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A  wide   v a r i e t y   of  h e a t   e x c h a n g e   a p p a r a t u s  

has   been   u s e d   f o r   t r e a t m e n t   of  e x i t   g a s e s   f r o m  

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

c o r r o s i v e   e l e m e n t s   such   as  c o m b u s t i o n   g a s e s .   S u c h  

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

and  n i t r o g e n   t h a t   can  form  h i g h l y   c o r r o s i v e   a c i d s .  

T h e s e   a c i d s   have   r e s t r i c t e d   the   m a t e r i a l s   t h a t   can  b e  

u s e d   in  h e a t   e x c h a n g e   a p p a r a t u s   when  t he   gas  i s  

c o o l e d   b e l o w   i t s   dew  p o i n t .   To  c o m p e n s a t e   fo r   t h e  

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

e l e m e n t s   h a v e ,   in  the   p a s t .   been   p r e p a r e d   f rom  g l a s s ,  

c o p p e r ,   and  c o p p e r   c o v e r e d   w i t h   f l u o r o p o l y m e r .  

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

f l u o r o p o l y m e r   t u b e s   have  been   s u g g e s t e d ,   such   as  i n  

W i t h e r s   U .S .   P a t e n t   3 . 4 3 5 . 8 9 3 .  

When  r e c o v e r i n g   h e a t   f r o m   e x i t   g a s e s  

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

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

t r a n s f e r   e f f i c i e n c y   and  p r e s s u r e   d r o p   in  t he   g a s  

s t r e a m .   A c c o r d i n g l y ,   a  c o n t i n u i n g   need   e x i s t s   f o r   a  

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

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

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

minimum  p r e s s u r e   d r o p .  

SUMMARY  OF  THE  INVENTION 

The  i n s t a n t   i n v e n t i o n   p r o v i d e s ,   in  a  p r o c e s s  

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

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

m a i n t a i n e d   a t   a  t e m p e r a t u r e   d i f f e r e n t   f rom  t h a t   o f  

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

m e d i u u   t h r o u g h   t he   h e a t   e x c h a n g e r ,   t h e   i m p r o v e m e n t  



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

f l u o r o p o l y m e r   t u b e s   h a v i n g   a  d i a m e t e r   of  a b o u t   f rom  3 

to  10  mm  and  a  f r e e   s p a n   f o r   e a c h   t u b e   s e g m e n t   o f  

a b o u t   f rom  20  to  90  cm:  t he   g a s e o u s   s t r e a m   is   p a s s e d  

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

h e a t   t r a n s f e r   medium  is  c i r c u l a t e d :   t h e   t u b e s   a r e  

a r r a n g e d   to  p r o v i d e   c e n t e r   to  c e n t e r   s p a c i n g   b e t w e e n  

t he   t u b e s   of  a b o u t   f rom  1 . 2 5   to  3 .0   t i m e s   t h e  

d i a m e t e r   of  t h e   t u b e s :   t he   g a s e o u s   s t r e a m   has   a  

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

bank  of  t u b e s ,   of  a b o u t   f rom  800  to  3000 ;   and  w h e r e i n  

t he   r a t i o   of  f r e e   s p a n   to  t u b e   d i a m e t e r   is   a b o u t   f r o m  

50  to  1 5 0 .  

The  p r e s e n t   i n v e n t i o n   f u r t h e r   p r o v i d e s ,   i n  

an  a p p a r a t u s   f o r   c h a n g i n g   t he   t e m p e r a t u r e   of  a  

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

p a s s a g e   and  a  h e a t   e x c h a n g e r   p o s i t i o n e d   t r a n s v e r s e   t o  

t h e   p a s s a g e ,   t h e   i m p r o v e m e n t   w h e r e i n   t h e   h e a t  

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

h a v i n g   a  d i a m e t e r   of  a b o u t   f rom  3  to  10  mm  and  a  f r e e  

s p a n   f o r   e a c h   t u b e   s e g m e n t   of  a b o u t   f r o m   20  to  90  cm; 

t he   p a s s a g e   i n t e r s e c t s   a t   l e a s t   f i v e   rows  of  t u b e s  

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

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

s p a c i n g   b e t w e e n   t h e   t u b e s   of  a b o u t   f rom  1 . 2 5   to  3 . 0  

t i m e s   t h e   d i a m e t e r   of  t he   t u b e s :   and  w h e r e i n   t h e  

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

f rom  50  to  150;   t he   p a r a m e t e r s   b e i n g   s e l e c t e d   t o  

p r o v i d e   a  R e y n o l d s   number   t h r o u g h   t h e   bank   of  t u b e s  

of  a b o u t   f rom  800  to  3000  a t   t h e   v e l o c i t y   of  t h e  

g a s e o u s   s t r e a m .  

BRIEF  DESCRIPTION  OF  THE  DRAWINGS 

F i g u r e   1  is  a  c r o s s - s e c t i o n a l   v i e w   of  a  h e a t  

e x c h a n g e   a p p a r a t u s   a c c o r d i n g   to  t he   p r e s e n t   i n v e n t i o n .  



F i g u r e   2  is   a  p e r s p e c t i v e   v i e w   of  a  t u b e  

b u n d l e   w h i c h   can  be  u s e d   in  the   a p p a r a t u s   shown  i n  

F i g u r e   1 .  

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

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

in  h e a t   e x c h a n g e   a p p a r a t u s   of  the   p r e s e n t   i n v e n t i o n ,  

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

t u b e s .  

F i g u r e s   4  and  5  a r e   g r a p h i c a l   i l l u s t r a t i o n s  

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

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

of  t he   t u b e s .  

DETAILED  DESCRIPTION  OF  THE  INVENTION 

The  p r e s e n t   i n v e n t i o n   is   i l l u s t r a t e d   i n  

F i g u r e   1.  in  w h i c h   g a s e o u s   s t r e a m   1  i s   p a s s e d   i n t o   a  

h e a t   e x c h a n g e r   t h r o u g h   i n l e t   2  and  e x p a n d e d   s e c t i o n  

3.  Tubes   4  in   t h e   h e a t   e x c h a n g e r   e x t e n d   f rom  t u b e  

s h e e t s   5  and  5A  p o s i t i o n e d   a t   e i t h e r   end  of  t h e  

t u b e s .   The  t u b e s   a r e   s e p a r a t e d   by  s p a c e r s   6,  w h i c h  

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

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

a b o u t   f rom  20  to  90  cm,  and  s e p a r a t i n g   s u c c e s s i v e  

rows  of  t u b e s   by  a b o u t   f rom  1 .25   to  3 . 0   t i m e s   t h e  

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

h e a t   e x c h a n g e r ,  t h e   g a s e o u s   s t r e a m   c o n t i n u e s   t h r o u g h  

o u t l e t   8 .  

I t   has   b e e n   f o u n d   t h a t   t he   f r e e   s p a n   f o r  

e a c h   t u b e   s e g m e n t   of  a b o u t   f rom  20  to  90  cm  p e r m i t s   a  

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

t h a t   has  t he   d u a l   b e n e f i t   of  a  s e l f - c l e a n i n g   f u n c t i o n  

and  an  i n c r e a s e   in  t h e   h e a t   t r a n s f e r   c o e f f i c i e n t   o f  

t he   t u b e s .   The  t u b e s   and  s p a c e r s   can  be  b e t t e r   s e e n  

in  F i g u r e   2,  w h e r e i n   s p a c e r s   6  a r e   u s e d   i n  



c o n j u n c t i o n   w i t h   r o d s   9  to  m a i n t a i n   t h e   d e s i r e d   f r e e  

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

a p e r t u r e s   10  f o r m e d   in  t he   s p a c e r s .  
The  s p a c e r s   fo rm  a r r a y s   of  a t   l e a s t   f i v e  

rows  of  t u b e s   in   t h e   d i r e c t i o n   of  f l o w ,   w h i c h   can  b e  

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

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

t r i a n g u l a r   c o n f i g u r a t i o n .   In  g e n e r a l ,   t h e   s q u a r e  
c o n f i g u r a t i o n   p r o v i d e s   l o w e r   p r e s s u r e   d r o p   in  t h e  

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

r e s u l t s   in  h i g h e r   h e a t   t r a n s f e r .  

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

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

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

p r o p e r t i e s ,   r e s i s t a n c e   to  the   c o r r o s i v e   e f f e c t s   o f  

t he   g a s e o u s   s t r e a m ,   and  e x c e l l e n t   r e s i s t a n c e   t o  

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

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

t e t r a f l u o r o e t h y l e n e   and  h e x a f l u o r o p r o p y l e n e   a s  
d e s c r i b e d   in  U . S .   P a t e n t   2 , 9 4 6 , 7 6 3   and  c o p o l y m e r s   o f  

t e t r a f l u o r o e t h y l e n e   and  p e r f l u o r o p r o p y l   v i n y l   e t h e r  

as  d e s c r i b e d   in  U .S .   P a t e n t   3 . 1 3 2 ,  1 2 3 .   S t i l l   o t h e r  

f l u o r o p o l y m e r s   w h i c h   can   be  u s e d   in   t h e   p r e s e n t  

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

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

c h l o r o - t r i f l u o r o e t h y l e n e .  

In  a d d i t i o n ,   c o n d u c t i v e   p a r t i c l e s   can  b e  

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

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

in  R e i l l y   e t   a l .   U .S .   P a t e n t   3 . 7 1 8 , 1 8 1 ,   h e r e b y  

i n c o r p o r a t e d   by  r e f e r e n c e .   G r a p h i t e   p a r t i c l e s   a r e  

p a r t i c u l a r l y   p r e f e r r e d .  

The  t u b e   s h e e t s   u sed   a t   t he   end  of  t he   h e a t  

e x c h a n g e   u n i t s   can  be  p r e p a r e d   by  t e c h n i q u e s   known  i n  

t he   a r t ,   s u c h   as  d e s c r i b e d   in  W i t h e r s   U .S .   P a t e n t  

3 , 3 1 5 , 7 4 0 .   a l s o   h e r e b y   i n c o r p o r a t e d   by  r e f e r e n c e .  



In  t h e   o p e r a t i o n   of  t he   h e a t   e x c h a n g e  

a p p a r a t u s ,   w a t e r   or  e q u i v a l e n t   h e a t   t r a n s f e r   f l u i d   i s  

c i r c u l a t e d   t h r o u g h   t he   h e a t   e x c h a n g e r   w h i l e   a  g a s  

s t r e a m   is   c o n c u r r e n t l y   p a s s e d   a c r o s s   t he   h e a t  

e x c h a n g e   t u b e s .   The  R e y n o l d s   number   of  t he   g a s e o u s  

s t r e a m   t h r o u g h   t h e   bank  of  t u b e s   i s   a b o u t   f rom  800  t o  

3000  and  p r e f e r a b l y   a b o u t   f r o m   1000  to  2000 .   T h e  

R e y n o l d s   number   is   c a l c u l a t e d ,   as  is  known  in  t h e  

a r t .   as  t h e   v e l o c i t y   of  f l o w   t h r o u g h   the   t u b e   b a n k  

b a s e d   on  t h e   minimum  c r o s s - s e c t i o n a l   f r e e   a r e a ,   t i m e s  

the   t u b e   d i a m e t e r   t i m e s   the   gas  d e n s i t y   d i v i d e d   b y  

the   gas  v i s c o s i t y .   The  r e q u i r e d   R e y n o l d s   number   c a n  

be  a t t a i n e d   by  a d j u s t m e n t   of  t h e   v e l o c i t y   of  t h e   g a s  
e n t e r i n g   t h e   t u b e   b a n k ,   or  a d j u s t m e n t   of  t he   s i z e   a n d  

s p a c i n g   of  t h e   t u b e s ,   or  b o t h .  

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

p r e s e n t   i n v e n t i o n   is   no t   f u l l y   u n d e r s t o o d ,   i t   i s  

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

800,   and  w i t h i n   t h e   o t h e r   d e s i g n   r e s t r i c t i o n s ,   t h e  

a i r   v e l o c i t i e s   a r e   too   low  to  c a u s e   any  movement   o f  

the   f l e x i b l e   t u b e s   so  t h a t   t h e y   b e h a v e   as  i f   t h e y  

were   r i g i d .   As  t he   a i r   v e l o c i t y   i n c r e a s e s ,   t he   t u b e s  

b e g i n   to  f l u t t e r   and  move  f rom  s i d e   to  s i d e   as  w e l l  

as  b e h i n d   one  a n o t h e r ,   w h i c h   p r o m o t e s   eddy  c u r r e n t s .  

c a u s i n g   an  i n c r e a s e   in  t he   r a t e   of  h e a t   t r a n s f e r  

b e t w e e n   t h e   t u b e   w a l l   and  t h e   gas  s t r e a m .   The  e n e r g y  

r e q u i r e d   to  c r e a t e   t h i s   movemen t   e x h i b i t s   i t s e l f   as  a  

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

r e a l i z e d   w i t h   a  s i m i l a r   bank  of  r i g i d   t u b e s .  

As  t h e   v e l o c i t y   of  t h e   g a s e o u s   s t r e a m  

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

t r a n s f e r   r a t e   i n c r e a s e   u n t i l   t he   f l o w   b e c o m e s  

t u r b u l e n t   a t   a  R e y n o l d s   number   of  a b o u t   3 0 0 0 .  

I t   is   t h i s   v i b r a t i o n ,   t h a t   r e s u l t s   f rom  t h e  

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



p r e s e n t   i n v e n t i o n ,   t h a t   p r o v i d e s   a  h e a t   t r a n s f e r   r a t e  

t h a t   is  g r e a t e r   t h a n   would   n o r m a l l y   be  e x p e c t e d   f r o m  

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

The  g a s e o u s   s t r e a m   t h a t   is   h e a t e d   or  c o o l e d  

a c c o r d i n g   to  t h e   p r e s e n t   i n v e n t i o n   can  c o n t a i n   a  

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

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

The  t e m p e r a t u r e   of  t he   gas  s t r e a m   s h o u l d   be  a b o u t  

f rom  80°  to  2 4 0 ° C .   T e m p e r a t u r e s   in   e x c e s s   of  2 4 0 ° C  

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

l i t t l e   p r a c t i c a l   b e n e f i t   is   a t t a i n e d   in  t he   t r e a t m e n t  

of  gas  s t r e a m s   b e l o w   80°C,   s i n c e   r e d u c t i o n   of  g a s  

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

i t s   n a t u r a l   t e n d e n c y   to  r i s e .  

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

by  the   f o l l o w i n g   s p e c i f i c   e x a m p l e s .  

EXAMPLES  AND  COMPARATIVE  EXAMPLES 

A  t e s t   b u n d l e   of  a b o u t   650  h o l l o w   f l e x i b l e  

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

c o p o l y m e r   was  made  by  s t r i n g i n g   t u b i n g   t h r o u g h   h o l e s  

in  t he   top   and  b o t t o m   of  a  c l e a r   a c r y l i c   box  w h i c h  

was  46  cm  h i g h   and  46  cm  w i d e .   The  t u b e s   had  a  

d i a m e t e r   of  4 . 7 5   mm  and  were   t h r e a d e d   t h r o u g h   s p a c e r s  

of  t he   same  c l e a r   a c r y l i c   r e s i n   i n s i d e   t he   t e s t   b o x  

s u c h   t h a t   t h e s e   s p a c e r s   c o u l d   be  r e m o v e d   to  t he   t o p  

of  t h e   t e s t   c h a m b e r   ou t   of  t he   way  of  t h e   a i r   s t r e a m  

or  be  p l a c e d   a l o n g   t he   v e r t i c a l   l e n g t h   of  t he   t u b e s  

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

15  to  46  cm.  The  t u b e s   were   a r r a n g e d   in  a  s q u a r e  
h o l e   l a y o u t .   Hea t   e x c h a n g e   e l e m e n t s   we re   p r e p a r e d  

w i t h   20  rows  of  t u b e s .   The  t u b e s   were   s p a c e d   at   a  

d i s t a n c e   of  a b o u t   2 .0   t i m e s   t he   t u b e   d i a m e t e r .   T h e  

ends   were   b o n d e d   t o g e t h e r   to  fo rm  a  t u b e   s h e e t   a s  
d e s c r i b e d   in  U .S .   P a t e n t   3 , 3 1 5 . 7 4 0 .  



The  modu le   was  p l a c e d   in  a  wind  t u n n e l   a n d  

p r e s s u r e   d r o p   m e a s u r e m e n t s   we re   made  at   a i r  

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

f rom  a b o u t   400  to  a b o u t   1 0 , 0 0 0 .  

A f t e r   i n s t a l l a t i o n   in  t h e   wind  t u n n e l ,   a  

s t e a m   l i n e   was  a t t a c h e d   to  t h e   t op   t u b e   s h e e t   s u c h  

t h a t   up  to  30  p s i g   s a t u r a t e d   s t e a m   c o u l d   b e  

i n t r o d u c e d   i n t o   the   t u b e   bank  to  h e a t   the   a i r .   T h e  

c o n d e n s e d   s t e a m   l e a v i n g   t h e   t u b e   bank  was  d i s c h a r g e d  

t h r o u g h   a  t r a p   to  the   d r a i n .   P r e s s u r e ,   f l o w   a n d  

t e m p e r a t u r e   m e a s u r e m e n t s   were   t a k e n   such   t h a t   t h e  

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

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

a i r   v e l o c i t i e s .  

P r e s s u r e   m e a s u r e m e n t s   were   t a k e n   w i t h   a n  

i n c l i n e d   m a n o m e t e r   ( o i l   d e n s i t y  -   829  k g / m 3 ) .   A i r  

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

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

DISA  s c i e n t i f i c   c o n s t a n t   t e m p e r a t u r e   a n e m o m e t e r .   T h e  

h e a t   f l o w   f rom  the   t u b e s   to  t h e   a i r   was  d e t e r m i n e d   b y  

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

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

t h e r m o c o u p l e s .   H e a t i n g   s t e a m   p r e s s u r e s   of  7  and  15  

p s i g   w e r e   u s e d .   The  a i r   v e l o c i t y   was  v a r i e d   o v e r   a  

r a n g e   to  c o v e r   the   l a m i n a r ,   t r a n s i t i o n a l   a n d  

t u r b u l e n t   f l o w   r e g i m e s .  

The  p r e s s u r e   d r o p   was  c a l c u l a t e d   a s  

d i m e n s i o n l e s s   n u m b e r s   a c c o r d i n g   to  the   f o l l o w i n g  

e q u a t i o n :  



where   Δp  i s   p r e s s u r e   d r o p ,   p a s c a l s  

N  is  number   of  t u b e   rows  in  t h e  

d i r e c t i o n   of  f l o w  

P  is   a i r   d e n s i t y ,   k g / m 3  

V  is  a i r   v e l o c i t y ,   m / s e c ,   b a s e d   o n  

t h e   minimum  c r o s s - s e c t i o n   in  t h e  

t u b e   b u n d l e  

The  o v e r a l l   h e a t   t r a n s f e r   c o e f f i c i e n t ,   U o ,  
was  d e t e r m i n e d   e x p e r i m e n t a l l y   a t   e a c h   c o n d i t i o n   a n d  

was  t h e n   u s e d   to  back   c a l c u l a t e   ho,  t h e   o u t s i d e   a i r  

f i l m   c o e f f i c i e n t ,   by  t h e   f o l l o w i n g   e q u a t i o n s :  

where   A  is  h e a t   t r a n s f e r   a r e a   in   m2 

LMTD  is   l o g - 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 ,   °C 

W  is  a i r   mass   f l o w ,   l b / h r .  

Cp  is  a i r   h e a t   c a p a c i t y ,   k g / h r   - ° C  

AT  is  d i f f e r e n c e   of  a i r   t e m p e r a t u r e   i n  

and  ou t   of  t u b e   b a n k  

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

tw  is  w a l l   t h i c k n e s s  

Do,  Di  i s   o u t s i d e   and  i n s i d e   t u b e  

d i a m e t e r  

hi  is  i n s i d e   f i l m   c o e f f i c i e n t   c a l c u l a t e d  

by  known  e n g i n e e r i n g   c o r r e l a t i o n s .  

C o n s i s t e n t   SI  u n i t s   a r e   u s e d   f o r   a l l   of  t h e  

a b o v e   c a l c u l a t i o n s .  

The  o u t s i d e   f i l m   c o e f f i c i e n t ,   ho,   is  e x p r e s s e d  

as  a  d i m e n s i o n l e s s   number   J b  



B o t h   f '   and  Jb  a re   p r e s e n t e d   in  F i g u r e s   3.  4 

and  5  as  a  f u n c t i o n   of  the   R e y n o l d s   n u m b e r .   R e .  

V i b r a t i o n s   of  the   t u b e s   we re   o b s e r v e d   w h e n  

the   R e y n o l d s   number   of  the   a i r   f l o w   was  more  t h a n  

a b o u t   800.   The  a m p l i t u d e   of  v i b r a t i o n   was  v i s i b l y  

l a r g e   and  e x c e e d e d   two  t ube   d i a m e t e r s   in  many  c a s e s .  

The  t e s t   r e s u l t s   a r e   s u m m a r i z e d   in  F i g u r e s  

3 - 5 .   B o t h   t h e   o b s e r v e d   p r e s s u r e   d r o p   and  h e a t  

t r a n s f e r   r a t e   a c r o s s   the   bank  of  v i b r a t i n g   t u b e s   i s  

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

b a s e d   on  r i g i d   m e t a l   t u b e s ,   in  t he   t r a n s i t i o n   r e g i o n  

( R e = 8 0 0  -   3 0 0 0 ) .  



1.  In  a  p r o c e s s   f o r   c h a n g i n g   t h e  

t e m p e r a t u r e   of  a  g a s e o u s   s t r e a m   by  p a s s i n g   t h e   s t r e a m  

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

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

c i r c u l a t i n g   a  h e a t   t r a n s f e r   medium  t h r o u g h   the   h e a t  

e x c h a n g e r ,   t h e   i m p r o v e m e n t   w h e r e i n   t h e   h e a t   e x c h a n g e r  

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

d i a m e t e r   of  a b o u t   f rom  3  to  10  mm  and  a  f r e e   s p a n   f o r  

e a c h   t u b e   s e g m e n t   of  a b o u t   f rom  20  to   90  cm:  t h e  

g a s e o u s   s t r e a m   is  p a s s e d   a c r o s s   a t   l e a s t   f i v e   rows  o f  

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

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

to  c e n t e r   s p a c i n g   b e t w e e n   t he   t u b e s   of  a b o u t   f r o m  

1 . 2 5   to  3 . 0   t i m e s   the   d i a m e t e r   of  t h e   t u b e s :   t h e  

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

n u m b e r ,   t h r o u g h   t he   bank  of  t u b e s ,   of  a b o u t   f rom  8 0 0  

to  3 0 0 0 , a n d   w h e r e i n   the   r a t i o   of  f r e e   s p a n   to  t u b e  

d i a m e t e r   is   a b o u t   f rom  50  to  1 5 0 .  

2.  A  p r o c e s s   of  c l a i m   1  w h e r e i n   t h e  

f l u o r o p o l y m e r   is   a  c o p o l y m e r   of  t e t r a f l u o r o e t h y l e n e  

and  h e x a f l u o r o p r o p y l e n e .  

3.  A  p r o c e s s   of  c l a i m   1  w h e r e i n   t h e  

f l u o r o p o l y m e r   is   a  c o p o l y m e r   of  t e t r a f l u o r o e t h y l e n e  

and  p e r f l u o r o p r o p y l   v i n y l   e t h e r .  

4.  A  p r o c e s s   of  c l a i m   1  w h e r e i n   t he   t u b e s  

f u r t h e r   c o m p r i s e   a b o u t   f rom  5  to  45  w e i g h t   p e r c e n t  

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

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

5.  A  p r o c e s s   of  c l a i m   4  w h e r e i n   t h e  

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

6.  A  p r o c e s s   of  c l a i m   1  w h e r e i n   t he   f r e e  

s p a n   f o r   e a c h   t u b e   s e g m e n t   is  a b o u t   f rom  40  to  65  cm.  

7.  A  p r o c e s s   of  c l a i m   1  w h e r e i n   t he   t u b e  

d i a m e t e r   is   a b o u t   f rom  4 .0   to  6 .5   mm. 



8.  In  an  a p p a r a t u s   f o r   c h a n g i n g   t h e  

t e m p e r a t u r e   of  a  g a s e o u s   s t r e a m   h a v i n g   a  g i v e n  

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

p o s i t i o n e d   t r a n s v e r s e   to  t h e   p a s s a g e ,   t he   i m p r o v e m e n t  

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

of  f l u o r o p o l y m e r   h a v i n g   a  d i a m e t e r   of  a b o u t   f rom  3  t o  

10  mm  and  a  f r e e   s p a n   f o r   e a c h   t u b e   s e g m e n t   of  a b o u t  

f rom  20  to  90  cm:  the   p a s s a g e   i n t e r s e c t s   a t   l e a s t   t e n  

rows  of  t u b e s   t h r o u g h   w h i c h   a  h e a t   t r a n s f e r   medium  i s  

c i r c u l a t e d ;   t he   t u b e s   a r e   a r r a n g e d   to  p r o v i d e   c e n t e r  

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

1 . 2 5   to  3 .0   t i m e s   the   d i a m e t e r   of  t he   t u b e s ;   t h e  

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

n u m b e r ,   t h r o u g h   the   bank  of  t u b e s ,   of  a b o u t   f rom  8 0 0  

to  3000 ;   and  w h e r e i n   t he   r a t i o   of  t he   f r e e   s p a n   t o  

t h e   t u b e   d i a m e t e r   is  a b o u t   f r o m   50  to  150:  t h e  

p a r a m e t e r s   b e i n g   s e l e c t e d   so  as  to  p r o v i d e   a  R e y n o l d s  

number   t h r o u g h   the   bank  of  t u b e s   of  a b o u t   f rom  800  t o  

3000  a t   t h e   v e l o c i t y   of  t h e   g a s e o u s   s t r e a m .  

9.  An  a p p a r a t u s   of  c l a i m   8  w h e r e i n   t h e  

f l u o r o p o l y m e r   is  a  c o p o l y m e r   of  t e t r a f l u o r o e t h y l e n e  

and  h e x a f l u o r o p r o p y l e n e .  

10.  An  a p p a r a t u s   of  c l a i m   8  w h e r e i n   t h e  

f l u o r o p o l y m e r   is  a  c o p o l y m e r   of  t e t r a f l u o r o e t h y l e n e  

and  p e r f l u o r o p r o p y l   v i n y l   e t h e r .  

11.  An  a p p a r a t u s   of  c l a i m   8  w h e r e i n   t h e  

t u b e s   f u r t h e r   c o m p r i s e   a b o u t   f rom  5  to  45  w e i g h t  

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

h i g h e r   t h e r m a l   c o n d u c t i v i t y   t h a n   t he   f l u o r o p o l y m e r .  

12.  An  a p p a r a t u s   of  c l a i m   11  w h e r e i n   t h e  

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

13.  A  p r o c e s s   of  c l a i m   11  w h e r e i n   t he   f r e e  

s p a n   f o r   e ach   t ube   s e g m e n t   is  a b o u t   f rom  40  to  65  cm.  

14.  A  p r o c e s s   of  c l a i m   11  w h e r e i n   the   t u b e  

d i a m e t e r   is  a b o u t   f rom  4 . 0   to  6 .5   mm. 
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