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The r e su l t s  a re  presented  of an exper imen ta l  study concerning the heat  t r ans f e r  and the 
hydraul ics  in tubes with roughness  e lements  compr i s ing  a s y s t e m  of d iaphragms .  The 
conditions of opt imum heat t r an s f e r  a re  de te rmined  for  this case  and genera l ized f o r -  
mulas  are  der ived.  

The p rob lem of heat  t r a n s f e r  in rough tubes is of p rac t i ca l  impor tance  f r o m  the point of view of i m -  
proving the heat  t r a n s f e r  in all so r t s  of power appara tus .  

In s tudies a l ready  published on this subject  [1-5] the conditions for  the e x t r e m u m  (maximum) heat 
t r a n s f e r  have not been de termined.  In [1, 3] it  has been es tabl i shed exper imenta l ly  that the opt imum r e l a -  
t ive pitch between roughness  e lements  (protuberances)  is t / h  -~ 10, witht  (m) denoting the actual pitch and 
h (m) denoting the height of the roughness  e lements ,  which ensu re s  the max imum ra te  of heat  t r an s f e r  at a 
given roughness  height. The effect  of the re la t ive  pitch in the case  of d i sc re te  annular roughness  e lements ,  
in t e r m s  of a m a x i m u m  ra te  of heat  t r ans f e r ,  has not been studied to a g rea t  extent. 

An analysis  has shown that roughness  in other f o r m s  (sandiness or,  for  example ,  dense t r iangular  or  
other  shape asper i t ies )  r e su l t s  in a lower r a t e  of heat t r a n s f e r  than roughness  in the f o r m  Of d i sc re te  p r o -  
tuberances .  

In this study we have expe r imen ta l ly  analyzed the effect  of the re la t ive  pitch of d i sc re t e  p ro tuberances  
(diaphragms) on the heat  t r an s f e r  in a c i r cu la r  tube, with the fu r the r  a im of obtaining data with large r e l a -  
tive pitches as well as of genera l iz ing  all avai lable data.* 

The geomet r i ca l  d imensions  of the tes ted tubes are  given in Table  1. 

The t e s t s  were  pe r fo rmed  under  a tmospher i c  conditions, with a c i r cu la r  tube 20 m m  in d iamete r  (/ 
/ d  o = 40) as the active e lement  and d iaphragms  instal led inside (d/d  0 = 0.2-0.7, d (m) denoting the inside 
d i ame te r  of a d iaphragm and d o (m) denoting the inside d i ame te r  of a tube). In order  to e l iminate  the Un- 
de te rmined  the rma l  contact  r e s i s t a n c e  between a pro tuberance  base  and a tube wall, the tubes were  a s -  
sembled  sect ional ly  and each d iaphragm was soldered to a tube wall, which ensured a re l i ab le  t he rma l  
contact.  The tubes and the d iaphragms  were  made of b r a s s  5 = 1 m m  thick, which yielded a t he rma l  e f -  
f ic iency of finning E ~ 1 under our t es t  conditions. This made it poss ible ,  unlike in the Nunner and Koch 
exper imen t s  [2, 3], to e l iminate  the e r r o r  due to the inde te rminacy  of the thermal  contact at a pro tuberance  
base .  Unlike in [2-4], we pe r fo rmed  tes t s  with l a rge r  va lues  of the h / R  0 ra t io  (R 0 denoting the tube radius). 

The tes t  appara tus  and the tes t  p rocedure  have been descr ibed  in detail  in [1]. 

The tes t  s egment  was heated up with boiling water  and the sma l l  t he rma l  r e s i s t ance  between water  
and tube wall  was t h e n  accounted for .  The physical  constants  used for  the data p rocess ing  were  based on 
the mean  t e m p e r a t u r e  of the s t r e a m .  As the r e f e r e n c e  veloci ty,  we used the veloci ty  in a tube without 
d iaphragms  (protuberances) .  The tes t s  were  pe r fo rmed  at Reynolds n u m b e r s  ranging f r o m  2000 to 30,000 

and • = twa lL / t s t r e am  = 1.1. 

* T h e  t es t s  were  p e r f o r m e d  with the ass i s t ance  of V. MakLyak. 
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T A B L E  1. G e o m e t r i c a l  D i m e n s i o n s  of T e s t e d  Tubes  

Table 

No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Crimp Distance 1 
height h, between hlRo 

mm [crimps t, m 

t/h Ftu____bbe 
F.tot 

147 
74 
48 
16 

150 
74 
49 
60 
36 
30 

0,4 37 
0,4 18,5 
0,4 12,2 
0,4 
0,5 30 
0,5 14,8 
0,5 9,8 
0,6 l0 
0,6 6 
0,3 10 

0,96 
0,924 
0,885 
0.8 
0,95 
0,9t 
0,87 
0,88 
0.81 
0,855 

l/do 

40 
40 
40 
40 
40 
40 
40 
40 
40 
40 

The  t e s t  d a t a  on the hea t  t r a n s f e r  a r e  shown in F ig .  1. At  Re  > 4000 the t e s t  po in ts  f i t  the equa t ion  
Nu = A1Re ~ c o r r e s p o n d i n g  to a t u r b u l e n t  f low,  whi le  a t  Re  < 4000 the equa t ion  i s  Nu = A2Re f o r  a t r a n s i -  
t i ona l  f low. The  t e s t  po in ts  fo r  a s m o o t h  tube f i t  the  Mikheev  equa t ion  Nu 0 = 0 .018Re ~ [6]. The  r o u g h n e s s  
g e o m e t r y  was  de f ined  in  t e r m s  of two p a r a m e t e r  g r o u p s :  the  r e l a t i v e  r o u g h n e s s  h / R  0 and the r e l a t i v e  p r o -  
t u b e r a n c e  p i t ch  t / h .  

In F ig .  2 we show the e f f ec t  of the r e l a t i v e  p r o t u b e r a n c e  p i tch  on the  hea t  t r a n s f e r  in  a tube.  

A c c o r d i n g  to the  g r a p h s ,  the m a x i m u m  r a t e  of hea t  t r a n s f e r  c o r r e s p o n d s  to t / h  ~ 10-12,  and th is  
a p p l i e s  to a l l  t e s t e d  v a l u e s  of the p a r a m e t e r  h / R  0. S e p a r a t i o n  of the s t r e a m  f r o m  the d i a p h r a g m  e d g e s  and 
i t s  s u b s e q u e n t  a d h e r e n c e  to a s m o o t h  s u r f a c e  e n s u r e  a f a s t  r i s e  of the h e a t - t r a n s f e r  r a t e  (up to 3.8 t i m e s ) .  
A c c o r d i n g  to [7], the  m a x i m u m  r a t e  of h e a t  t r a n s f e r  o c c u r s  at  the m e r g e r  with the b o u n d a r y  l a y e r ,  whi le  
the  s t r u c t u r e  of the  b o u n d a r y  l a y e r  which  bu i lds  up beyond the m e r g e r  po in t  ( c r i t i c a l  point)  i s  not the  s a m e  
as  in  an o r d i n a r y  t u r b u l e n t  d o w n s t r e a m  l a y e r  at  a p l a t e .  

F o r  a t u r b u l e n t  b o u n d a r y  l a y e r  at  a p l a t e ,  a c c o r d i n g  to [8], we have Nu x = 0.032Re~ or ,  in  t e r m s  of 
the  d i a m e t e r ,  blUd0 = 0 : 0 3 2 R e ~ ' : ( l / d 0 )  -~ 

We a s s u m e  tha t  f r o m  the c r i t i c a l  po in t  on, the b o u n d a r y  l a y e r s  d e v e l o p  d o w n s t r e a m  as we l l  as  u p -  
s t r e a m  and tha t  in  the  l a t t e r  c a s e  the o u t e r  s t r e a m  i s ,  to the f i r s t  a p p r o x i m a t i o n  ( c o n s e r v a t i v e l y ) ,  a b a c k -  
s t r e a m  in the eddy  r e g i o n  when t / h  = 10 and h / R  0 = 0.4, which  a l lows  us  to w r i t e  Nu = 0 .032Re ~ We a s -  
s u m e  h e r e  a l s o  tha t  the  v e l o c i t y  at  the o u t e r  edge  of the back f lowing  b o u n d a r y  l a y e r  i s  equa l  to the m e a n  
v e l o c i t y  of the  s t r e a m .  A c t u a l l y ,  i t  i s  m u c h  l o w e r  and the f ina l  v a l u e s  in  our  a n a l y s i s  wi l l  be on the high 
s i d e .  Thus ,  N u / N u  0 = 1.78, whi le  we ob ta ined  f r o m  the t e s t  b l u / N u  0 = 3.8. 

The  f a s t  r i s e  of the h e a t - t r a n s f e r  r a t e  i s  exp l a ined  by  the b e n e f i c i a l  e f f ec t  of t u r b u l e n c e  on the c h a r -  
a c t e r i s t i c s  of the b o u n d a r y  l a y e r ,  as  long as  the s t r e a m  a f t e r  s e p a r a t i o n  i s  v e r y  tu rbu len t .  S tud i e s  of the 
l o c a l  hea t  t r a n s f e r  beh ind  a s i n g l e  d i a p h r a g m  have shown [7] tha t  the h e a t - t r a n s f e r  c o e f f i c i e n t  i n c r e a s e s  up 
to the m e r g e r  po in t  a t  a d i s t a n c e  l = (6-8)h; i t  i s  m a x i m u m  at the  m e r g e r  poin t  and then  aga in  d e c r e a s e s  
a long the s t r e a m .  2If we a p p r o x i m a t e  the d a t a  in  th is  s tudy  fo r  h / R  0 = 0.5 by the equa t ion  NUx/NU 0 = 3.12 (x 
/h)~ -~176176 + 1 and de f ine  the m e a n  va lue  of the N u s s e l t  n u m b e r  as  

f- 
h 

0 

then  we o b t a i n N u / N u  0 = 3.64, 4.24,  4 .24,  3.98, and 3.71, r e s p e c t i v e l y ,  fo r  t / h  = 4 ,  8, 12, 16, and 20. 

In th is  way,  the o p t i m u m  va lue  fo r  t / h  i s  10-12,  which c o r r e s p o n d s  to the d a t a  in  F ig .  2. It m u s t  be 
noted tha t  the a b s o l u t e  v a l u e s  of Nu fo r  a s i ng l e  d i a p h r a g m  a r e  not  the s a m e  as  the v a l u e s  of Nu for  a 
s y s t e m  of d i a p h r a g m s ,  owing to the e f f ec t  of i n i t i a l  cond i t i ons  and to the  d i f f e r e n t  s t a t e s  of the  t h e r m a l  
b o u n d a r y  l a y e r  as  we l l  a s  to the e f f ec t  of the d i a p h r a g m s  on one a n o t h e r .  

In F ig .  2 i s  a l so  shown the e f f ec t  of the r e l a t i v e  r o u g h n e s s ,  b a s e d  on the d a t a  of th is  s t u d y  as  wel l  
as  on the d a t a  by  o t h e r  a u t h o r s .  Along the so l id  l ine  the hea t  t r a n s f e r  i s  r e f e r r e d  to  the s u r f a c e  a r e a  of 
a s m o o t h  tube ,  a long the d a s h e d  l ine  i t  i s  r e f e r r e d  to the to ta l  rough  s u r f a c e .  As  long as  the f in e f f i c i e n c y  
r e m a i n s  E = 1, the d a s h e d  l ine  r e p r e s e n t s  a c tua l  v a l u e s  of c onve c t i ve  h e a t - t r a n s f e r  c o e f f i c i e n t s .  At h / R  0 
= 0.4 we o b s e r v e  the m a x i m u m  r a t e  of hea t  t r a n s f e r .  
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Fig.  1. Heat t r a n s f e r  in tubes with d iaphragms:  1- 
10) accord ing  to Table 1; 11) accord ing  to Nu 0 
= 0.018Re o.8. 
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Fig.  2. Effect  of p a r a m e t e r s  h / R  0 and t / h  on the 
heat  t r a n s f e r  in tubes with d i aph ragms :  1) a c c o r d -  
ing to the da ta  of this study; 2) accord ing  to the 
da ta  in [1]; 3) in  [2]; 4) in  [3]; 5) in  [4]; 6) r e f e r r e d  
to total  roughness ;  7) accord ing  to the da ta  in [2]. 

All  this can be explained by the fact  that, as the d i aph ragm height is  i nc r e a s e d ,  the in tens i ty  of ed -  
d ies  i n c r e a s e s  on the one hand and the v a r i a n c e  f rom a smooth s u r f a c e  i n c r e a s e s  on the other  hand, as a 
r e s u l t  of which the turbulence  is  damped and i ts  effect  on the merged  boundary l aye r  is  weakened. In con-  
c lus ion,  at h / R  0 we have an optimum. Thus,  Nu/Nu 0 ~ 3.8 co r r e sponds  to the max imum ra t e  of heat t r a n s -  
f e r  a t ta inable  in a tube by in t roducing an a r t i f i c i a l  roughness ,  inasmuch as a d i s c r e t e  annular  roughness  
e n s u r e s  a be t t e r  h e a t  t r a n s f e r  than any other  fo rm of roughness .  This value Nu/Nu 0 = 3.8 is  v e r y  c lose  to 
the t heo re t i ca l  l imi t  of heat  t r a n s f e r  Nu Nu0tti m = 4.5 [5] in tubes with art if iciaL roughness ,  being only 16% 
le s s  than that. When r e f e r r e d  to the total  r o u g h s u r f a c e ,  this d i f fe rence  becomes  25%. The value of Nu 
/ N u  0 obtained by us for  h / R  0 = 0.4 is  14% lower than accord ing  to Koch [3]. The explanat ion for  this is  that  
in  the Koch e x p e r i m e n t  the d i aph ragms  were  held in place  by means  of rods  p a r a l l e l  to be near  the tube 
wall ,  which ensured  addit ional  turbul iza t ion .  The da ta  obtained in our s tudy ag ree  c lose ly  with those ob-  
tained by o ther  authors .  The data  in [4] have been obtained for  water ,  but a r eeva lua t ion  based  on the f o r -  
mulas  in  [5] shows that  the effect  of the P rand t l  number  within Pr  = (0.7-3.0) on the magnitude of Nu/Nu 0 
at the given va lues  of the p a r a m e t e r  h / R  0 is  negl ig ib ly  sma l l .  

The tes t  da ta  in Fig .  2, which yield the max imum ra t e  of heat  t r a n s f e r  (at t / h  ~ 10) as a function of 
the r e l a t i v e  roughness ,  may be approx imated  by the equation 

Nu/Nu o = 1 + l l . 41e - -  13.8~ 2 ~ 24.1e~--43.1a 4, 

where  a = h / R  0 and 0.6 > a > 0.1. 
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Fig. 3. Hydraul ic  r e s i s t a n c e  in tubes with d iaphragms:  1) tube No. 3; 2) 
tube No. 1; 3) ~ /10;  h / R  0 = 0.7 and t / h  = 7. 

Fig. 4. Effect  of the p a r a m e t e r  t / h  on the hydraul ic  r e s i s t a n c e  in tubes 
with d iaphragms  (Re = 10,000): 1) t es t  with h / R  0 = 0.4; 2) calculat ion ac-  
cording to the formula .  

The effect  of the re la t ive  pitch can be r ep re sen t ed  by the equation: 

Nu - - I  I [ 0 . 0 0 3 9 8 ( h - - 1 2 ) 2  e x p ( - - 0 . 0 6 0 3 t ) J .  
Nu(~_ ~,0) e o,~c8 \ 

Finally,  for  the heat  t r a n s f e r  in tubes with a d i sc re t e  annular roughness  we have the f o r m u l a  

Nu =(1  + l l .41e- -13 ,8e2+24 .1e3- -43 .1e  ~) {1 1 [ ( h  f e x p (  t ) ] } ,  Nu--~ o,~os 0.00398 - -  12 - -  0.0603 (1) 

e 

which is  valid for  0.6 > e > 0.1 and 40 > t / h  > 3. 

The t e s t  r e su l t s  per ta ining to the hydraul ic  r e s i s t a n c e  (Fig. 3) indicate that ~ i n c r e a s e s  sl ightly as 
the Reynolds number  becom es  higher,  e spec ia l ly  in the low range,  and this is explained by a r e s t r u c t u r i n g  
of the eddy sys t em.  

In Fig. 4 we compare  the calculated and the tes ted values  of hydraul ic  r e s i s t ance  at ~ = 0.4. T r e a t -  
ing a d iaphragm as a s y s t e m  of sudden contract ion (with the ent rance  loss  coefficient  ~ent = 0.5) and sudden 
expansion,  we have 

= 05  + 1 - - d - 0 ) j ,  (2) 

P -~ - "  do do 

where  n is the number  of d iaphragms .  

The compar i son  shows that at t / h  > 9 there  is a close ag reemen t  with tes t s ,  while at t / h  < 9 the 
d iaphragms  begin to i n t e r f e r e  with one another  and the tes t  points lie below the theore t ica l  curve.  This 
drop  in the r e s i s t a n c e  is in this case  explained by the fact  that the s y s t e m  of eddies between the d iaphragms  
becomes  m o r e  s y m m e t r i c a l ,  as has been conf i rmed by v isua l  observa t ions ,  and comple te ly  f i l ls  the space  
between them thus reducing the p r e s s u r e  head [9]. We note that the m a x i m u m  hydraul ic  r e s i s t a n c e  occurs  
at t / h  ~ 10, when also the m a x i m u m  ra te  of heat t r a n s f e r  occurs .  

As has been shown in [1], f r o m  the energy  standpoint (in t e r m s  of the ra t io  of h e a t - t r a n s f e r  ra te  to 
hydraul ic  r es i s t ance)  mos t  beneficial  a re  smal l  vMues of re la t ive  roughness  (~ = 0.07-0.10). In all cases  
where  a m a x i m u m  ra te  of heat  t r a n s f e r  is requi red  and high losses  a re  allowed, however,  the data p r e -  
sented here  will be useful.  F u r t h e r m o r e ,  these data  indicate the l imits  to which convect ive heat  t r an s f e r  
in tubes can be improved .  
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