
T E M P E R A T U R E  D I S T R I B U T I O N  IN T H E  W A L L  

C H A N N E L  B E T W E E N  F I N S  C O N T A I N I N G  A 

B O I L I N G  L I Q U I D  

V.  K.  S h c h e r b a k o v  a n d  L .  V .  K o v a l e n k o  

OF A 

UDC 536.242:536.423.1 

Measu remen t s  on the t e m p e r a t u r e  dis tr ibut ion in a fin with wa te r  boiling in the channel between 
fins a r e  repor ted .  The resu l t s  a re  compared  with the analyt ical  solution for  the o n e - d i m e n -  
sional case.  

The re  a re  s eve ra l  s tudies [1-4] on the t e m p e r a t u r e  pa t t e rns  in finned heat  exchangers  with liquid boiling 
in the channels between fins;  however ,  these a re  r e s t r i c t e d  to the t e m p e r a t u r e  pa t t e rns  in the fins when boi l -  
ing occurs  in a l a rge  volume of liquid init ially at  the boiling point. A numer ica l  solution has been given [5] for 
the t e m p e r a t u r e  pa t t e rn  when a liquid below the boiling point is forced through fin channels and boils there .  

A study has  been made of the t e m p e r a t u r e  dis tr ibut ion in a cyl indrical  copper  wall  of dir ~ = 14 m m  having 
s t ra ight  longitudinal fins (25f = 1.7 m m ,  2b= 4 m m ,  h = 4 ram,  5w = 2 m m  in Fig. 2) with radia l  heat  supply to 
the internal  smooth su r face  and with boiling in the channels between the f ins ,  where  wa te r  below the boiling 
point is injected. 

The sy s t em was built  as a c losed- loop c i rcula t ion s y s t e m  made of s ta in less  s tee l ,  and this could opera te  
with chemical ly  desal inated wa te r  at  p = 2-5 ba r ,  w = 0.5-5 m / s e c ,  Atun = 40-90~ and heat  inputs of ql = (0.1- 
5)" 106 W/m 2. 

The working sect ion (Fig. 1) consis ted of an outer  j acke t  and coaxial  component  3 with c u r r e n t - c a r r y i n g  
rods  soldered to the top 1 and bot tom 5. The gaps between the component  and the rods  had s i m i l a r  ex te rna l  
fins a n d w e r e  fitted with the copper  in se r t s  2 in o rde r  to provide channels uni form along the length l. This  
also ensured  hydrodynamic  s tabi l izat ion over  the working sect ion,  since l / d e q  = 50. P a r t  of the outer  j acke t  
was made of polished lucite 4, which provided for  visual  observa t ion  of the s ta te  of the cooling sur face  between 
the fins. 

Uniform heat  loading was provided at the inner  sur face  at values  up to ql = 5 MW/m z by v i r tue  of the 
specia l  design (Fig. 2). The s y s t e m  consis ted of the hea t e r  1, which was a thin-walled s t a i n l e s s - s t e e l  tube 
(q~14 • 0.6) heated by d i rec t  cu r r en t  and covered  by a l aye r  of h i g h - t e m p e r a t u r e  insulat ion 2 of th ickness  20-30 
b~rn, working with a cyl indr ical  finned wall  3 (@18 • 2), in which s t ra igh t  longitudinal f ins had been mil led.  The 
coated hea te r  1 was inse r ted  within the finned cyl indr ical  component  3 a f te r  the l a t t e r  had been heated to about 
500~ This  mode of a s s e m b l y  provided high p r e s s u r e  at  the contact  sur face  when tube 1 was  heated e l e c t r i -  
caUy and the wall  3 was cooled by wate r ;  consequently,  there  was li t t le t he rma l  r e s i s t ance  to the rad ia l  heat  
flow. 

The t e m p e r a t u r e  of the finned wall  was  m e a s u r e d  with c o p p e r - C o n s t a n t a n  thermocouples  mounted in 
holes  (qJ 0.3 ram) which were  dr i l led  to a depth of 15 m m  f r o m  the end of the finned wall  (Fig. 2). The t h e r m o -  
couples we re  placed a t  the point of g r ea t e s t  haza rd  (the exi t  point for  the water)  within the c ross  sect ion Of the 
s y s t e m  (Fig. 1), the posi t ion being such that  end leakage of the hea t  had vi r tual ly  no effect  on the t e m p e r a t u r e  
pa t te rn .  The appropr ia t e  sect ion was de te rmined  by e l ec t r i ca l  s imulat ion of the two-dimensional  case  with an 
R-ne twork  model.  Dis tor t ion  of the t e m p e r a t u r e  pa t t e rn  by the thermocouples  was min imized  by placing the 
l a t t e r  in adiabat ic  s y m m e t r y  planes  in the fins and in the wall  between the fins at var ious  heights.  The t h e r -  
mocouples  we re  perpendicu la r  to the plane of t e m p e r a t u r e  m e a s u r e m e n t  (Fig. 2). Not m o r e  than one t h e r m o -  
couple was placed in each fin and in each p a r t  of the wall  between the fins.  

The genera l  t e m p e r a t u r e  ap t te rn  in the finned wall  was de te rmined  by solving the heat -conduct ion p r o b -  
l em [6]; the two-dimens iona l  inverse  p rob lem was solved by e l ec t r i ca l  s imulat ion with an R - n e t w o r k  i n t eg ra -  
tor  [7]. 
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Fig. 1. Working com-  
ponent (a is the work-  
ing section). 

The tempera tures  tl-t10 were measured  on the symmet ry  lines of the fins and walls (Fig. 2), and the 
values were t r ans fe r r ed  to the corresponding points in the sec tor ,  which was defined by the geometr ical  and 
thermal  symmet r i e s  of the fin sys tem (Fig. 3). The measured  t empera tu res ,  as well as the measured  input 
heat fluxes, the cooling-water  t empera ture ,  and the thermophysical  pa ramete r s  of the mater ia l ,  were  used to-  
gether with values f rom the analog simulation in solving the inverse problem; this made it possible to de te r -  
mine the tempera ture  pat tern in the section and the distribution of the hea t - t r ans fe r  coefficient over  the cooled 
per imete r .  

The e r r o r s  a r i s ing  in solving the inverse  condition problem were  6(t) for  the tempera ture  of the space 
between fins and 5(a) for the hea t - t r ans fe r  coefficient on the cooling surface;  these values were calculated in 
accordance with the recommendat ions  of [10, 11] on the basis of the e r r o r  of measuremen t  for the t empera -  
tures  t i - t t 0  and the input ql, the resul ts  being 6(t) -< 8% and ~(a) -< 16%. 

The methods of measu remen t  and solution were checked out by comparing the mean values ~c for the 
hea t - t r ans fe r  coefficient in the channel between fins derived f rom the e lec t r ica l  model via the measured  data 
for convective heat t r ans fe r  and the values calculated f rom the following equation [8]. 

a-- c : :  0.021 ~'L De0.S pr~.4~ ~ PrL ~o.25 (1) 

which applies for  turbulent flow, as occur red  in the experiments .  

The values for ~c  obtained in pre l iminary  t r ia ls  (about 80 values) covered the range Re = (8-40) �9 103 and 
lay around the line derived f rom (1) with a maximum spread of ~12%, which is no greater  than the e r r o r  of the 
formula and whic~h allows one to use this method to examine the temperature  pat tern in such a finned wall with 
bubble boiling in the channels between the fins when the water  is initially below the boiling point. 

Figure  3 shows the tempera ture  pat tern in such a wall and the pat tern of the heat-flux density around the 
pe r ime te r  for these cooling and heating conditions; Fig. 3 shows that the tempera ture  at the cooled surface 
var ies  only slightly between the fins,  but there is considerable heat leakage to the fins when the conductivity of 
the mater ia l  is high, ~m = 380 W/m 2. ~ Since the rat io of the maximum heat-flux density q2 max in the x = b 
section to the heat load ql is ~b = (qmax. R2)/(ql. R1 ) = 0.72, the heat leak in the wall f rom the symmet ry  plane 
of the channel is 2~/0; therefore ,  this fin symmet ry  is reasonably effective under these conditions, since it r e -  
duces q~nax by 28%. 
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Fig. 2. 
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Tempera tu re  measurement  in the working section of a finned 

Fig. 3. Tempera tu re  pat tern in a sector  of a finned wall for ql = 1.87 
MW/m 2, w = 1.3 m/ sec ,  ~tun = 38.4~ and p = 2.5 bar :  1) region of 
convective heat  t rans fe r ;  2) boundary of boiling; 3) region of bubble 
boiling. 
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Fig. 4. Distribution around the 
pe r ime te r  of a channel between 
fins of the wall tempera ture  tw2, 
(~ and dimensionless  heat-f lux 
density ~; x and y are  in ram. 

We processed  the measurements  in the solution of the inverse problem for all the runs involving bubble 
boiling; this showed that the fins reduced qmaX in par t icu lar  cases  by up to 45% under these conditions. 

Also ,  the data were  p rocessed  to define the tempera ture  pat tern around the pe r ime te r  of the channel, 
which was compared with the analytical  solution [9]. The solution in [9] was derived by joint one-dimensional  
solution of the heat-conduction problem for a planar wall and also for a s t ra ight  longitudinal fin; a Bl~SM-4M 
computer  was used. 

The inverse  solution derived f rom the measurements  was compared with the calculation of [9] for a finned 
wall (Fig. 3) as shown in Fig. 4; this figure shows the tempera ture  distr ibution around the pe r ime te r  of the wall 
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tw2 and the d imens ion less  hea t - f lux  densi ty ~0 = (q2' R2)/(ql "R1); the absc i s sa  is the cu r ren t  coordinate on the 
fin and wall ,  while the ordinate  p a s s e s  through the point where  the fin and the wall  between the fins meet .  The 
solid l ines a re  m e a s u r e d  values of tw2 and ~0, while the dashed l ines a r e  those computed in [9]. 

F igure  4 shows that there  is s a t i s f ac to ry  a g r e e m e n t  for  tw2 and ~0 in both cases ;  the calculated tw2 and ~0 
exceed the obse rved  values  by not more  than 3.4% for  t b or  4.5% for  to, which co r responds  to the points of m o s t  
impor tance  for  design pu rposes ,  namely ,  x = b and x = 0 on the p e r i m e t e r  (Fig. 3); the d i sc repancy  for  ~b was  
8.~0. 

The inverse  solution via the expe r imen t s  was compared  with the analyt ical  solution by computer  [9] for  
the cor responding  boundary conditions for  all the runs;  it was found that the s y s t e m  of equations of [9] defines 
the t e m p e r a t u r e  pa t t e rn  and the hea t - f lux  dis t r ibut ion around the p e r i m e t e r  with good re l iabi l i ty  under these 
conditions. The t e m p e r a t u r e s  and heat  fluxes at x = b and x = 0 calculated f r o m  the equations of [9] exceed 
those found by solving the inverse  p rob lem by up to 570 for  t b, up to 7.5% for  to, and up to 107o for  ~b. 

These  r e su l t s  the re fo re  show that a finned wall  made of m a t e r i a l  of high conductivity working with a 
liquid boiling in the gaps while in forced  motion can reduce  the hea t - f lux  density substant ia l ly  by compar i son  
with smooth wal l s ,  and this can substant ia l ly  i nc rea se  the power  handled. 

q 

t 

Atun 
p , w  
5f ,h 
b,6 w 
R 
d 
l 
Re ,  
P r  

N O T A T I O N  

is the heat  flux densi ty;  
is the d imens ion less  densi ty of outgoing heat  flux; 
a re  the h e a t - t r a n s f e r  coefficient  and coefficient of t he rma l  conductivity; 
is the t e m p e r a t u r e ;  
is the excess  t e m p e r a t u r e ;  
a re  the deviat ion f rom sa tura t ion  t e m p e r a t u r e  tsar;  
a re  the p r e s s u r e  and veloci ty  of liquid; 
a re  the ha l f - th ickness  and height of fin; 
a r e  the channel half-width and wall  thickness;  
is the radius;  
is the d iamete r ;  
is the channel length; 

a re  the Reynolds and Prandt l  numbers .  

I n d i c e  

L is the 
m is  
w is 
f is 
o is 
i is 
c is 
bo is 
1 is 
2 is 
max is 
eq is 

s 

liquid 
the ma te r i a l ;  
the wall;  
the fin; 
the fin base;  
the point of onse t  of boiling; 
the convection; 
the boiling; 
the heating sur face ;  
the cooling sur face ;  
the m a x i m u m  value; 
the equivalent.  

l ,  

2. 
3. 

4, 
5. 
6. 
7. 
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E X P E R I M E N T A L  S T U D Y  O F  L A M I N A R - T O - T U R B U L E N T  

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

A C O U S T I C  O S C I L L A T I O N S  

A .  N .  S h e l ' p y a k o v  a n d  G .  P .  I s u p o v  UDC 532.517 

Expe r imen ta l  data a r e  given on the effects  of acoust ic  osci l la t ions  at  f requencies  up to 100 kHz on 
�9 f r ee  l a m i n a r  flow. 

Acoust ic  agitat ion of a f r ee  l am i na r  je t  p romote s  the t rans i t ion  to turbulent  flow for  smal l  Reynolds num-  
be r s  Re [1]. When the acoust ic  source  is r emoved ,  the je t  r e tu rns  to the l amina r  s tate.  

The r e su l t s  of expe r imen ta l  invest igat ions of the effect  of acoust ic  osci l la t ions on a f r ee  je t  at  a m a x i -  
mum frequency of 10 kHz a re  given in [1]. 

Here  we d i scuss  the resu l t s  of expe r imen t s  on the ef fec t  of acoust ic  osci l la t ions on a f r ee  jet  at  f r e -  
quencies  up to 100 kHz. 

The expe r imen t s  Were conducted with n o z z l e - n o z z l e  j e t  e lements  having cap i l l a ry  d i a m e t e r s  of 0.4 to 
0.9 ram. 

A typical  curve of the p r e s s u r e  var ia t ion  in the r ecep to r  duct as a function of the p r e s s u r e  in the in jec-  
tor  duct is given in Fig. 1 (curve 2). The three  main  flow r e g i m e s  ( laminar ,  t r ans i t ion ,  and turbulent) c o r -  
respond to the th ree  in te rva ls  0a, ab ,  and bc of curve  2 in Fig. 1. 

Theore t i ca l  and exper imenta l  studies of the l a m i n a r - t o - t u r b u l e n t  t rans i t ion [2] have shown that  at the 
initial instant  one or  m o r e  sma l l - ampl i tude  osci l la t ions  a r i s e  in the flow in a single phase  (Tollmien waves ) ,  
subsequently evolving into more  complex th ree -d imens iona l  modes  ( B e n n e y - L i n  waves) .  These  waves  a re  
broken up by v igorous ly  growing s m a l l - s c a l e  pulsat ions (zone of secondary  instabil i ty) ,  which e m e r g e  as 
Emmons  spots ,  continue to develop downs t r eam,  and induce turbulence throughout the en t i re  flow. 

A definite analogy ex is t s  between the development  of acoust ic  emi s s ion  f r o m  a je t  and the t rans i t ion  of 
the l a t t e r  f r o m  l a m i n a r  to turbulent  flow. 

A pure  l a m i n a r  je t  (lower half  of in te rva l  0a) does not emi t  sound. As the injection p r e s s u r e  is in-  
c r ea sed  (toward the end of in terva l  0a) the je t  begins to emi t  sound with a dis t inct  single f requency (in our 
si tuation 5.3 kHz). A fu r the r  i nc rease  in the injection p r e s s u r e  ( interval  ab) causes  an inc rease  in the total 
noise level  of the je t ,  and the 5.3-kHz d i sc re t e  component  vanishes .  We m e a s u r e d  the acoust ic  cha r ac t e r i s t i c s  
of the je t  with a microphone and analyzed them on the sc reen  of an $1-19B osci l loscope.  

The action of acoust ic  waves  emit ted  by a je t  on the flow reg ime  of the l a t t e r  is conf i rmed by the e x p e r i -  
ment  desc r ibed  below. The object ive of the exper imen ta l  was  to de te rmine  the acoust ic  emi s s ion  component  
exer t ing  the g rea t e s t  influence on the evolution f r o m  l amina r  to turbulent  flow. 

The exper imenta l  a r r a n g e m e n t  is shown schemat ica l ly  in the inset  of Fig. 1. I t  cons is ts  of the cap i l la -  
r i e s  sepa ra ted  by a dis tance l. One capi l la ry  is the in jec tor ,  and the other  the r ecep to r .  A ref lec t ing  sur face  
in the f o r m  of an a luminum plate with an a rea  of 55 • 25 m m  2, thickness of i m m ,  and mic ro roughnes s  height 
Rz = 3.2 is se t  up at  a d is tance L f r o m  the common axis of the cap i l l a r ies .  The exper imen ta l  r e su l t s  a re  
r ep re sen t ed  by curves  1 and 3 in Fig. 1 and the curve in Fig. 2. 
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