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E X P E R I M E N T A L  S T U D Y  O F  H E A T  E X C H A N G E  IN 

H E L I U M  F L O W  W I T H I N  A M E T A L -  C E R A M I C  

T U B E  

L .  L .  V a s i l ' e v ,  G.  I .  B o b r o v a ,  UDC536.242 
a n d  L .  A .  S t a s e v i c h  

Resul ts  a re  p resen ted  of an exper imenta l  study of the h e a t - t r a n s f e r  p roces s  in helium flow within 
a s in te red  porous bronze tube. The effect  of flow suction ra te  through the porous wall upon t em-  
pe ra tu re  distr ibution and Nussel t  number  is demonst ra ted .  

The problem of developing effective cooling methods is of great  p rac t ica l  importance at the presen t  
t ime.  A la rge  number  of studies has been p resen ted  on intensification of heat exchange,  in pa r t i cu la r ,  an 
intensif icat ion by suction of a port ion of a flow through a porous channel wall. 

A review of the available l i t e ra tu re  shows that heat exchange for  liquid flow in permeable  channels of 
var ious  geomet r ies  has been studied to de te rmine  whether  the heat-exchange p rocess  can be intensified by 
suctioning a port ion of the flow through the permeable  wall. The major  port ion of the works published analyze 
this p roces s  theore t ica l ly ,  usually assuming a laminar  flow regime.  This  is apparently because theore t ica l  
analysis  of a l aminar  flow is s imple r  and mo re  concrete  than t r ea tmen t  of a turbulent  reg ime.  Only a few 
exper imenta l  studies a re  available.  

Analysis  of heat exchange for  a s teady-s ta te  l aminar  flow proceeds  f rom the sys tem of equations of 
motion,  continuity, and energy.  Approximately  30 y e a r s  ago Sel lars  [1] and Berman  [2] demonst ra ted  that 
the equations of motions for  a l aminar ,  completely developed flow with extract ion or  injection of a port ion 
of the flow through a permeable  porous wall may be reduced to a f o u r th -o rd e r  nonlinear differential  equation. 

These  studies were  then expanded and refined in [3, 4]. 

Since suction through the wall intensif ies  heat exchange in flows in porous channels,  invest igators  have 
concentra ted the i r  e f for ts  not only on solving the hydrodynamic problem,  but also on determining the effect  of 
suction on t empera tu re  dis tr ibut ion over  the radius and length of the porous tube. 

Thus ,  in [3] the authors  considered the effect  of low draf t  veloci t ies  through a permeable  tube wall into 
the main liquid flow within the tube upon the tube wall t empera tu re  distribution.  In [5] t empera tu re  prof i les  
were  calculated for  a flow moving within a porous tube, with the wall t empera tu re  of the tube maintained con-  
stant. Raithby [6] studied hydrodynamics  and heat  exchange for  constant wall t empera tu re  and thermal  flux, 
and analyzed the effect  of individual p a r a m e t e r s  such as draf t ,  suct ion,  channel geomet ry ,  etc.  on the t e m -  
pe ra tu re  and veloci ty  prof i les .  

A. V. Lykov Institute of Heat and Mass Exchange,  Academy of Sciences of the Beloruss ian  SSR, Minsk. 
Trans la t ed  f rom Inzhenerno-Fiz ichesk i i  Zhurnal ,  Vol. 37, No. 3, pp.419-423,  September ,  1979. Original 
a r t ic le  submit ted December  16, 1978. 
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Fig. 1. D iag ram of expe r imen ta l  a p p a r a -  
tus.  

A complete  study of the p rob l em  of hea t  exchange in mot ion of a liquid flow in a p e r m e a b l e  tube,  i . e . ,  
with e i the r  suction or  draf t ,  is  quite complex ,  and has not been p e r f o r m e d  fully even for  a l amina r  flow. F o r  
the case  of turbulent  flow, it is s t i l l  m o r e  complex.  Suction or  d ra f t  a lso  has  a significant  e f f ec ton  hydro -  
dynamics  and heat  exchange in turbulent  flows. 

In p a r t i c u l a r ,  [7] examined the ef fec t  of su r face  suction on the c h a r a c t e r i s t i c s  of heat  and m a s s  e x -  
change in motion of turbulent  flows in tubes.  It  was  shown that  suct ion has  a s ignif icant  effect  on Nusse l t  
number ,  f r ic t ion coefficient ,  and the veloci ty  prof i le .  

At the p r e s e n t  t ime ,  p o r o u s h e a t e x e h a n g e r s  a r e  being used  e v e r  more  widely in e lec t ro technica l  and 
cryogenic  appl icat ions.  Hea t -exchange  coeff icients  mus t  be evaluated in thei r  design and construct ion.  
T h e r e f o r e ,  an exper imen ta l  ver i f ica t ion  of the analyt ica l ly  obtained re la t ionships  cha rac t e r i z ing  heat  ex -  
change in motion of a turbulent  flow in tubes with suction or  d ra f t  by liquefied gases  i s o f  g rea t  impor tance .  

T h e r e  a re  few exper imenta l  s tudies  avai lable  to conf i rm or  complement  theore t ica l  r e su l t s ,  and the 
total  knowledge in this a r e a  is insufficient  to define a s imple  and c o r r e c t  method for  es t imat ing  the e f fec t ive -  
ness  of hea t  exchange in porous  heat  exchangers .  The authors  of the p r e sen t  study have made an a t tempt  to 
complemen t  the avai lable  expe r imen ta l  da ta  by studying the e f fec t  on the hea t -exchange  p roce s s  of suction 
through the wal l  of a port ion of a hel ium flow pass ing  through a porous  m e t a l - c e r a m i c  tube. 

F igu re  1 shows a d i ag ram  of the expe r imen ta l  appa ra tu s ,  a conventional hor izonta l  c ryos t a t ,  desc r ibed  
in [8]. The  working  volume is 650 m m  long, with a d i a m e t e r  of 40 r am,  and is f o rmed  with a thin-waUed 
s t a i n l e s s - s t e e l  tubing. A vacuum l a y e r  act ing as insulat ion s e p a r a t e s  the tube f r o m  a liquid ni t rogen s c r een  
space .  Res idua l  gas p r e s s u r e  in the vacuum l a y e r  is mainta ined on the o rde r  of 10 -5 m m  Hg. 

The ni t rogen s c r e e n  and the working  space  a r e  located within a 1 2 0 - m m - d i a m e t e r  tube at  room t e m -  
p e r a t u r e ,  with the  outer  tube being insulated f r o m  the ni t rogen bath by a second vacuum layer .  The  working  
volume (Fig. 1) of the 4 0 - r a m - d i a m e t e r  s t a i n l e s s - s t e e l  tube holds the porous  tube under  study axially.  The 
l a t t e r  is heated by an e l ec t r i c  cu r ren t .  At a dis tance of 5 m m  f r o m  the outer  su r face  of the tube an adiabat ic  
s c r e e n  is  loca ted ,  the t e m p e r a t u r e  of which is mainta ined within (1-2)~ of the t e m p e r a t u r e  of the porous  
tube wall .  To  compensa te  for  t e m p e r a t u r e  de fo rmat ions ,  al l  tubes a re  connected to end bushings by bellows. 
The he l ium flow under  a low p r e s s u r e  head f r o m  a 40 - l i t e r  Dewar  f l a sk  p a s s e s  along the porous  tube,  f i r s t  
pa s s ing  through the t h e r m a l  insulat ing segmen t  in o rde r  to hydrodynamica l ly  s tabi l ize  the flow. In its motion 
through the tube,  a por t ion  of the flow p a s s e s  through the p e r m e a b l e  wall  into the p e r i p h e r a l  channel. The 
flows through the cen t ra l  and p e r i p h e r a l  channels can be regula ted  b y  va lves  located in the "hot ~ zone of the 
exhaust  s y s t e m  for  these  flows. Af te r  the va lves ,  pa s s ing  into the "hot zone" through sepa ra t e  heat  ex-  
changers  and being r a i s e d  to a t e m p e r a t u r e  of 20~ the gaseous flows a re  pa s sed  through RS-5  r o t a m e t e r s  
and RG-40  gas counters .  Af te r  the gas coun te r s ,  the gaseous  he l ium is r e tu rned  to the l iquefact ion sys t em.  
The  r o t a m e t e r s  a r e  used  bas ica l ly  to regula te  the f lows,  i .e . ,  a deviat ion of the f loat  f r o m  its equi l ibr ium 
posi t ion was used as a signal to adjust  flow r a t e s  at the porous  tube input s y s t e m ,  but was not used for  exact  
flow ra te  m e a s u r e m e n t s ,  which w e r e  made  by the gas counters .  P r e l i m i n a r y  m e a s u r e m e n t s  of the p r e s s u r e  
drop  along the en t i r e  length of the tube showed low values  of 0.01-0.1 a rm,  so  that  for  s impl i f ica t ion of the 
expe r imen ta l  appa ra tu s ,  p r e s s u r e  changes w e r e  r eco rded  in the hot zone at  the input to the appara tus  and at 
the output in the cen t ra l  and p e r i p h e r a l  channels ,  us ing  type MO r e f e r e n c e  m a n o m e t e r s ,  with sca le  gradat ion 

of 0. 005 a tm.  

The  porous  tubes used in the expe r imen t s  w e r e  p r e p a r e d  f r o m  type BrOF10-1  spher ica l  bronze powder ,  
pa r t i c le  s ize 0.2-0.315 r am,  by s inter ing.  Wall  poros i ty  va r i ed  f r o m  28 to 40% w~th a pe rmeab i l i t y  coefficient  
of 7 �9 10 -8 cm 2, m a x i m u m  pore  d imension  190 ~m,  mean  po re  s ize  60 ~m. Tube d imensions  were  as follows: 
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Fig. 2. Tempera tu re  distr ibution along length of porous 
tube for var ious suctions through the tube wall and Rein = 
2.4" 104; 1) G = 0.3 g/sec;  2) 0.25; 3) 0.2; 4) 0.15. T x - T 0 ,  
~ l, r a m .  

Fig. 3. Nussel t  number  averaged over  length vs G, g/sec. 

length, 600 mm;  inner d iameter ,  12 mm;  outer d iameter ,  17 mm. The initial tube section,  with a rat io l/d 
of 300, had the same d iameter ,  12 mm. The tube was heated by passage of a dc cur rent  f rom a VU 12/600 
re ctifier.  

C o p p e r - c o p p e r ,  iron thermocouples  with e lect rode thickness of 0.3 mm were used for  tempera ture  
measurements .  They were  eaulkedin to the tube  wall at 100-mm intervals ,  with the tip of eve ry  thermoeouple  
being located at the inner surface of the tube. 

During the exper iments ,  m easu rem en t s  were made of porous tube wall t empera ture ,  t empera ture  of the 
surrounding sc reen ,  flow tempera ture  at the porous tube input and output, flow rates of nitrogen and of helium 
passing along the tube axis and withdrawn through the wall into the per iphera l  channel. Current  and voltage 
supplied to the porous tube and sc reen  were  also measured .  During an experiment ,  the t empera tu res  on the 
inner surface of the tube and the sc reen  were  maintained constant by adjusting the voltage supplied to the ex-  
per imenta l  tube and screen.  Thus,  there was no radial  t empera ture  change across  the gap surrounding the 
experimental  tube. This was done to simplify thermal  flux density evaluations. 

When an e lec t r i c  cur rent  is passed through the porous tube, a power IU is dissipated in the tube, par t  
of which is removed by the helium flow pass ing along the axis ,  with another portion being removed by the 
portion of the flow which is suctioned through the tube wall. This la t ter  quantity can be defined as q = Msuc" 
Cp_~Tsuc, where Msu c is the mass  of the gas suctioned; Cp is specific heat,  and mTsu c is the difference in 
the t empera tu re  of the gas suctioned before and after  entry into the porous wall,  which is pract ical ly  impos-  
sible to measure .  

At ATsu c = 0, as in our case ,  we define the thermal  flux density as the power IU per  unit ex ter ior  
surface of the porous tube. 

Figure  2 presents  exper imental  data on tempera ture  distribution over  porous tube length for various 
suction values and one and the same helium flow rate at the tube input, cor responding to a Reynolds number 
of 2.4.104. With increase  in suction through the wall the tempera ture  level along the tube dec reases ,  such a 
t empera tu re  distr ibution being charac te r i s t i c  for the entire Reynolds number range studied (1.6-4.5). 104. 
The actual value of tube porosi ty  had little effect  on t empera tu re  over the range studied. 

The t empera tu re  distr ibutions obtained served as a basis for  es t imat ing heat-exchange coefficients 
averaged over  length and Nussel t  numbers .  Figure 3 shows Nussel t  numbers  averaged over  length as a 
function of suction through the wall. 

The t empera tu re  distr ibutions and Nussel t  numbers  obtained were compared with the analogous data 
of Aggarwal  and Hollingsworth [9]. The lat ter  were the resul ts  of experiments  on a i r  flow in a porous tube, 
and those r e s e a r c h e r s  found that at a fixed Reynolds number  at the tube input the mean values of Nussel t  
number  increase  with increas ing  suction. 
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The cha rac t e r  of the t empera tu re  distr ibution and Nussel t  number  curves  is s imi la r  to that of the curves  
shown in Figs.  2 and 3, i .e . ,  the effect  of suction on t empera tu re  distr ibution and heat-exchange coefficient  is 
the same for  a i r  and helium flow. 

N O T A T I O N  

G is the helium flow suctioned through tube wall ,  g/sec;  
T is the t empera tu re ,  *K; 
Nu is the Nussel t  number;  

�9 Re is the Reynolds number;  
l is the length of porous tube, m; 
T x is the t empera tu re  of inner surface  of porous tube,  ~ 
T O is the t e m p e r a t u r e  of inner surface  of porous tube at input sect ion,  ~ 
q is the the rma l  flux densi ty ,  W/m2; 
U is the vol tage,  V; 
I is the cu r ren t ,  A. 
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C A L C U L A T I O N  O F  C I R C U L A T I O N  C H A R A C T E R I S T I C S  

O F  A T W O - P H A S E  T H E R M O S Y P H O N  

A .  G .  B e i n u s o v  a n d  V .  B .  U t k i n  UDC 536.24 

A new method is descr ibed  for  calculating the c i rculat ion cha rac te r i s t i c s  of a thermosyphon 
with separa te  vapor  and condensate channels. Calculation and exper iment  a re  compared.  

At the p resen t  t ime , two-phase the rmosyphons  with separa te  vapor  and condensate channels are  widely 
used for  heat t r a n s f e r  purposes  [1]. The eff iciency of thermosyphons  of this so r t  is largely  dependent on the 
circulat ion cha rac te r i s t i c s  of the closed hydraul ic  circui t .  The circulat ion of a boiling liquid in c losed  hydrau-  
l ic  c i rcui ts  can be es t imated  in var ious  ways [1-3]. 

In the p resen t  paper  we propose  a new method for  solving this problem as applied to thermosyphons  
with separa te  vapor  and condensate channels.  

A schemat ic  d iagram of the c i rculat ion c i rcu i t  is shown in Fig. 1. Here  1 and 2 a re  respec t ive ly  the 
down- and up-pipes;  3 is the condenser .  The vapor i ze r  is located in the up-pipe. In the down-pipe there  is 
only liquid; in the up-pipe there  is a mix ture  of vapor  and liquid. The equation of motion of the liquid and 
vapor  in a closed c i rculat ion c i rcui t  (ignoring the compress ib i l i ty  of the components ,  energy losses  on chang- 
hag the interphase su r face ,  and oscil lat ions of vapor  bubbles) can be brought to the fo rm [4]: 

�9 P APace) sin 6" 61) g(9 ' - p ' ) L ~ = ~ ( A  fir + 
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