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Results are shown of a study concerning the heat transfer and the hydraulic drag in an air 
stream through ducts of various shapes with wavy rough walls and with boundary-layer break- 
ers. 

The  p r o b l e m  of i n c r e a s i n g  the r a t e  of hea t  t r a n s f e r  in a gas  s t r e a m  th rough  s m a l l - d i a m e t e r  p i p e s  
which  f o r m  c o m p a c t  hea t  t r a n s f e r  s u r f a c e s  is  an e s s e n t i a l  one.  The  m o s t  p r a c t i c a l  w a y  of so lv ing  t h i s  
p r o b l e m  is  by  a f f ec t ing  the i n s ide  b o u n d a r y - l a y e r  s t r u c t u r e :  by  a r a t i o n a l  de s ign  of wavy  s u r f a c e  r o u g h -  
n e s s  and b o u n d a r y - l a y e r  b r e a k e r s ,  in o r d e r  to t u r b u l i z e  the b o u n d a r y  l a y e r  and to r e d u c e  i t s  t h i c k n e s s .  
Th i s  m u s t  a l s o  be  t e c h n o l o g i c a l l y  f e a s i b l e .  In o r i f i c e  duc t s  of hea t  e x c h a n g e r s  i t  is  qu i te  s i m p l e  to de s ign  
f o r  wavy  r o u g h n e s s .  In th is  c a s e  the  duc t s  c o m p r i s e  a s e q u e n c e  of c o n v e r g e r s  and d i f f u s e r s ,  which  en-  
s u r e s  f a v o r a b l e  r a t i o s  of hea t  t r a n s f e r  to  e n e r g y  l o s s e s  on o v e r c o m i n g  the h y d r a u l i c  d r a g  [1]. Such duc ts  
have  been  i n s t a l l e d ,  for  i n s t ance ,  at  the  h e a t i n g  s u r f a c e s  of r e g e n e r a t i v e  a i r  p r e h e a t e r s  fo r  b o i l e r s  a s  
e a r l y  a s  in the n ine t een  twen t i e s  [2]. With  s m a l l  h y d r a u l i c  d i a m e t e r s  h e r e ,  un l ike  in the duc ts  of [1], the  
c o n v e r g e r - d i f f u s e r  s y s t e m s  w e r e  not  p a s s i n g  a s t r a i g h t  s t r e a m  bu t  a s l a n t e d  one,  i . e . ,  a t  an ang le  f i r  90 ~ 
be t ween  the d i r e c t i o n  of f low and the c o n v e r g e r - d i f f u s e r  junc t ion  b o u n d a r y .  T e s t s  have  shown tha t  fl = 30 ~ 
i s  o p t i m u m .  We wi l l  p r e s e n t  h e r e  r e s u l t s  of s t u d i e s  p e r t a i n i n g  to o r i f i c e  duc t s  wi th  p = 30 ~ (Fig .  1) (for 
g e n e r a l i t y ,  a l s o  d a t a  f o r  fl = 90 ~ and p = 15 ~ a r e  shown).  In t h e s e  t e s t s  the he igh t  of the r o u g h n e s s  wave  
a long w a i l s  a and b as  we l l  as  the d i s t a n c e  b e t w e e n  w a l l s  c w e r e  v a r i e d .  The hea t  t r a n s f e r  and h y d r a u l i c  
d r a g  t e s t s  w e r e  p e r f o r m e d  on an a p p a r a t u s  and b y  a p r o c e d u r e  we l l  d e s c r i b e d  in [2]. The mean  N u s s e l t  
n u m b e r  Nu and the mean  d r a g  c o e f f i c i e n t  ~ w e r e  d e t e r m i n e d  at  r e l a t i v e  duct  d i m e n s i o n s  c o r r e s p o n d i n g  to 

p r a c t i c a l l y  s t a b i l i z e d  c o n d i t i o n s .  

The  g e o m e t r i c a l  d i m e n s i o n s  of the t e s t  duc t s  a r e  g iven in T a b l e  1. The e f fec t  of a s p e r i t i e s  and t h e i r  
he igh t  is  shown in F i g .  2. H e r e  [0 and Nu 0 c o r r e s p o n d  to a smoo th  duct ,  w h i l e  the a b s o l u t e  r o u g h n e s s  a + b 
is  r e f e r r e d  to the w a v e l e n g t h  m. In each  c a s e  the t e s t  d a t a  on the hea t  t r a n s f e r  w e r e  a p p r o x i m a t e d  b y  the 

f o r m u l a  

Nu = A Re ~ . 

The  e s s e n t i a l  t e s t  po in t s  w e r e  ob ta ined  by  v a r y i n g  the m a g n i t u d e  of a + b and a s l i gh t  v a r i a t i o n  of m 
(m = 26-30  mm) .  In o r d e r  to i l l u s t r a t e  the  e f fec t  Of p a r a m e t e r  m, in F i g .  2 a r e  shown d a t a  fo r  d u c t s  No. 
15 and 16 wi th  a + b = 2.5 m m  but  m = 17 and 58 m m  r e s p e c t i v e l y .  A c c o r d i n g  to F ig .  2, the d i m e n s i o n l e s s  
g r o u p  (a + b ) /m a l m o s t  un ique ly  g e n e r a l i z e s  the hea t  t r a n s f e r  d a t a  f o r  a v a r y i n g  a + b and fo r  a v a r y i n g  m. 
In duc t s  No. 15 and 16 the ang le  fi w a s  not  30 ~ as  in the o t h e r  duc t s ,  but  90 ~ ( roughne s s  w a v e s  p e r p e n d i c u -  
l a r  t o  the s t r e a m )  and 15 o r e s p e c t i v e l y .  In th i s  way,  the p r o p o s e d  d i m e n s i o n l e s s  p a r a m e t e r  k g e n e r a l i z e s  
d a t a  ob t a ined  wi th  r o u g h n e s s  w a v e s  p e r p e n d i c u l a r  to the s t r e a m  o r  s l a n t e d .  Deve lop ing  th is  p a r a m e t e r ,  we 

have  

k = a + b a _~. __b = - - i  (tg a~ -t- tg as), 
m m m 2 

wi th  a 1 and a 2 deno t ing  the s lope  a n g l e s  of d i f f u s e r s  and c o n v e r g e r s  r e s p e c t i v e l y  at  each  wa l l  r e l a t i v e  to 
the duct  ax i s .  Consequen t ly ,  p a r a m e t e r  k c h a r a c t e r i z e s  the s l o p e  a n g l e s  of the d i f f u s e r  and the c o n v e r g e r  
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TABLE i. Duct D i m e n s i o n s  

Item H ,into k, rain M, Inin de( l, Into N, min M, Inin M/deq in, No, a, mm b, mm I/deq Inin 

1 
2 
3 
4 
.5 
6 
7 
8 
9 

IO 
11 
12 
13 
14 
15 
16 

o 
3,04 
3,04 
3,04 
3,o4 
3,05 
2,5 
2,0 
1,5 
1,5 
2,4 
2,2 
2,2 
2,2 
2,5 
2,5 

0 0 
2,87 -- 
2,87 
2,87 
2,87 
2,2 
2,5 
1,9 
1 , 8 5  
1,4 
0 

; t 

0 ) 

1 2 , 5  L06 
12,5 50 
12,5 30 

Note. M is the groove width, N, the 

8,18 
12,4 
I0,9'2 
8,86 
7,44 

10,6 
1o, 15 
10,1 
9,92 
9,23 
7,35 
6,i5 
6,67 
6,72 
8,31 
8,00 

o 

2 
2 
2 

4 
4 
3 
2 
1 
3,33 
3,33 
3,33 
3,75 
3 
3 

3,3 
3,3 

I 

50 
31,45 
35,7 
44 
52,4 
36,8 
38,4 
38,6 
39,4 
42,2 
45 
63.4 
58 
58,2 
40 
41,3 

roove depth, see along A in Fig. 1. 

0 o 
-- 30 
-- 30 

-- 30 

-- 30 

-- 30 

-- 30 

-- 30 

-- 26 

-- 30 

1C23 30 30 
7,5 30 
4,5 26 
- -  17 
- -  58  

g e n e r a t r i c e s .  A l a r g e r  k (angles oq and c~2) i mp l i e s  an i n c r e a s e  in t u r b u l e n c e  tn the d i f fuse r  s e g m e n t  and, 

thus,  a h ighe r  r a t e  of heat  t r a n s f e r  in the fol lowing c o n v e r g e r .  F u n c t i o n  Nu/Nu 0 = f(k) is app rox ima ted  
by  the fol lowing e x p r e s s i o n :  

Nu = 1 -- 3.2 k q- 108 U - -  440 k 3 - -  400 k t  
Nu o 

Accord ing  to F ig .  2, t he re  is a c e r t a i n  l imi t  to the effect  of r o u g h n e s s  height .  Under  the given con -  

d i t [ons  the heat  t r a n s f e r  s t a b i l i z e s  at a +b = 4.7 m m  (k > 0.165). The hyd rau l i c  d r a g  con t inues  to i n c r e a s e ,  
however .  At a + b = 4.7 mm,  the u n i l a t e r a l  a p e r t u r e  angle of an e l e m e n t a r y  d i f fuse r  fo rmed  by  c o r r u g a -  
tion p a r a l l e l  to the s t r e a m  is a ~ 9 ~ . A f u r t h e r  i n c r e a s e  of a + b c a u s e s  this  angle to i n c r e a s e  too. 

Angle c~ ~ 9 ~ is the l i m i t i n g  p r e s e p a r a t i o n  angle  of a d i f fuse r .  At such an angle ,  as is wel l  known, 
t he r e  occu r  s l ight  t r a n s i e n t  s e p a r a t i o n s  b e n e f i c i a l  to heat  t r a n s f e r .  The p r e s e n c e  of loca l ized  m a c r o -  
s e p a r a t i o n s  makes  for  a h ighe r  r e s i s t a n c e ,  in t e r m s  of d r ag  p r e s s u r e ,  which in the Reyno lds  s i m i l a r i t y  
model  does not affect  the heat  t r a n s f e r  and, t he r e fo re ,  does not i n c r e a s e  the heat  t r a n s f e r  r a t e .  In this  
way, the angle  of e l e m e n t a r y  d i f fu se r s  along a rough su r f a c e  m u s t  c o r r e s p o n d  to the l i m i t i n g  p r e s e p a r a -  
t lon angle .  

alongA tDa ongC 
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F i g .  1. S k e t c h e s  of the  t e s t  d u c t s :  1) t r i a n g u l a r  duc t  w i t h  an o f f s e t  and a w a v y  

wa l l ;  2) o r i f i c e  d u c t  w i t h  w a v y  w a l l s .  

F i g .  2. E f f e c t  of r o u g h n e s s  h e i g h t  on the h e a t  t r a n s f e r  and the  f r i c t i o n  [n w a v y  

d u c t s  (Re = 3000) :  1) N u / N u  0 (duc t s  No.  2 - 1 1 ,  T a b l e  1); 2) ~/~0 (duc t s  No. 2 - 1 1 ,  

T a b l e  1); 3) Nu /Nu  0 (duct  No.  15); 4) N u / N u  0 (duct  No.  16); 5) d a t a  tn [1]. 
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F ig .  3. Effect  of the height  of an o r i f i ce  duct with wavy wai l s  on 
the heat  t r a n s f e r  and on the hydrau l i c  d r a g  (Re = 3000): 1) ~/~0 
w i t h a  + b  = 5.9; 2) ~/~0with a + b  = 2.9; 3) Nu/Nu 0 w i t h a  + b 
= 5.9; 4) Nu/Nu 0 w i t h a  +b--"  2.9. 

F ig .  4. Heat t r a n s f e r  and hydraul ic  d r ag  in rough ducts of c o m -  
pos i te  shapes :  1) duct No. 1 (Table 1); 2) duct No. 13; 3) duct 
No. 14; 4 ) d u c t  No. 12; 5 ) d u c t  No. 2; 6 )Nu  = 0.0347Re~ 7) 
Nu ='0.0312Re~ 8) Nu = 0.03Re~ 9) Nu = 0.0278Re~ 10) 
Nu = 0.02Re ~ 

The effect  of the d i s tance  between wa l l s  on the heat  t r a n s f e r  r a t e  and on the hydraul ic  d r a g  is shown 
in F ig .  3. It is  noteworthy that a d e c r e a s e  of c f rom 4 to 1 mm has  a lmos t  no effect  on the heat  t r a n s f e r  
b u t  i n c r e a s e s  the hydraul ic  drag .  Consequently,  changing the value of p a r a m e t e r  (a + b)/c ( re la t ive  rough-  
ness)  by changing c wil l  not affect  the heat  t r ans f e r ,  but changing it by inc reas ing  a + b wil l  affect the heat  
t r a n s f e r  apprec iab ly .  The re fo re ,  the r e l a t ive  roughness  is not a gene ra l i z ing  p a r a m e t e r  as fa r  as heat  
t r a n s f e r  p r o c e s s e s  a r e  concerned .  

The heat  t r a n s f e r  p r o c e s s e s  at each wall  a re  in this  c a se  autonomously  de te rmined  by the s t r e a m  
(boundary layer )  c h a r a c t e r i s t i c s  there  and do not affect one another .  

Within our  t es t  range,  t he re fo re ,  the p r inc ip l e  of independent heat  t r a n s f e r  appl ies  to the boundary 
l a y e r  at each wall ,  which in the case  of such na r row  ducts  has not been obvEous. 

The tes t  r e s u l t s  f r om [1] fo r  a duct with c = 16.8 mm and m = 80 mm (equal d i f f u s e r  and c o n v e r g e r  
segments)  have a lso  been plot ted in F ig .  2. These  data ag ree  f a i r l y  well  with the un ive r sa l  re la t ion .  At 
c > 16.8 ram, however ,  the effect  of p a r a m e t e r  c begins  to set  in (the heat  t r a n s f e r  ra te  i nc r e a s e s ,  with all 
o ther  condi t ions unchanged) and that  un ive r sa l  re la t ion  c e a s e s  to be val id.  

It a lso  does not account for  unequal d i f fuse r  and c o n v e r g e r  segmen t s .  

It is  to be noted that ducts  with c ~ 16 mm do not m e r i t  cons ide ra t ion  for  compac t  heat  exchangers .  

The independence p r inc ip l e  makes  it pos s ib l e  to analyze the heat  t r a n s f e r  in ducts  of compos i t e  s ec -  
t ions as,  for  example ,  ducts  combining rough wa i l s  with b o u n d a r y - l a y e r  b r e a k e r s .  

As b o u n d a r y - l a y e r  b r e a k e r s  one commonly  uses  individual  roughness  e l ements  in the shape of t r a n s -  
v e r s e  b a f f l e s - p r o t r u s i o n s .  A boundary  l a y e r  can be broken up by ve ry  s imple  technica l  means ,  namely  
by  offset t ing the duct  (sharp bending) (Fig.  1). In this  case  the boundary l a y e r  wil l  a lso  be r e s t o r e d .  In 
a i r  r e g e n e r a t o r s  one uses  t r i a n g u l a r  ducts  with two waifs  made up of offset  e l emen t s  and Lhe third wall  
wavy, s i m i l a r  to the one analyzed e a r l i e r .  Such ducts  a re  manufactured by s t agger ing  f iat  wavy sheets  
and shee t s  c r i m p e d  t r i a n g u l a r l y  with an offset.  The r e s u l t s  for  th ree  v e r s i o n s  of such ducts  with di f ferent  
d i s t ances  between the offset  e l emen t s  a re  shown in Fig.  4. F o r  ca lcu la t ing  the heat  t r a n s f e r  in such a 
compos i te  duct, we wil l  use the e s t ab l i shed  p r inc ip le  of independent boundary l a y e r s .  

We wil l  make the following a s sumpt ions :  1) the boundary l a y e r  at each wall  adds i ts  independent con-  
t r ibut ion to the heat  t r a n s f e r  p r o c e s s e s ,  and 2) the boundary  l a y e r s  a re  ful ly r e s t o r e d  behind an offset  e l e -  
ment (60 = 0, 5 denoting the b o u n d a r y - l a y e r  th ickness) .  The heat  t r a n s f e r  [n the in i t ia l  smooth segments  
was studied both t heo re t i c a l l y  and expe r imen ta l ly .  
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The c o r r e c t i o n  fo r  the  e f f ec t  of r e l a t i v e  duct  length  ( t e s t s  p e r f o r m e d  by  I. T.  A l a d ' e v  [n [3]) wtH be  
a p p r o x i m a t e d  b y  the fo l lowing  p o w e r  func t ion :  

1.69 = 0.023 Re ~ Pr ~ 1.69 (1) Nu = Nu0 (@)0.143 (~)0.113 " 

Thi s  f o r m u l a  [s va l id  fo r  Re  ~ 5 ,000-50 ,000  with  Nu 0 r e p r e s e n t i n g  a s t a b i l i z e d  hea t  t r a n s f e r  tn a c i r c u l a r  
p ipe .  Using  the e q u i v a l e n t  d i a m e t e r  a s  the c h a r a c t e r i s t i c  d i m e n s i o n  wi l t  g e n e r a l i z e  t h e s e  d a t a  to c o v e r  
d u e t s  of n o n e t r e u t a r  s e e t t o n s  wi th  t u r b u l e n t  f low.  

Using  the r u l e  of p r o r a t i n g  the t o t a l  hea t  t r a n s f e r  to each  duet  s ide ,  we have 

1 2 
Nutotal = Nuw. d - ~  q- Nus. d --~. (2) 

H e r e  Nuw.d.  is  the N u s s e l t  n u m b e r  fo r  a w a v y  duct  and NUs.d. i s  the N u s s e t t  n u m b e r  fo r  a s m o o t h  duet .  

F o r  duet  No. 12 ( P r  = 0.7) we have  

1 2 0.02 Re ~ �9 1.1, (3) 0,0278 Re ~ = NUw.d ~ -  -~ ~ -  

w h e r e f r o m  NUw.d. = 0 .0393Re ~ o r  12% h i g h e r  than the N u s s e l t  n u m b e r  fo r  a f la t  wavy  duc t  (duet No. 2, 
Nu = 0.0347Re~ Some t n e r e a s e  [n the N u s s e l t  n u m b e r  can  be  a t t r i b u t e d  to e d d i e s  in the duet  b e n d s .  

F o r  due t s  No. 14 and 13 we have  f r o m  (3) 

N u = - - . 1  0.0393Re08_ 5_2 .0 .0272Re0a=0 .0312Re0`8 ,  (4) 
3 3 

Nu = __.1 0.0393 Re ~ 4- __2 .0.0253 Re ~ = 0.03 Re ~ (5) 
3 3 

A c o m p a r i s o n  wi th  the  t e s t  d a t a  in F i g .  4 i n d i c a t e s  a d i s c r e p a n c y  of on ly  7%. With the eddy  e f f ec t s  
tn the duet  b e n d s  d i s r e g a r d e d  and wi th  the hea t  t r a n s f e r  at  the w a v y  wa l t  d e t e r m i n e d  f r o m  the t e s t  d a t a  fo r  
a f l a t  duet ,  the e r r o r  h e r e  wi l l  not  e x e e e d  12%. In th i s  way,  by  the p r t n e i p l e  of i ndependen t  b o u n d a r y  l a y -  
e r s  tt  ts p o s s i b l e  to c a l c u l a t e ,  wi th in  an a c c e p t a b l e  a c c u r a c y ,  the hea t  t r a n s f e r  in c o m p o s i t e  i n t e n s i f y i n g  
d u e t s .  

Coe f f i c i en t  r in the R e y n o l d s  s i m i l a r i t y  r e l a t i o n  St -- ~/r  ha s  a v e r y  high v a l u e  for  the duc t s  s t u d i e d  
h e r e  (r = 13-14),  which  is i n d i c a t i v e  of a s i m i l a r i t y  unba l a nc e d  t oward  m o m e n t u m  t r a n s f e r .  M o r e  f a v o r -  
ab le  v a l u e s  r < 8 ( lower  than f o r  a s m o o t h  duct)  w e r e  ob t a ined  for  s e v e r a l  due t s  tn [11. T h i s  low v a l u e  of r 
was  ob ta ined ,  h o w e v e r ,  for  l a r g e r  due t s  (the m i n i m u m  e in [1] was  16.8 ram,  i . e . ,  fou r  t i m e s  l a r g e r  than 
in o u r  due t s ) .  C o n s i d e r i n g  that  an i n c r e a s e  tn e l e a d s  to a s h a r p  d e c r e a s e  tn h y d r a u l i c  d r a g  (Fig .  3) and 
on ly  a s l igh t  change  in hea t  t r a n s f e r ,  we  m u s t  c o n c l u d e  that  a l so  fo r  ou r  duc t s  the  va lue  of r at l a r g e  v a l -  
ues  of e is  r a t h e r  low. 

We note ,  at  the s a m e  t i m e ,  that  u n d e r  e o n s t d e r a t t o n  fo r  m o d e r n  c o m p a c t  hea t  e x e h a n g e r s  a r e  d u e t s  
wi th  s m a l l  h y d r a u l i c  d i a m e t e r s  (deq u ~ 5 -10  ram).  Of c o n s i d e r a b l e  p r a c t i c a l  i n t e r e s t  ts  the o p t i m u m  c o n -  
v e r g e r - d i f f u s e r  r a t i o  r e v e a l e d  in [11. I n a s m u c h  as  the p r e s s u r e  l o s s  and the hea t  t r a n s f e r  a r e  not  p r o -  
p o r t i o n a l  to the v e l o e t t y ,  the  g o v e r n i n g  c r i t e r i o n  [n eva [ua t tng  a s u r f a c e  is  not p a r a m e t e r  r in the I l e y -  
no lds  s i m i l a r i t y  r e l a t i o n  but  the e n e r g y  c h a r a e t e r i s t i e  i n s t e a d .  C a l c u l a t i o n s  show that  t h e r e  i s  40-60% 
m o r e  hea t  t r a n s f e r r e d  in th is  e a s e  than in s m o o t h  due t s  wi th  the s a m e  p o w e r  l o s s  p e r  s u r f a c e  a r e a  to o v e r -  
c o m e  h y d r a u l t e  d r a g .  
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