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Results  a re  shown of a study concerning an improvement  of the heat t r ans fe r  by means of c i r -  
cumferent ia l  grooves  around an annular channel with a d iameter  ra t io  d2/d i = 1.455. 

Results  of an experimental  study were shown in [1, 2] concerning an improvement  of the heat t r a n s -  
fer  by means of grooves  spaced uniformly at var ious  relat ive pitches around pipe bundles in a longitudinal 
s t r eam.  The grooves  were produced by crimping.  This method of improving the heat t r ans fe r  is appli- 
cable also to annular channels.  Grooves around the outside surface of the inner pipe improve the heat 
t r a n s f e r  between this surface  and the s t r eam through the annular channel. At the same t ime,  all advan- 
tages  of this method real izable  in the case of c losely  packed pipe bundles are  retained here  too. 

The authors  have studied the heat t r a n s f e r  in an annular a ir  channel with an outside d iameter  d 2 = 16 
mm and an inside d iameter  d I = 11 mm (Fig. 1). The air  in the annular gap was heated by hot air  flowing 
inside the pipe. The heated segment  was made 1008 mm long ( / / d  e = 201.6). We determined the mean 
heat t r ans f e r  ra te  over the entire channel by measur ing  the air  flow ra te ,  both the inlet and the outlet a i r  
t empera tu re ,  and the t empera tu re  of the pipe wall with 16 C h r o m e l - C o p e l  thermocouples .  

The improvement  in the heat t r ans f e r  was evaluated on eight pipe specimens with different groove 
depth d/d i and groove pitches t /d i :  1) t /d  I = 0.237 with d/d i = 0.953, 0.970; 2) t / d  i = 0.459 with d /d  i = 0.881, 
0.900, 0.928, 0.960; and 3) t / d  1 = 0.910 with d/d i = 0.863, 0.922. 

The basic p a r a m e t e r s  in these tes ts  were varied within the following ranges  of values:  inlet a i r  t e m -  
pe ra tu re  5-20~ outlet a i r  t empera tu re  50-120~ Reynolds number Re b = 10,000-100,000, a i r  p r e s s u r e  
4.5-12 arm abs . ,  and t empera tu re  fac tor  Tw/T  b = 1.15-1.20. 

The p resence  of grooves  was d i s regarded  in the determination of the equivalent d iameter ,  the wetted 
pa rame te r ,  and the t ransi t ion section area .  The heat t r ans fe r  coefficient was r e f e r r ed  to a smooth pipe. 
The mean t empera tu re  of the s t r eam was defined as the re fe rence  t empera tu re  and the equivalent d iam- 
e ter  d e = d 2 - d i was defined as the re fe rence  dimension. 

The heat t r ans fe r  data obtained in these tes ts  a re  shown in Fig. 2. The heat t r ans f e r  ra te  is 30-50% 
higher with grooves  than with a smooth channel surface.  The ra t io  Nu/Nusm increases  as d/d I and t /d  1 
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Fig. 1. Longitudinal section 
through an annular channel 
with grooves around the in- 
side surface.  

Sergo Ordzhonikidze Institute of Aviation, Moscow. Translated f rom Inzhenerno-Fiz icheski i  Zhur-  
nal, Vol. 23, No. 1, pp. 15-19, July, 1972. Original ar t ic le  submitted November 14, 1971. 

�9 }974 Consultants Bureau, a division of Plenum Publishing Corporation, 227 ff'est ITth Street, New York, \~. Y. 10011. 
No part of this publication may be reproduced, stored in a retrieval system, or transmitted, in any form or by any means, 
electronic, mechanical, photocopying, microfilming, recording or otherwise, without written permission of the publisher. ,-t 
copy of this article is available from the publisher for $15.00. 

815 



N 

to a 

8 
6 

4, 

2 

/ 0  `2 

8 
8 

4, 6 8 / 0  "~ g 4: 6 8 / 0  s Re b 

Fig.  2. Heat t r a n s f e r  in annular  channel with 
g roves  on internal  su r face :  1) d /d  1 = 0.953; 
t/d�94 = 0.227; 2) r e s p e c t i v e l y  0.970 and 0.227; 
3) 0.881 and 0.455; 4) 0.90 and 0.455; 5) 0.928 
and 0.455; 6) 0.96 and 0.455; 7) 0'863 and 
0.91; 8) 0.922 and 0.91; 9) smooth  channel. 

i n c r e a s e .  The heat  t r a n s f e r  r a t e  i n c r e a s e s  only s l ight ly  with a h igher  Reynolds number  as long as Re 
<(4-6) �9 104 and does not change with the Reynolds number  when the l a t t e r  is v e r y  high. Fo r  genera l iz ing  
the t e s t  data ,  as  was done in the case  with pipe bundles,  we used the r a t io s  of groove depth and groove 
p i tch  to equivalent  d i a m e t e r  (hid e and t / d  e). In our t e s t s  h /d  e = 0.033-0151 and t /de ,=  0.5-2.0�9 These  
data  have been plotted in Fig.  3 for  Re = 60,000 as a funct ion of the groove  depth h /d  e. Also shown he re  a r e  
data  obtained by Kemeny and Cyphers  [3] for  c i r cumfe ren t i a l  s e m i c i r c u l a r  g rooves  (b/d e = 0.0275, t / d  e 
= 0.275), data  obtained by Bauer  [4] for  t r i angu la r  g rooves  (h/d e = 0.0697, t / d  e = 0.221), as well as data 
obtained by Bogdanov, Korshakov,  and Utkin [5] for  t r i angu l a r  g rooves  (h/d e = 0.158, t / d  e = 0. 247). F o r  
h / d  e <- 0.158 and t / d  e = 0,22-2.0 the data  fit  the un ive r sa l  r e la t ion  (Fig. 3): 

Nu:smNU = l + 0.64 [ 1 - -  exp ( "  35.8 d eh ) 1 ( 1 - - 0 " 2 7 4  d~t ) .  (1) 

This  re la t ion  is valid when Re = 40,000-100,000 and when the r a t i o  of outside to inside d i a m e t e r  d2/d i 
= 1.133-1.455. At lower  va lues  of the Reynolds number  the r a t io  Nu /Nusm becomes  s m a l l e r .  At Re 
= 10,000 the r a t io  Nu/NUsm is 10-15% s m a l l e r  than at  Re > 40,000. 

Data  per ta in ing  to the hydraul ic  d r ag  in grooved annular  channels  a r e  s c a r c e .  F o r  calculat ing the 
hydraul ic  d r ag  in these  channels  within the s a m e  r anges  of b /de ,  t / de ,  and d2/d i va lues ,  one m a y  - to the 
f i r s t  approx imat ion  - use  the re la t ions  in [2] with d e as the r e f e r e n c e  d imension  and with the hydraul ic  
d r ag  coeff icient  for  a smooth  channel de te rmined  accord ing  to [6]. The d i sc repanc ie s  between t e s t  data  in 
[3-5] within the r anges  b /d  e = 0.0275-0o158 and t / d  e = 0.221-0.247 and the fo rmu la s  in [21 do not exceed 
• 

According to Fig.  3, an improvemen t  in the heat  t r a n s f e r  with c i r cumfe ren t i a l  g rooves  depends l a r g e -  
ly  on the groove  depth when b /d  e < 0.05, but Nu/NUsm is independent of b /d  e when h /d  e > 0.1. Inasmuch 
as  the hydraul ic  d rag  i n c r e a s e s  with higher  h /d  e r a t i o s  over  the en t i re  t e s t  range  of h /de ,  so the opt imum 
groove  depth mus t  lie within b /d  e = 0.04-0.08, i . e . ,  where  an apprec iab le  improvetnent  in the heat  t r a n s -  
f e r  is a t tained with an only m ode ra t e  inc rease  in the hydraul ic  drag .  

A fo rma t ion  of c i r cumfe ren t i a l  g rooves  improves  the heat  t r a n s f e r ,  but a l so  r e su l t s  in the fo rmat ion  
of annular  d i aph ragms  inside the pipe and this  mus t  be taken into account  in opt imizing the groove design.  
As has  been noted in [7], the improvemen t  in the heat  t r a n s f e r  inside a pipe is bes t  with a groove depth d 
/ D  = 0.93-0.96 or h /D = 0.02-0.035. Since the d imens ion less  groove depth is the s a m e  on the outside and 
on the inside of a pipe,  hence on the outside too b /d  i = 0.02-0.035 or  h /d  e = (0.02-0.035)dt/d e = (0.02-0.035) 
�9 i/(d2/d i - I). 

The op t imum groove  depth, in t e r m s  of improving the heat  t r a n s f e r  inside a pipe,  is shown in Fig. 
4 as a function of d2/d i. The opt imum range  for  improv ing  the heat  t r a n s f e r  outside the pipe is a lso  shown 
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Fig. 3. Improvement in the heat transfer as a function of the groove depth for annular 

channels with Re = 60,000: the authors' data for a channel with d2/d I = 1.455 and t/d e 

= 0.247 [5] (4), data for a channel with d2/d I = 1.38 and t/d e = 0.275 [3] (5), data for a 

ehannel with d2/d i = 1.287 and t/d e = 0.221 [4] (6). Solid line represents Eq. (I). 

Fig. 4. Ranges of optimum groove depth, as function of the ratio of outside diameter 

to inside diameter d2/d I in an annular ehanneh optimum range for improving the heat 
transfer inside a pipe (i), optimum range for improving the heat transfer in a grooved 
channel (2). 

here. (The optimum groove depth batde = 0.04-0.08 from the tests with d2/d I = 1.133-1.455 is assumed to 

extend to the ~dder range d2/d I = 1.105-10.0.) These ranges coincide for d2/d I = 1.25-2.0. Namely, for 

these values of d2/d I the given method Of improving the heat transfer is most effective. The best improve- 
ment of the heat transfer in an annular channel is attained with grooves shallower than the optimum when 
the d2/d i ratio is smaller, and with the d/D ratio larger than the optimum when the d2/d i ratio is larger. 
The choice of the optimum depth will, of course, depend on the specific conditions as, for instance, on the 
ratio of heat transfer coefficients outside and inside the pipe respectively. 

dl ,  d2 
d 
d e =d  2 - d i  
h 
l 
t 

NOTATION 

are the inside diameter and outside diameter of grooved channel; 
is the diameter of circumferential groove; 
is the equivalent diameter; 
is the groove depth; 
is the length of test segment; 
is the groove pitch. 

Subscript 

sm denotes a smooth channel. 
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