   .016   i n c h .  

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

18  w i t h   r e s t r i c t e d   o p e n i n g s   20  t o   t h e   o u t e r   s u r f a c e   o f  

t h e   t u b e   as  i l l u s t r a t e d   in   F i g u r e   2  of   t h e   d r a w i n g s .  

H e a t   t r a n s f e r   t e s t s   w e r e   p e r f o r m e d   on  f i v e   t u b e s  

h e r e i n a f t e r   d e s i g n a t e d   C-0  to   C - 4 .   A l l   t u b e s   had   i n t e r n a l  

s m o o t h   s u r f a c e s .   Tube   C-0  had   an  e x t e r n a l   s m o o t h   s u r f a c e .  

Tube  C-1  was  f i n n e d   a t   30  FPI  and  k n u r l e d   a t   80  T P I .  

Tube  C-2  was  f i n n e d   a t   40  FPI  and  k n u r l e d   a t   40  T P I .  

Tube  C-3  was  f i n n e d   a t   40  FPI  and  k n u r l e d   a t   80  T P I .  

F i n a l l y ,   t u b e   C-4  was  f i n n e d   a t   30  FPI   and  k n u r l e d   a t  

30  T P I .  

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

a p p a r a t u s   b o i l i n g   r e f r i g e r a n t   R-11  s u c h   as  d i s c l o s e d   i n  

a  p a p e r   by  T.  C.  C a r n a v o s   e n t i t l e d   "An  E x p e r i m e n t a l  

S t u d y :   C o n d e n s i n g   R - l l   on  A u g m e n t e d   T u b e s "   p r e s e n t e d   a t  

t h e   j o i n t   ASME/AICHE  N a t i o n a l   H e a t  T r a n s f e r   C o n f e r e n c e ,  

O r l a n d o ,   F l o r i d a ,   J u l y   2 7 - 3 0 ,   1 9 8 0 .   The  a p p a r a t u s  

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

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

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



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

3 / 4 "   n o m i n a l   and   a p p r o x i m a t e l y   52"  l o n g .   Hot  w a t e r  

f l o w e d   in   a  c l o s e d   l o o p   t h r o u g h   a  c a l i b r a t e d   250  mm 

r o t a m e t e r   and  t h e   b o i l i n g   t u b e ,   and  r e t u r n e d   to   a  

V a r i a c   c o n t r o l l e d   9kw  h o t   w a t e r   h e a t e r   f o r   r e h e a t i n g .  

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

600  mm  r o t a m e t e r   and  c o n d e n s i n g   t u b e ,   and   r e t u r n e d   t o  

a  h o l d i n g   t a n k .   A  pump  t o o k   w a t e r   f rom  t h e   t a n k ,   p u t   i t  

t h r o u g h   a  s h e l l   and  t u b e   h e a t   e x c h a n g e r   t h e n   b a c k   t o  

t h e   t a n k .   C i t y   w a t e r   was  u s e d   to   c o o l   t h e   t e s t   w a t e r   i n  

t h e   h e a t   e x c h a n g e r .   T e m p e r a t u r e   m e a s u r e m e n t s   w e r e   m a d e  

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

0 . 0 5 6 0 C   min imum  g r a d u a t i o n s   and  76  mm  i m m e r s i o n .   A l l  

t h e r m o m e t e r s   w e r e   p r o p e r l y   i m m e r s e d   and  t h e i r   p o s i t i o n s  

w e r e   s w i t c h e d   in   s t r e a m   d u r i n g   d a t a   a c q u i s i t i o n   to   m i n -  

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

d e t e r m i n a t i o n .   A  m e r c u r y   m a n o m e t e r   was  u s e d   to   m e a s u r e  

s h e l l   p r e s s u r e   to  d e t e r m i n e   s h e l l   t e m p e r a t u r e .  

D a t a   a c q u i s i t i o n   was  c o n d u c t e d   u n d e r   s t e a d y  

s t a t e   c o n d i t i o n s .   H e a t   b a l a n c e s   w e r e   made  b e t w e e n   t h e  

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

and   f e l l   p r e d o m i n a n t l y   in   t h e   r a n g e   of   ±10%.  A v e r a g e   d a t a  

v a l u e s   w e r e   u s e d   in   t h e   a n a l y s i s .   The  t u b e s i d e   mass   f l u x  

was  h e l d   c o n s t a n t   a t   1540  k g / s e c   m2  in   o r d e r   to   m a k e  

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

m e a n i n g f u l .   The  m a g n i t u d e   of   1540  k g / s e c   m2  of  n o m i n a l  

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

u s e d   in   c o m m e r c i a l   p r a c t i c e .   In  a d d i t i o n , l a r g e r  



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

b a l a n c e s .   The  h e a t   l o a d s   Qb  ( b o i l i n g )   and   Qc  ( c o n d e n s i n g )  

w e r e   c a l c u l a t e d   as  f o l l o w s :  

w h e r e  

Wb  ( b o i l i n g   t u b e )   and  Wc  ( c o n d e n s i n g   t u b e )  =   F low   r a t e  -  
k g / h r  

C p  =   S p e c i f i c   h e d t  -   k  J / k g ° C  

T b i ,   Tbo  ( i n l e t ,   o u t l e t   b o i l i n g   t u b e )  =   T e m p e r a t u r e  -   °C  

T c i ,   Tco  ( i n l e t ,   o u t l e t   c o n d e n s i n g   t u b e )   = T e m p e r a t u r e   - ° C  

The  h e a t   f l u x   Q  was  c a l c u l a t e d   b y :  

w h e r e   Qb  and  Qc  a r e   d e f i n e d   a b o v e   a n d  

An  =  N o m i n a l   H e a t   T r a n s f e r   A r e a   i n   m2  b a s e d   o n  
n o m i n a l   o u t s i d e   d i a m e t e r   of   t u b e   o v e r  
a u g m e n t a t i o n  

L  =  L e n g t h   of   t u b e  -   m 

The  Log  Mean  T e m p e r a t u r e   D i f f e r e n c e   (LMTD)  was  c a l c u l a t e d  

as  f o l l o w s :  

w h e r e   T b o ,   Tbi   a r e   as  d e f i n e d   a b o v e   a n d  T b   i s   t h e   b o i l i n g   p o o l  

t e m p e r a t u r e   in   ° C .  

F i g u r e   3  p r o v i d e s   t h e   g r a p h i c a l   p r e s e n t a t i o n   o f  

H e a t   F l u x   f o r   a l l   t h e   t u b e   t e s t e d   o v e r   t h e   Log  M e a n  

T e m p e r a t u r e   D i f f e r e n c e   (LMTD).  Tube  C-3  h a v i n g   t h e  

g e o m e t r y   40  F P I / 8 0 T P I   e x h i b i t e d   t h e   h i g h e s t   o v e r a l l   h e a t  



f l u x ,   some  200  to   300%  a b o v e   s m o o t h   t u b e   C -0 ,   a c r o s s   a  

b r o a d   LMTD  r a n g e .   The  C-3  t u b e   i s   e s p e c i a l l y   a  g o o d  

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

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

t u b e s .   T u b e s   C-1  and  C-2  h a v i n g   t h e   g e o m e t r y   30  F P I /  

80  TPI  and  40  F P I / 4 0   T P I ,   r e s p e c t i v e l y ,   e x h i b i t e d  

a  h e a t   f l u x   s l i g h t l y   l o w e r   t h a n   C -3 ,   more  p a r t i c u l a r l y  

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

b e t t e r   t h a n   s m o o t h   t u b e   C - 0 .   Tube  C-4  i s   a  f i n n e d  t u b e  

w h i c h   was  k n u r l e d   a t   30  TPI  and  w h i c h   c o n t a i n s   a b o u t  

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

t u b e s   d i s c l o s e d   in   U .S .   P a t e n t   No.  3 , 3 2 6 , 2 8 3 .   I t   w i l l  b e  

n o t e d   t h a t   t h e   p e r f o r m a n c e   o f   t h e   t u b e   C-4  i s   much  l o w e r  

t h a n   t h a t   of  t u b e s   C -1 ,   C-2  and  C-3  w h i c h   a r e   m a d e  i n  

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 a t   i s   k n u r l e d  

a t   4 0 - 8 0   F P I .   I t   w i l l   t h u s   be  s e e n   f rom  t h e   a b o v e   t h a t  

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

k n u r l e d   a t   4 0 - 8 0   FPI  a r e   v e r y   s u b s t a n t i a l ,   n o t   o n l y   o v e r  

a  s m o o t h   t u b e   b u t   a l s o   o v e r   t h e   t u b e s   d i s c l o s e d   in   t h e  

a b o v e   U .S .   P a t e n t   No.  3 , 3 2 6 , 2 8 3 .  



1.  A  h e a t   t r a n s f e r   d e v i c e   c o m p r i s i n g   a  b a s e   w a l l  

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

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

a t   30  to   40  f i n s   p e r   i n c h ,   a n d   a  p l u r a l i t y   of   i n d e n t a -  

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

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

t h r e a d s   in   t h e   r a n g e   o f   4 0 - 8 0   t h r e a d s   p e r   i n c h   i n t e r -  

s e c t i n g   e a c h   o t h e r   a t   an  a n g l e   of   10  to   80  d e g r e e s .  

2.  A  h e a t   t r a n s f e r   d e v i c e   as  d e f i n e d   in   c l a i m   1 ,  

w h e r e i n   t h e   a n g l e   b e t w e e n   t h e   two  s e r i e s   of   p a r a l l e l  

t h r e a d s   i s   a b o u t   60  d e g r e e s .  

3.  A  h e a t   t r a n s f e r   d e v i c e   as  d e f i n e d   i n   c l a i m   1 ,  

w h e r e i n   s a i d   b a s e   w a l l   i s   a  t u b e   and  w h e r e i n   s a i d   i n d e n -  

t a t i o n s   a r e   f o r m e d   as  a  k n u r l e d   d i a m o n d   p a t t e r n   a r o u n d  

t h e   o u t s i d e   p e r i p h e r y   of   s a i d   t u b e .  

4.  A  h e a t   t r a n s f e r   d e v i c e   as  d e f i n e d   in   c l a i m  

1  2  or   3  w h e r e i n   t h e   h e i g h t   of   t h e   f i n s   i s   i n   t h e   r a n g e  

of  . 025   to   .040   i n c h   and  t h e   d e p t h   of  t h e   i n d e n t a t i o n s  

in  t h e   r a n g e   of   .012   to   .020  i n c h .  
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