
T H E  E F F E C T  O F  T H E  R E L A T I V E  S P A C I N G  I N  H E A T  

T R A N S F E R  W H E N  A B U N D L E  O F  T U B E S  I S  I N  T H E  

T U R B U L E N T  F L O W  O F  A C O O L A N T  ( P r _ >  1) 

V .  M .  B o r i s h a n s k i i ,  M .  A .  G o t o v s k i i ,  
a n d  E .  V .  F i r s o v a  

UDC 536.242 

We g ive  the r e s u l t s  of e x p e r i m e n t a l  i n v e s t i g a t i o n s  into hea t  t r a n s f e r  in a bundle  of tubes  
wi th  r e l a t i v e  s p a c i n g  S / d  = 1.1, 1.3, 1.4, 1.5 in long i tud ina l  w a t e r  f low.  A m e t h o d  of 
g e n e r a l i z i n g  the e x p e r i m e n t a l  r e s u l t s  and a c o m p u t a t i o n a l  e x p r e s s i o n  fo r  the hea t  t r a n s f e r  
a r e  p r o p o s e d .  

S u r f a c e  e l e m e n t s  wi th  bund le s  of tubes  in l ong i tud ina l  f low a r e  f r e q u e n t l y  e n c o u n t e r e d  in the d e s i g n  
of b o i l e r s  and the hea t  t r a n s f e r  a p p a r a t u s  of a t o m i c  p o w e r  p l a n t s .  Bdt a t  the p r e s e n t  t i m e  t h e r e  a r e  no 
w e l l - f o u n d e d  un i f i ed  r e c o m m e n d a t i o n s  fo r  c a l c u l a t i n g  the hea t  t r a n s f e r  of such  s u r f a c e s .  The  e f fec t  of the 
r e l a t i v e  s p a c i n g  of the  tubes  in the bundle  on the hea t  t r a n s f e r  i s  s t i l l  a m a t t e r  fo r  d i s c u s s i o n  [1]~ To 
c l a r i f y  th i s  ques t i on  the p r e s e n t  p a p e r  d e s c r i b e s  a s y s t e m a t i c  i n v e s t i g a t i o n  conduc ted  on a s i ng l e  a p p a r a -  
tus ,  of the hea t  t r a n s f e r  with w a t e r  of four  bund les  d i f f e r i n g  in the r e l a t i v e  s p a c i n g s  of tubes  a r r a n g e d  in 
the f o r m  of an  e q u i l a t e r a l  t r i a n g l e  ( S / d  = 1.1, 1.3, 1.4, and 1.5). The  e x p e r i m e n t s  w e r e  p e r f o r m e d  at  
a t m o s p h e r i c  p r e s s u r e  wi th  a c i r c u l a t i o n  c i r c u i t  m a d e  of s t e e l  Kh18N10T. C i r c u l a t i o n  was  e n s u r e d  by a 
T s N D - 6  c e n t r i f u g a l  pump with  a r a t i n g  of 30 m 3 / s e c o  The  w a t e r  f l o w  r a t e  was  r e g u l a t e d  by changing  the 
r o t a t i o n a l  v e l o c i t y  of the m o t o r  shaf t  and was  m e a s u r e d  us ing  a m e a s u r i n g  nozz l e  which  had  p r e v i o u s l y  
been  c a l i b r a t e d  by the v o l u m e  m e t h o d .  T h e r e  w e r e  two v a r i a n t s  of the w ork ing  s e c t i o n s .  In the  f i r s t ,  
bund le s  wi th  r e l a t i v e  s p a c i n g  S / d  = 1.1, 1.3, 1.4 [2] w e r e  p r e p a r e d .  The  tubes  of t h e s e  bund les  w e r e  
h e a t e d  by- t u b u l a r  h e a t e r s  of Kh l8N10T  s t e e l  of l ength  800 ram,  s e p a r a t e d  f r o m  the tubes  of the bundle  by 
an i n su l a t i ng  l a y e r  (A ~ 1.5 mm) of p o w d e r e d  b o r o n  n i t r i d e .  W a t e r  c u r r e n t  i n l e t s  of t h i c k - w a l l e d  c o p p e r  
tubes  w e r e  w e l d e d  to the h e a t e r s  at both  e n d s .  The  c e n t r a l  c a l o r i m e t e r  tube was  m a d e  as  fo l lows :  twe lve  
g r o o v e s  of d i m e n s i o n s  2.2 • 2.2 m m  w e r e  m i l l e d  on the s u r f a c e  of a c o p p e r  tube of c r o s s  s e c t i o n  22 • 3 m m  
a long  the g e n e r a t o r .  A long  the whole  length  of the tube c o p p e r  c a p i l l a r i e s  of c r o s s s e c t i o n  2 • 0.25 m m  
w e r e  f i t t ed  in to  the g r o o v e s .  The  c a p i l l a r y  was  s o l d e r e d  to the g r o o v e  with  b r a s s  s o l d e r ,  a f t e r  which the 
tube s u r f a c e  was  c l e a n e d  and p o l i s h e d .  Into the open c h a n n e l s  thus  f o r m e d  w e r e  i n t r o d u c e d  C h r o m e l - A l u -  
ree l  t h e r m o c o u p l e s  in c a p i l l a r i e s  of Kh18N10T s t e e l  of c r o s s  s e c t i o n  1 • 0.15 m m .  The  wa l l  t e m p e r a t u r e  
of the c a l o r i m e t e r  was  m e a s u r e d  a long the 12 g e n e r a t o r s  u s ing  t h e s e  m o b i l e  t h e r m o c o u p l e s .  The  c e n t r a l  
tube was  i n t r o d u c e d  into the  bundle  th rough  a s tuff ing box.  The  h e a t e r  i s  s u p p l i e d  with c o n s t a n t  c u r r e n t  
f r o m  a l o w - v o l t a g e  g e n e r a t o r  of type  A N G - 3 0 .  The  bundle  with r e l a t i v e  s p a c i n g  of S / d  = 1.5 d i f f e r e d  in 

T A B L E  1. P r i n c i p a l  G e o m e t r i c  P a r a m e t e r s  of the Bund le s  

Relative spacing 
of the bundle 

I.i 

1.3 

1.4 

1.5 

Tuba diameter 
d, 1131"21 

22 
22 
22 
13 

Number of tubes 
in bundle 

7 
7 

7 

19 

Internal dia- 
meter of outer 
~ipes, mm 

76,8 
86.0 

i07.0 
105.0 

O v e r a l l  c ross  

s e c t i o n  F, 1131122 

1370 
2845 
5240 
5365 

Heated length 
l, mm 

800 
800 
800 
1000 

Hydraulic dia- 
meter d n, mln 

7.28 
14.85 
25.5 
18.8 

Hydraulic dia- 
meter of cell 
doo, []1171 

7.35 

18.9 

25.5 

19.1 

P o l z u n o v  C e n t r a l  S c i e n t i f i c - R e s e a r c h ,  P l a n n i n g  and D e s i g n  B o i l e r  and T u r b i n e  Ins t i t u t e ,  L e n i n g r a d .  
T r a n s l a t e d  f r o m  I n z h e n e r n o - F i z i c h e s k i i  Zhurna l ,  Vol .  19, No. 4, pp .  609-616,  Oc tobe r ,  1970. O r i g i n a l  
a r t i c l e  s u b m i t t e d  N o v e m b e r  11, 1969. 
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Fig. I. Generalization of the ex- 

perimental results of this paper on 

heat transfer in bundles in a longi- 

tudinal water flow in coordinates 

(k = Nucc/Pr~176 = f(Re :r : 
1) S / d  = 1.1; 2) 1.3; 3) 1.4; 4) 1.5. 

construct ion f rom those descr ibed above. All the heated tubes 
were isolated f rom the casing and alternating cur ren t  f rom two 
ATMK auto t rans formers  was supplied to them through an OSU-80. 
In this case the central  ca lor imeter  tube was of Kh18N10T steel.  
C h r o m e l - A l u m e l  thermocouples in quartz insulation were welded 
by electr ical  discharge to the inside wall of the ca lor imete r .  
After the thermocouples were welded, copper ends were so l - .  
deredto  the working par t  of the ca lor imete r .  All the tubes of the 
bundle were heated in the course  of the experiments .  Thep r in -  
cipal geometr ica l  pa rame te r s  of the bundles are  given in Table 1. 
The following quantities were measured  in the experiments:  mean 
mass  water tempera ture  at the inlet and exit of the working sec-  
tion, wall tempera ture  of the ca lor imeter ,  e lectr ical  power 
supplied to the heaters  of the bundle, and coolant flow rate .  The 
temperature  of the sides of the tubes was not measured .  

Heat balance was achieved for each of the experimental  
conditions. In most  experiments  the i rreducibi l i ty in the heat 
balance did not exceed 5%. This i rreducibi l i ty was slightly 
la rger  at small  flow rates ,  but it did not exceed 10%. The ex- 
perimental  resul ts  were processed  as follows. 

1) F rom the water tempera ture  at the inlet to the bundle 
and at the outlet of the central  cells the change in the mean mass  
tempera ture  of the liquid along the length of the working section 

was determined.  The water temperature  at the outlet of the central  cells (to) was derived f rom the heat 
balance assuming that there was no mixing of the liquid between the cel ls .  

2) The temperature  head beyond the stabilization At s was determined, the wall tempera ture  of the 
ca lo r imete r  at each wall being taken as the mean in its neighborhood. 

3) After making cor rec t ions  taking account of the tempera ture  difference between the outer surface 
of the ca lor imeter  and the hot thermocouple junction, the stabilized value of the heat t r ans fe r  coefficient c~ 
was calculated f rom the equation 

8.10 s 

:1 
,[11 ]1 i 

i! 
10 4 2 5 ~ 5 6 8 g10 ~ 2 #, rig.. 

Fig. 2. Comparison of resul ts  on heat t ransfer  in bundles 
in longitudinal water flow in coordinates (Nu~ /P r  TM (#f//~w)~ 
�9 [(4/Tr)(S~S2/d2)-l] TM = f(R%o)): 1 )S /d  = 1.1; 2) 1.3; 3) 1.4; 4) 
1.5; 5) 1.4 [3]; 6) 1.12 [6]; 7) 1.2 [6]; 8) 1.27 [6]; 9) 1.46 [5]; 
10) 1.22 [4]. 

1224 



I0 5 2 d 
10; f ~ u .  

2.1o ~ 

4 5 6.10 5 

I  'lll 
[,,/,~ 

' l e  -~ 

f 
w 

P 2.10 ~ 

r .  ~ 
18 ~ 2 

1 .,IP3~O I I 1@..4_ 10 2 

~e ~ I 8 
- 2  7 

elJ 5 
i; I ,0-- 5 

Q~ 
~: Z 4 

8 
0-9 ] 

J 4 5 5 z S  R~_ 

F i g .  3. C o m p a r i s o n  of r e s u l t s  on hea t  
f low in bund les  in l ong i tud ina l  a i r  f low 
in c o o r d i n a t e s ,  N u ~ / P r ~ 1 7 6  
[ (4 / r r ) (S1S2/d)-  1] ~ = f(Re~): 1) S,/d 
= 2  [8]; 2) S ] / d  =2 .36 ,  S 2 / d  = 2 . 4 5  [8]; 
3) S l / d  = 1,69;  S2/d = 1.64 [8]; 4) S / d  
= 1.46 [10]; 5) S / d  = 1.75 [10]; 6) S / d  
= 2.2 [10]; 7) S / d  = 1.2 [11]; 8) S / d  
= 2.37 [9]; 9) S / d  = 2.05 [9]. 

cz qc (1) 
•'tstab 

The  e x p e r i m e n t a l  da t a  w e r e  p r e s e n t e d  in e r i t e r i a l  f o r m .  In i -  

t i a l l y  the  de f in i t i ve  d i m e n s i o n  was  the h y d r a u l i c  d i a m e t e r  of 
the bundle  con ta in ing  an in f in i t e  n u m b e r  of tubes  (doo). In a l l  
bundles ,  a p a r t  f r o m  that  which  S / d  = 1.3, d h ~ d~ ,  and so 
the coo lan t  f low r a t e  could  be d e t e r m i n e d  as  the  m e a n  f low (w 
- V / E ) .  The  p h y s i c a l  p r o p e r t i e s  of the w a t e r  w e r e  r e f e r r e d  
to the m e a n  l iqu id  t e m p e r a t u r e  

~-f= tin -4- tou t o  . 
2 

The  e f fec t  of v a r i a t i o n  in  the  p h y s i c a l  p r o p e r t i e s  of the 
w a t e r  a c r o s s  the c r o s s  s e e t i o n  was  e s t i m a t e d ,  by ana logy  
with  a c i r c u l a r  tube,  by i n t r o d u c i n g  the c o r r e c t i o n  (pw/~f )  - ~  
In most of the experiments this correction was scarcely dif- 
ferent from unity. 

Generalization of the experimental results in the form 

Nu 

p,.o,, ( _ -  

showed tha t  the e x p e r i m e n t a l  po in t s  lay  on s e p a r a t e  l i ne s  in 
a c c o r d a n c e  with the  r e l a t i v e  s p a c i n g  (F ig .  1). A n a l y s i s  
showed tha t  the e x p e r i m e n t a l  r e s u l t s  cou ld  be g e n e r a l i z e d  
by i n t r o d u c i n g  a new l i n e a r  d i m e n s i o n *  de f ined  by the o v e r a l l  
c r o s s  s e c t i o n  of an i nd iv idua l  c e l l  See:  

/ ~4S ce d~ = ~ . (3) 

F o r  the  bundles  in t r i a n g u l a r  a r r a n g e m e n t s  which  we 
i n v e s t i g a t e d  

. _ . (4) 1J 
In the  m o r e  g e n e r a l  c a s e  of an a r b i t r a r y  a r r a n g e m e n t  of the tubes ,  (4) b e c o m e s  

[ 4  SjS~ ]-o5, 
dr ~ d~ - . d ~ 1 (5) 

w h e r e  S1 /d  and S2 /d  a r e  the  long i tud ina l  and t r a n s v e r s e  r e l a t i v e  s p a c i n g s  in the  p l a n e  of the  c r o s s  s e c t i o n  
of the  bundle .  If we a s s u m e  tha t  Nu ~ Re ~ th i s  r e p l a c e m e n t  of the l i n e a r  d i m e n s i o n  i s  s i m i l a r  to the 
i n t r o d u c t i o n  of a c o r r e c t i o n  in  the r e l a t i v e  s p a c i n g  in  the u s u a l  c r i t e r i a l  equa t ion  of the  f o r m  

4 S1S~ 3o,1 
~ =  ~ .  d~ 11  (6) 

J 

The introduction of the correction ~ for Re > 104 "compresses" the experimental points practically 
onto a single straight line given by the equation 

(~w't-~ Nu : :  0.015q~Re"'SaPr ~ \ p ? j  �9 (7) 

It is interesting to observe that the heat transfer is a function of Re ~ To compare the resuIts of the 
experiments described in this paper with those of earlier investigations [3-6, 16], j-the latter were recal- 
culated by a similar method. The recalculation proceeded as follows: 

�9 This linear parameter is mainly used only for bundles which are not very closely packed, i.e., S/d 5 I.I. 
It has been used for another case previously by Mikheev and Fedynskii. 
SWhile the manuscript was in preparation, [16] appeared. Because the original data were not given, they 
could not be used in the comparison. 
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T A B L E  2. 
- 1 )  + 1.07] 

The  Dependence  N u / P r  0"4 = (~/8)RePr~ 

0,0316 0,0237 0,0182 0,0147 0, 0124 

Re 

Pr  10 4 3,2,10 4 10 5 3.10 ~ 10 ~ 

0,71 
1 
2 
3 
5 

35,9 
36,2 
38,6 
38,0 
38,2 

83,2 
86.5 
97,1 
95,8 

103,5 

197 
210 
242 
244 
266 

469 
506,6 
6OO 
616 
682 

1271 
1368 
1610 
1724 
1840 

o,a 

0,g i m 

I0 4 

Fig. 4. 

a /9 ,15% 

h ~  _ ..~ _ ~ . -  ,~. - - - . . - ~ J - -  ~_~, 
x - -  t e - ~  o - 5  � 9  

b + -~ tx-4 ~ -~ �9 -~ 
+ 13 7o 

. . . . . . . . . .  -"\~-'~o' g -,5~ ~- 

2 3 4 5 ~ ? 8 9 10 ~ 2 ~ 4 5 Re_ 

Genera l i za t ion  of the r e s u l t s  on heat  t r a n s f e r  in tube 
bundles  in wate r  (a) and a i r  (b) flow: 1) S / d  = 1.1; 2) 1.3; 3) 
1.4; 4) 1.5; 5) 1.12 [6]; 6) 1.2 [6]; 7) 1.27 [6]; 8) 1.22 [4]; 9) the 
line (Nu~/NUtu) ( 1 / ~ )  = 1.1; 10) the line, Nu~ = 0.02 Re ~ 

1. The  hydrau l i c  d i a m e t e r s  of the va r ious  types  of ce l l s  were  ca lcu la ted  f r o m  the c r o s s  sec t ion  of 
the cel l  under  cons ide ra t ion .  

2. The equat ion w i / w  k .~ ( d r i / d r k ) l / 2 ,  which gives ,  in the f i r s t  approximat ion ,  the ra t io  of the 
ve loc i t i e s  in ce l l s  in para l le l ,  was  used to d e t e r m i n e  the ve loc i ty  of the cen t r a l  ce l l s  of the bundle, 
where  the wall  t e m p e r a t u r e  of the c a l o r i m e t e r  was  m e a s u r e d .  

3. In all poss ib l e  c a s e s  (when  the re  was suff ic ient  data),  the t e m p e r a t u r e  head in the cen t r a l  cel l  of 
the bundle was  re f ined  in a c c o r d a n c e  with the ca lcu la ted  heat ing of the liquid. 

4. The def ini t ive  d imens ion  in the s i m i l a r i t y  c r i t e r i a  was  taken as d~, the hydrau l i c  d i a m e t e r  of a 
bundle with an infinite n u m b e r  of tubes .  In Fig.  2 above data  on heat  t r a n s f e r  in wa te r  a r e  c o m -  
pa red  with the r e s u l t s  of the p r e s e n t  inves t iga t ion .  It fol lows f r o m  the g raph  that  our  r e s u l t s  
a g r e e  well  with those  of  [3]. The r e s u l t s  of [6] lie somewha t  below the l ine (7). The  r e a s o n  for  
the devia t ion of the points  of [6] f r o m  the s t r a igh t  l ine is explained below.  On the g raph  the r e s u l t s  
of [5] a r e  shown as a m e a n  (dashed) l ine.* The r e s u l t s  obtained by v a r i o u s  i n v e s t i g a t o r s  fo r  ex -  
p e r i m e n t s  with a i r  [7-11] a r e  c ons t ruc t ed  in Fig .  3 in the f o r m  of the equat ion 

Nu 
( r ~  ]-0.5 = f ( ~ e ) ,  (8) 

Pr~ T--~- ) 

which, except  c o r r e c t i o n s  due to the va r i a t i on  in phys ica l  p rope r t i e s ,  a r e  s i m i l a r  to those  of [7]. The  
gene ra l i zd t i on  includes  the fol lowing domains  of va r i a t ion  of the p a r a m e t e r s :  

104 < Re < 9. 105; 1o2 ..< S/d ~< 2.45. 

*In the opinion of the au thors ,  these  r e s u l t s  cannot  be a s s u m e d  to be suf f ic ient ly  r e p r e s e n t a t i v e  fo r  the 
r eg ion  of s tab i l i zed  hea t  t r a n s f e r  [1]. 
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The m e a n  line is given by the equat ion 
/ ~ "  T w  ~ - 0 , 5  Nu = 0.02 q~ ReO. 8 

" 

In c o m p a r i n g  the r e s u l t s  of ana lyz ing  the data  fo r  wa te r  and fo r  a i r  s t r i c t  s e p a r a t i o n  into l ines  was ob-  
se rved ,  which can be expla ined f r o m  an ana lys i s  of the r e l a t ion  between the heat  t r a n s f e r  and the P ra n d t l  
n u m b e r .  

In ana lyz ing  the expe r imen ta l  r e s u l t s  we used the r e l a t i on  Nu ~ P r  ~ However ,  if  we r e f e r  to the 
r e s u l t s  of a s e r i e s  of t heo re t i ca l  and expe r imen ta l  p a p e r s  on heat  t r a n s f e r  in turbulent  flow in a c i r c u l a r  
tube [12, 15], they show that in the r ange  of va r i a t ion  of Re and P r  such an a p p r o a c h  is too c o a r s e .  Table  2 
g ives  the r e s u l t s  of ca lcu la t ions  based  on [13]. These  ca lcu la t ions  a r e  c o n f i r m e d  by expe r imen ta l  data  in 
[14, 15]. We adopt an ana lys i s  e l imina t ing  the effect  of the P r and t l  number :  

~,l /Re=fdem =: f " (10) 
l'~tltt I /Pr=idem d ' d ' 

w h e r e  we have taken the fol lowing e x p r e s s i o n  [13] for  Nutu: 

RePr 
Nu tu= 4.5V~-(pr2/a_ I) + 1.07' (t 1) 

and 

f ( Sld ' $2 ) (12) 

H e r e  ~ is obtained f r o m  (6), and k is the cons tan t  in (10). We find that 

I Nu| 
~'u .Re=.idem = k. (13) 
i~ tn ~ Jpr=,d~ 

A similar analysis is given in Fig. 4 for air (b) and water (a). Experimental points from this paper and 

from [6] are given for water. It is clear that the results of [6] are markedly lower than the line 7 (Fig. 2), 
since in this paper the Prandtl numbers were much lower than in the experiments shown in Fig. I, namely 
1.18 and 1.75.* On the basis of Fig. 4 the constant in (13) is I.I. Thus, the final equation for calculating 
the heat transfer with liquid (Pr ~ I) in turbulent flow in the intertube space of longitudinal bundles of rela- 

tive spac ing  1.] -< S / d  ~ 2.45 takes  the f o r m  

Nu= l. 1~ Nu~u (14) 
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NOTATION 

is the tube spacing in bundle; 
is the tube diameter; 
is the thiekness of insulation layer; 
is the overall section of bundle; 
is the heated length of bundle; 
is the hydraulic diameter; 
is the hydraulic cell diameter; 
is the heat transfer coefficient; 
is the specific heat flux through the surface of the central tube; 
is the definitive dimension; 
is the overall cross section of an individual cell; 
is the inlet liquid temperature; 
is the mean mass temperature of liquid; 
Is the temperature at outlet from central ceils; 
is the liquid temperature heat at wail; 
is the mean flow rate through bundle; 
is the water bulk flow rate; 
is the dynamic fluid viscosity referred to wall and fluid temperatures respectively; 
is the correction to relative spacing; 
is the air temperature referred to wall and flow temperatures respeetively; 

*The g r a p h  does  not show the r e s u l t s  of [3] s ince  they have the s a m e  P rand t l  n u m b e r  as  in our  ca se  (in 
o r d e r  of magnitude)  and the points  co inc ide  with those of this pape r .  
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Pr  
Nu 
Re 

I. 

2. 
3. 
4. 
5. 
6. 
7. 

8. 
9. 

10. 

11. 
12. 

13. 
14. 
15. 
16. 

is the hydraulic drag coefficient; 
is the Prandtl number; 
is the Nusselt number; 
is the Reynolds number. 
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