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The cha rac te r i s t i c s  of local heat t r ans fe r  along the initial segment  and along the segment with 
stabilized a i r  flow in longitudinal flow past  a bundle of coiled oval tubes are  established 

The charac te r i s t i cs  of heat t r ans f e r  in heat exchangers  with longitudinal flow past  a bundle of coiled oval 
tubes were examined in a number  of papers  [1-4], wherein it was shown that the observed increase  in heat 
t r ans f e r  is explained by the proper t ies  of helical  flows in channels with a complicated shape. An equation was 
proposed in [2, 3] that descr ibes  the hea t - t r ans fe r  p rocess  in a stabiIized turbulent flow in the range of num- 
bers  F r m  =232-2440: 

N--u = 0.023Re ~ ,8 pr o .4 (1 -F 3,6Frm ~ ,a57) (Tw/Tf)-0.55, (1) 

where 

Re = ~mm deP/~' (2) 

Frm= S~/dde, (3) 

which differs f rom the equation for c i rcu la r  pipes [51 

Nu = 0,023 Re ~ pr ~ (Tw/T f 1 -~ (4) 

by a fac tor  that depends on the number  F r  m. F o r  F r  m numbers  less than 100, the hea t - t r ans fe r  coefficient 
inc reases  to a l a rge r  extent than follows f rom Eq. (1). Thus, for  values of the number  F r m = 6 4 ,  heat t r ans f e r  
in a bundle of coiled tubes can be descr ibed by the function [1] 

N-if= 0.0521 Re ~ Pr ~ (Tw/T f )-0.55 (5) 

However, Eqs. (1) and (5) descr ibe  only the locally averaged heat t ransfer ,  since along the segment  with 
stabilized flow, the experimental  data a re  observed to separate  within a range of approximately  ~15%, as noted 
in [1-3], which must be taken into account in the hea t - t r ans fe r  law. In addition, it is neces sa ry  to establish the 
law governing the change in the hea t - t r ans fe r  coefficient along the initial segment  of the flow. This paper  is 
concerned with solving these problems.  

The heat t r ans f e r  was investigated using a general ly accepted technique on experimental setup descr ibed in 
[1] with a i r  as the heat t r ans fe r  agent. The heat exchangers  consisted of 37 coiled tubes of length 500 and 750 
mm and the poros i ty  for  the hea t - t r ans fe r  agent was m=0.527-0.544.  The tubes were made of Khl8N10T s t e e l  
The tubes were heated by pass ing an alternating e lec t r ic  current  through them f rom a OSU-100 t r ans fo rmer ,  
controlled by AOMK-180 autot ransformer .  C h r o m e l - A l u m e l  thermocouples ,  welded to the in te r ior  of the 
central  tube in the bundle at five sections along its length, were used to measure  the t empera tu re  of the walls of 
the tubes. The densely packed lattice of the bundle had an ordered s t ruc ture  with the coiled tubes touching one 
another at the output par t  of the bundle along the long axis of the oval tube profile. The flow of the hea t - t r ans fe r  
agent entered the bundle axisymmetr ica l ly .  The measur ing sys tem permit ted  determining the Nusselt  number 
with a limiting relative e r r o r  of �9 7% with the following range of pa rame te r s :  S/d = 6.2-34; F r m =  64-2440; Re = 
2 - 103-4 �9 104; Tw/Tf  =1.0-1.73; and x /d  e = 3.75-103. 

The nature of the change in the hea t - t r ans f e r  coefficient along the length of the bundle of coiled tubes can 
be seen in Fig. 1, where the resul ts  of the exper imental  investigation of heat t r ans f e r  ~n the bundle with a num- 
ber  F r m =  924 is shown as the hmctional relation: 
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Nu (Tw/Tf)o.~5 = f(Re, x/de), (6) 

where the number  Nu = q~ 
(T~-- T r ,  x ) ~." 

It follows f r o m  Fig. 1 that the expe r imen ta l  data on heat t r a n s f e r  for  d i f ferent  x /d  e a r e  d is t r ibuted in an 
equidistant  manner ,  i .e. ,  the Re number  has p rac t i ca l ly  no effect  on the re la t ion  of the Nu number  to the quantity 
x / d  for  turbulent  and t r ans ien t  flow regions.  The observed  separa t ion  of the expe r imen ta l  data on heat  t r a n s -  
f e r v o r  different  x / d  e in a �9 15% range of N-u can be explained by the di f ference in the flow conditions for  the 
h e a t - t r a n s f e r  agent  past  d i f ferent  regions of the coiled tube, where thermocouples  a r e  placed, depending on the 
mutual  posi t ion of the coiled tubes in the bundle [6, 7]. F o r  the mutual posi t ions of the tubes in the bundle 
examined,  the thermocouples  could be located on the tube walls accord ing  to the m a x i m u m  size of the oval 
e i the r  in the region of the throughput channels of the bundle or  at  the point at which neighboring tubes touch or  
in in te rmedia te  regions of flow pas t  the tubes [6, 7]. Since the values  of the local ve loci ty  of flow past  the tubes 
in the regions  indicated are  different  [6, 7], while in [2, 3] the f low-de te rmining  fac tor  was taken as the mean 
mass  velocit~ in the c ross  sect ion of the bundle examined,  with the technique used to analyze the expe r imen ta l  
data, it must  be expected that the var ia t ions  in the Nu number  must  be per iod ic  along the bundle re la t ive  to the 
value Nu--~ de te rmined  by Eqs.  (1) o r  (5). Thus, at a dis tance x / d e = 2 0  f r o m  the bundle inlet with F r m = 9 . 2 4  (Fig. 
1), the coefficient  of heat  t r a n s f e r  is less  than at a dis tance x /d  e =36.2, while at d is tances  x / d  e =52.5 and 59.3, 
it is lower  t h a n a t  x /d  e =20. I f  the or igin for  the longitudinal coordinate I is placed in the outlet sect ion of the 
bundle, while the posi t ive  d i rec t ion  for  the coordinate l is taken as the d i rec t ion  upwards along the flow, then, 
introducing the re la t ive  coordinate l / S ,  it is poss ib le  to genera l ize  the expe r imen ta l  data on local  heat t r a n s f e r  
for  bundles of coiled tubes with different  F r m  numbers  using the following function: 

Nu/N-u'= 1 + 0.15 cos 2~___(/. (7) 
S 

The sp read  in the expe r imen ta l  data observed  in Fig. 2 re la t ive  to the re la t ion  (7) can be explained by the 
effect  of the to l e rances  in step size of the coiled tubing and the po ros i ty  of the bundle with r e spec t  to the hea t -  
t r a n s f e r  agent. The c lose r  the r ea l  poros i ty  of the bundle to the poros i ty  of the bundle with dense ly  packed tubes,  
the c lo se r  is the cor respondence  between the expe r imen ta l  data and the function (7). The functional re la t ion  (7) 
is valid only for  the ordered  packing of tubes examined,  although the range  of var ia t ion  of the hea t~ t r ans fe r  co- 
efficient,  equal  to ~15%, is p rac t i ca l ly  independent of the nature of the packing of the tube bundIe. Then, local 
heat  t r a n s f e r  with s tabi l ized turbulent  flow in bundles of coiled tubes can be desc r ibed  by the equation 

0.023 ( 1 + 0 . 1 5 c o s 2 ~ I /  Re~176 r m ,(Tw/Tf �9 : �9 3 6F -o,35z. )-0.55 (8) Nu 
\ / S 

The data on heat  t r ans fe r ,  in accordance  with [2, 3], in bundles of coiled tubes can a lso  be r ep re sen ted  in 
a more  convenient form, when the effect ive th ickness  of the nea r  wall  l aye r  5, r ep resen t ing  the in tegra l  geo-  
me t r i c  c h a r a c t e r i s t i c  of the bundle, is used as the cha r ac t e r i s t i c  size:  

6 ---= 0.5 (1 -]- 3.6Fr~n~ de (9) 

and the average  t e m p e r a t u r e  of the nea r -wa l l  l aye r  is used as the cha r ac t e r i s t i c  t e m p e r a t u r e  (Fig. 3). In this 
case,  the locally average  heat  t r a n s f e r  with s tabi l ized turbulent  flow is descr ibed  by the h e a t - t r a n s f e r  law 

w he re 

N'-usm =0.020 Pe~~ ~ Pr ~ 4 , (10) 

N-u~m = qoSD~m (T w - -  Tmm.f ~), (11) 

pro6 ; udF 
R%,. -- F , (12) 

l~mF 
I 

P m, # m '  and X m a re  the density,  v iscosi ty ,  and ~hermal  conductivity, de te rmined  at the ave rage  t e m p e r a t u r e  
over  the th ickness  of the nea r -wa l l  l aye r  T in=  (Tw+ Tf) /2.  The h e a t - t r a n s f e r  law (10) is analogous to the 
equation for  calculat ing heat  t r a n s f e r  in c i r cu l a r  tubes using the tube radius as the cha r ac t e r i s t i c  size [8]. 
Local  heat  t r a n s f e r  with s tabi l ized turbulent  'flow in bundles of coiled tubes,  taking into account the c h a r a c t e r i s -  
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Fig. 1. Expe r imen ta l  data on heat  t r a n s f e r  in the space  between the tubes in a heat exchanger  with 
F r m = 9 2 4 :  1) Eq. (1); 2) (4); 3-7) expe r imen ta l  data with x /d  e =3.75; 59.3; 52.5; 36.2; and 20, r e s p e c -  
t ively.  

Fig. 2. Effect  of mutual  posi t ion of coiled tubes on the h e a t - t r a n s f e r  coefficient:  1) dependence (7); 2-  
5) expe r imen ta l  data with F r m = 6 4  , 232, 924, and 1050, respec t ive ly .  
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Fig. 4 

Fig. 3. Genera l iz ing  dependence for  heat  t r a n s f e r  in bundles of coiled tubes:  1) h e a t - t r a n s f e r  
law in bundles of coiled tubes:  1) h e a t - t r a n s f e r  law (10); 2-6) expe r imen ta l  data for  X/de=3.75,  
59.3, 52.5, 36.2, and 20, respec t ive ly .  

Fig. 4. Effect  of the length of the ini t ial  segment  on the local  h e a t - t r a n s f e r  coefficient:  1-4) ex-  
p e r i m e n t a l  data  with F r m =  924, 2440, 1050, and 232, r espec t ive iy ;  5) dependence (15); 6) the hea t -  

N-~ 8m 
t r a n s f e r  law (10). A-=-c, ,= p.e0.s pr0.4 

" 6 m 

t ics  of the flow pas t  s epa ra t e  segments  of the tubes for  the method proposed for  analyzing the expe r imen ta l  data, 
can be calculated according  the equation 

N % r ~ = 0 , 0 2 0 ( l + 0 . 1 5 c o s ~ )  ~ o s ~ o  4 t<e6A ~'r~" . (13) 

The expe r imen ta l  data p resen ted  in Figs. 1 and 3 a lso  indicate the higher  h e a t - t r a n s f e r  coeff icient  on the 
ini t ial  segment  of the bundle of coiled tubes compared  to the h e a t - t r a n s f e r  coefficient  on the segment  with the 
s tabi l ized flow. In analyzing the expe r imen ta l  data in the fo rm NuSm =Nu(ReSm, P r  m, x/de) , the effect  of the 
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in i t ia l  s egmen t  on the h e a t - t r a n s f e r  coeff ic ient  can be taken  into account  by in t roduc ing  into Eq. (10), ins tead  
of a cons tant  fac tor ,  the e x p r e s s i o n  

Cm = N-u,m/RegA 8 Pr ~ = f (X/de). (14) 

Then, the  e x p e r i m e n t a l  da ta  for  bundles  of coi led tubes  with d i f fe ren t  F r  m n u m b e r s  (Fig. 4) can be g e n e r a l i z e d  
by  a p o w e r  law function 

cm = 0.0426 (x/de~ -~ . (15) 

In this case ,  the c r i t e r i o n a l  dependences  on heat  t r a n s f e r  fo r  x / d  e =3 .75-14  wil l  have the f o r m  

Nua., = 0,0426 (x/de_) -~ Regs 8 Pr~ ' ! ,  (16) 

Nu~,~ =O.0426(x/d) -~ 1 + 0,15cos %,n Pr, n �9 (17) 

In ana lyz ing  the expe : ' imen ta l  da ta  on heat  t r a n s f e r  in the f o r m  

Nu Nu (Re, Frrn, x/d e, Tw/Tf) (18) 

in Eqs.  (1) and (8) the cons tant  f a c to r  mus t  be r ep l aced  by the e x p r e s s i o n  

c = 0.0490 (x/de) -~ (19) 

in ca lcu la t ing  the loca l  hea t  t r a n s f e r  a long the in i t ia l  s egmen t  (x/d e =3.75 ,14) .  

In the t r a n s i t i o n a l  r e g i o n  of  the s tab i l i zed  flow with a R e 6 m  n u m b e r  l e s s  than 500 o r  with the n u m b e r  
~ - - 0  3 5 7  

R e <  2R%m (1 + a,brr m ' ) ( r  w + Tmm.f)/2Ymm.f (20) 

the h e a t - t r a n s f e r  coef f ic ien t  in the bundle of coi led tubes  is d e t e r m i n e d  by the equat ions  [3]: 

N~ = 83,5Frm ~ .2 Re" Pr ~ (Tw/T f )-0.as (1 + 3,6Fr~n~ (21) 

N ~  = 6.47FI~ ~ ~ . ~ o 4 Ke&~ er~; , (22) 

where  

n = 0,212Fr ~ 194 , (23) 

which, taking into account  the c h a r a c t e r i s t i c s  of heat  t r a n s f e r  a long the ini t ia l  segment ,  wil l  have the f o r m  

Nu = 178 (x/de'C ~ (. 1 q- 0.15cos .2Sl ) Frml,S Re ~ PrO, 4 (T w/Tf ~-~ 55 (1 -}- 3.6 Frm~as7), (24) 

Nu6m = 13.8 (X/de)-~ ('1 -~- 0.15COS 2ZdS ) Fr~~ Regm pro.4m , (25) 

while along the s e gm e n t  with s tab i l i zed  flow fo r  x / d  e > 14, the va lues  wil l  d i f fer  by the f a c t o r  

1 -}- 0.15cos 2nl ) . 
S 

The r e su l t s  obtained indica te  the fac t  that  on the in i t ia l  s egmen t  of the bundle both in the tu rbulen t  and 
t r an s i t i ona l  r eg ions  of the flow, the na ture  of the e f fec t  of the t e m p e r a t u r e  f ac to r  T w / T  f on heat  t r a n s f e r  is the 
s ame ,  s i m i l a r  to the ef fec t  of the t e m p e r a t u r e  f ac to r  on the s tab i l ized  flow, and does not depend on the F r m  
number .  It was a l so  d i s c o v e r e d  tha t  the length of the ini t ia l  s egmen t  in the bundles of  coi led tubes  with ax i -  
s y m m e t r i c a l  flow input  is x i / d  e =14 and is p r a c t i c a l l y  independent  of  the F r  m number .  

Based  on the above p re sen ta t ion ,  we can conclude that  the r e s u l t s  of the s tudy c a r r i e d  out can be used  fo r  
ca lcu la t ing  loca l  heat  t r a n s f e r  a long  the ini t ia l  s egmen t  and along the s egmen t  with s tab i l ized  flow in heat  e x -  
changer s  with longi tudinal  flow pas t  bundles of coi led tubes  with a x i s y m m e t r i c a l  flow input of  the h e a t - t r a n s f e r  
agent.  
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NOTATION 

Frm,  modified Froude number,  cha rac te r i z ing  the act ion of centr i fugal  forces  on the flow; Nu, local Nus-  
se l t  number;  N'--u, local ly  averaged  Nussel t  number ;  Re, Reynolds number ;  Pr, Prandt l  number;  Tw~ t e m p e r a t u r e  
of the wall; Tf, flow t e m p e r a t u r e ;  Umm, mean mass  veloci ty;  de, equivalent  d iamete r ;  S, pitch of the tube coil; 
d. m a x i m u m  size of the oval; p, density;  tz, v i scos i ty ;  5, effect ive th ickness  of the nea r -wa l l  l ayer ;  x, longitudi- 
nal coordinate,  measu red  f r o m  the flow inlet into the bundle of tubes;  l is the longitudinal coordinate,  measured  
f r o m  the outlet of the bundle upwards along the flow; q0, speci f ic  heat  flux; ~, t h e r m a l  conductivity; Tram.f ,  
mean mass  t e m p e r a t u r e  of the flow; F, a rea  of the throughput sect ion of the bundle. 
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H E A T  T R A N S F E R  T O  AN E M U L S I O N  W I T H  H I G H  S U P E R H E A T I N G  

OF I T S  D I S P E R S E  P H A S E  

N. V.  B u l a n o v ,  V. P .  S k r i p o v ,  
a n d  N. A.  S h u r a v e n k o  

UDC 536.24 +536.423 

A method is descr ibed,  and resu l t s  presented,  for  m e a s u r e m e n t  of the h e a t - t r a n s f e r  coefficient 
to an emuls ion  consis t ing of e the r  d i spe r sed  in glyce tin. 

In hea t - t r ea t ing  metals ,  it is n e c e s s a r y  to control  the cooling ra te .  The la t t e r  depends on the dimensions  
and the rmophys i ca l  p rope r t i e s  of the specimen,  as well  as on the h e a t - t r a n s f e r  coefficient (~. The value of 
is de te rmined  by the veloci ty  and p r o p e r t i e s  of the coolant. If  the spec imen  dimensions  and ma te r i a l  are  given, 
then the coefficient  ~ depends only on the p rope r t i e s  of the coolant. Pure  liquids and the i r  mixtures ,  such as 
emuls ions ,  a r e  mos t  f requent ly  used at low t e m p e r a t u r e s .  In this case,  the cooling ra te  can be additionally 
control led by changing the concentra t ion of the components.  

The presen t  a r t i c le  a t tempts  to m e a s u r e  the coefficient  of heat  t r a n s f e r  to an emuls ion  when drople ts  of 
the d i spe r se  phase a r e  poss ib ly  superhea ted  on the hea t - emi t t ing  sur face  [1]. 
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