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Resul ts  of an exper imenta l  invest igat ion of the the rmophys ica l  c h a r a c t e r i s t i c s  of l o w - t e m p e r a -  
ture  heat  p ipes  with me ta l  f iber  wicks a r e  presented.  

P r o g r e s s  in the r e a l m  of heat  pipes is  inevitably assoc ia ted  with the development  and invest igat ion of 
highly efficient  wick s t ruc tu res ,  as well  as with the development  of a technology for  hea t -p ipe  fabr ica t ion  on 
the basis  of such s t ruc tu res .  

Cer ta in  r e su l t s  of an invest igat ion of heat pipes with me ta l  wicks of f ibrous configurat ion a re  p resen ted  
in this paper .  The p r o g r a m ,  as a whole, included a study of the t r a n s p o r t  and the rmophys ica l  c h a r a c t e r i s t i c s  
of the me ta l  f iber  wicks; the development  of a ra t ional  technology of heat -pipe  fabr ica t ion  in order  to a s sume  
the mos t  efficient workabil i ty;  the invest igat ion of the t he rmophys i ca l  c h a r a c t e r i s t i c s  of the heat pipes de-  
veloped; and the c rea t ion  of a method of designing hco~ ;Apes with me ta l  f iber  wicks. 
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Fig. i. Temperature ~stribution along the length of heat 
pipes No. 2 ( L = 0 . 5 m ,  d i n = 2 3 . 8  m m ; 6  w =  1 . T r a m ; P =  
91.3%): I) ~0 = 0~ II) ~0 = 10~ 1) Q = 150 W; 2) 250; 3) 340; 
4) 440; 5) 500; 6) 560; 7) 600; 8) 640; 9) 600; 10) 400; 11) 
800; 12) 1300 t w ,  ~ L x ,  m .  
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Fig .  2. D e p e n d e n c e  of the  wa l l  t e m p e r a t u r e  in the  e x t r e m e  
s e c t i o n  of the  hea t ing  zone of hea t  p ipe  No. 5 on the hea t  
f lux (L = 0.22 m ;  I C = 0.09 m;  din  = 16 m m ;  6w= 1.05 m m ;  
P = 75.5%): a) L H = 0.06 m [1) ~ = 0~ 2) @ = 15~ 3) ~ = 30~ 
4) ~ = 45~ 5) q~ = 90~ 6) ~ = --5~ b) a = - -5  ~ [1) L H = 0.06 
m;  2) 0 . 0 3 m ] . Q ,  W; t H c r ,  ~ 

The  s e l e c t i o n  of m e t a l  f i b e r  w icks  i s  g o v e r n e d  by the h i g h e r  t r a n s p o r t  and t h e r m o p h y s i c a l  c h a r a c t e r i s -  
t i c s  of such  m a t e r i a l s  a s  c o m p a r e d  with  the  wide ly  u sed  wicks  b a s e d  on m e t a l  g r i d s  and o t h e r  p o r o u s  
s t r u c t u r e s  [1, 2], and by the  p o s s i b i l i t y  of f a b r i c a t i n g  h e a t  p i p e s  with g iven  s t r u c t u r a l  and t h e r m o p h y s i c a l  
c h a r a c t e r i s t i c s .  

The m a i n  t h e r m o p h y s i c a l  c h a r a c t e r i s t i c s  of hea t  p i p e s  which  g o v e r n  the  e f f i c i e nc y  of t h e i r  u t i l i z a t i o n  
a r e  the  m a x i m u m  h e a t - t r a n s f e r  c a p a c i t y  and the t h e r m a l  r e s i s t i v i t y .  

Of the  m a n y  l i m i t a t i o n s  on the  h e a t - t r a n s f e r  c a p a c i t y  of h e a t  p i p e s ,  two a r e  i n h e r e n t  to  l o w - t e m p e r a t u r e  
hea t  p i p e s :  1) the  m a x i m u m  t r a n s m i t t e d  hea t  f lux Q m a x  r e l a t e d  to the  c a p i l l a r y - t r a n s f e r  p o s s i b i l i t i e s  of the  
p o r o u s  wick s t r u c t u r e ;  2) the  m a x i m u m  r a d i a l  hea t  f lux  d e n s i t y  in  the  hea t ing  zone  q ~ a X  d e t e r m i n e d  by the  
boi l ing  c r i s i s  in the  p o r o u s  wick  s t r u c t u r e .  T h e s e  l i m i t a t i o n s  have  a d i f f e r e n t  p h y s i c a l  n a t u r e  but e x c e e d i n g  
e i t h e r  of t hem r e s u l t s  in an i d e n t i c a l  r e s u l t  - -  an a b r u p t  i n c r e a s e  in  the  wa l l  t e m p e r a t u r e  in the  h e a t - d e l i v e r y  
zone and,  c o r r e s p o n d i n g l y ,  an a b r u p t  i n c r e a s e  in the  t e m p e r a t u r e  d r o p  a long the  l eng th  of the  hea t  p ipe .  

The t e m p e r a t u r e  d r o p  a long the  l eng th  of the  hea t  p ipe  AtE i s  d e t e r m i n e d  by the  m e a n  c o e f f i c i e n t s  of hea t  
e l i m i n a t i o n  ~ H '  ~ C  and the  r a d i a l  hea t  f lux d e n s i t i e s  qH, q c  in the  hea t ing  and c o n d e n s a t i o n  zones .  The  

fo l lowing r e l a t i o n s :  

At__~, = ~ + l _ . h _ _  ' (i) 
O &,,F,," ~.cFc 

,M r 1 F H 1 (2). 

q. ccH FC aC 

can  be u s e d  to  e s t i m a t e  the  t h e r m a l  r e s i s t i v i t y  of l o w - t e m p e r a t u r e  hea t  p ipes .  

Study of the  m a x i m u m  h e a t - t r a n s f e r  c a p a c i t y  of hea t  p i p e s  and of the  i n t e n s i t y  of the  h e a t - e x c h a n g e  p r o -  
c e s s e s  in the  hea t  supp ly  and e l i m i n a t i o n  zones  r e q u i r e s  knowledge  of the  t r a n s p o r t  c h a r a c t e r i s t i c s  of the  
wicks .  R e s u l t s  of i n v e s t i g a t i n g  the  t r a n s p o r t  p r o p e r t i e s  of m e t a l  f i b e r  w icks  a r e  p r e s e n t e d  in [3-5].  A s e r i e s  
of hea t  p i p e s  of d i f f e r e n t  s i z e  and c o n f i g u r a t i o n  was  f a b r i c a t e d  tak ing  accoun t  of the  r e s u l t s  of t h e s e  i n v e s t i g a -  
t ions .  

R e s u l t s  of an 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  of s o m e  hea t  p i p e s  f r o m  the  s e r i e s  of t h o s e  d e v e l o p e d  a r e  p r e -  
s e n t e d  be low (the h e a t  c a r r i e r  i s  w a t e r ,  and the  s h e l l  and wick  m a t e r i a l  i s  c o p p e r ) .  The m a i n  e l e m e n t  of the  
e x p e r i m e n t a l  t e s t  s t a n d  was  the  hea t  p ipe  p r e p a r e d  fo r  the  t e s t s .  H e a t  d e l i v e r y  was  a c c o m p l i s h e d  by an ohmic  
h e a t e r  wound on the  bulk c o p p e r  b lock .  A l t e r n a t e  u t i l i z a t i o n  of i n t e r c h a n g e a b l e  b l o c k s  a f f o r d e d  the  p o s s i b i l i t y  
of chang ing  the  l eng th  of the  hea t ing  and t r a n s p o r t  zones  du r ing  the t e s t s .  The  change  in l oad  was  a c c o m p l i s h e d  
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Fig. 3. Dependence of the maximum heat flux Qmax(W) on the sine 
of the slope of heat pipe No. 2 (L C = 0.2 m): 1) L H = 0.15 m; 2) 0.1; 
3) 0.05; 4) 0.025). 

Fig. 4. Change in the mean coefficients of heat elimination in the 
heating (1) and condensation (2) zones for heat pipe No. 1 (~H and 
5C,  W/m  2. deg; qH and qc ,  W/m2): L = 0.5 m; L H = 0.025 m; L C = 
0.2 m; din = 23,8 ram; b w = 2.8 ram; P = 91.6%; ~ = 0 ~ 

by a voltage regula tor  connected to a s ingle-phase gr id  (220 V, 50 Hz) through a voltage stabilizer.  The 
delivered power was measured  by a D529 wat tmeter  (accuracy c lass  0.5). Heat elimination in the condensa-  
tion zone was accomplished in a f low-through heat exchanger. The consumption of cooling water in the heat 
exchanger was maintained constant by means  of stabilizing the level in the p re s su re  tank. The use of a 
regulated e lectr ic  heater,  connected in the cooling system, assured  maintenance of the water  tempera ture  at 
the heat exchanger  entrance at the level 23 + 0.2~ The increment  in the cool ing-water  tempera ture  was 
measured  by a differential thermocouple and was checked by readings of m e r c u r y  the rmomete r s  with 0.1~ 
scale division. In all 10-20 copper--Constantan thermocouples  (0 .16-ram-diameter  wire) were placed and 
caulked in longitudinal grooves  on the outer surface of the heat pipe. Of these, 2-3 of the thermocouples  were 
in the ex t reme section of the heating zone (at a distance of 10 mm from the end lace) and at the middle of the 
condensation section. Several  thermocouples  were inser ted  in the s team channel by means of sockets soldered 
in the end-face plugs. The thermocouple  emf was measured  by a de P37-1 potent iometer  (accuracy c lass  0.01). 
The outside of the pipe was covered  by heat insulation based on basalt  f ibers.  

After  assembling all e lements  of the scheme,  the heat pipe was mounted at the required slope to the 
horizontal  plane. The supplied power var ied in steps. The loads at each level in the stat ionary mode were 
determined by the supplied heat flux (wattmeter readings),  the eliminated heat flux (by means of the discharge 
and heating of the cooling water  in the heat exchanger),  and the t empera tu re  field on the surface of the heat 
pipe and in the s team channel. 

The selected measur ing  instrument~ and careful  heat insulation assured  reduction of the heat balance 
with an e r r o r  not exceeding 2-3%, and the delivered heat flux was la ter  taken as the governing quantity. 

The del ivered heat flux was ra ised  p r io r  to the onset of the l imit in the hea t - t r ans fe r  capacity. The 
power gradual ly reduced to zero,  the heat pipe was inclined (for operation against gravity) to achieve the 
previous pugging in the heating zone, and then it was again oriented in space. The tes ts  were conducted at 
severa l  positive slopes (heating zone above the condensation zone), as well as for a horizontal  orientation and 
at cer ta in  negative angles. 

Typical  t empera tu re  distributions along the length Lx of the heat pipe are  represen ted  in Fig. 1. F o r  
loads below the maximal  the heating and t r ans fe r  zones are  charac te r i zed  by i so thermy of the outer surface. 
The change in t empera tu re  along the length of the condensation zone is caused by the conditions taken ior  heat 
elimination to the s t r eam of cooling water  flowing longitudinally f rom the end of the heat pipe to the t rans fe r  
zone (curve 9). F o r  ~ > 0 ~ the excess  in the heat c a r r i e r ,  being formed in the lower par t  of the heat pipe 
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(curves 1-5) ,  also exer ts  influence on the t empera tu re  field in the condensation zone. The excess  of heat 
c a r r i e r  in the heat pipes af ter  the p r imer  did not exceed 6-~/0 of the steam volume of the condensation zone. 

The t empera tu re  of the s team along the length of the heat pipe was pract ical ly  unchanged and agreed with 
the wall t empera tu re  in the t r ans fe r  (adiabatic) zone. 

Starting with some value of the delivered heat flux, the wall t empera ture  in the ext reme section of the 
heated zone rose  abruptly, and the heating domain was gradual ly extended along the whole length of the heating 
zone (curves 6-8). The efficiency of heat-pipe operation was hence degraded.  Comparing curves  7 and 9 
(i. e., the influence of the slope for identical Q ) i s  one of the proofs that s imi lar  constra ints  on the hea t - t r ans -  
fer  capacity of heat pipes are  due to the t ranspor t  proper t ies  of the wick and are  not related to the change in 
the heat-exchange mechanism in the heating zone. The physical  meaning of the l imits in the hea t - t rans fe r  
capacity obtained experimental ly is that starting with some value of the heat flux Q = Qmax, the porous 
s t ruc ture  cannot assure  the increase  needed in the mass  flux of the heat ca r r i e r .  

+Her The characteristic dependence of the wall temperature in the extreme section of the heating zone ~W 

on the heat flux is presented in Fig. 2. The onset of the limit in the heat-transfer capacity is detected by 

means of the abrupt change in the functional dependence t~gr = f(Q) (Fig. 2a). Values of the maximum heat 
fluxes were determined graphically by means of the intersectionW of the lines tHcr..= f(Q > Qmax) and t~ r = 

f(Q < Qmax). For ~ < 0 ~ the maximum heat-transfer capacity of the heat pipes increased significantly as 

compared with the slopes ~ > 0 ~ (Fig. 2b). 

The experimental values of the maximum heat fluxes as a function of the sine of the angle of inclination 

of the heat pipe No. 2 are presented in Fig. 3. The redistribution of the lengths of the heating and transport 

zones toward an increase in the latter is accompanied by an increase in the reduced path of filtration and a 
corresponding reduction in Qmax for a given ~. Extrapolation of the experimental data obtained to intersect 

with the abscissa axis, confirmed by additional tests, showed that cessation of efficient operation of heat pipe 

No. 2 (Qmax = 0) sets in at sinq~ ~ 0.35. For such a heat-pipe orientation in the gravitational field, the 

available capillary head is expended completely in overcoming the hydrostatic head and cannot assure a flow 
in the wick. For pipes with the active length L = 500 mm the value sin~ = 0.35 corresponds to an H = 175 mm 

height of the capillary equilibrium. Such a value of H agrees with the value H = 180 mm obtained on a porous 

plate with I f/d i = 75 and P = 88.5% [5]. 

The maximum heat fluxes for heat pipes Nos. I and 2 were not achieved in the horizontalposition in this 

series of tests. Thus, the highest value of the heat flux obtained for pipe No. 2 with a heating length of L H = 
150 mm was 3 kW. 

A typical change in the mean coefficients of heat elimination governed by the relationships 

Tz~ -- q" (3) 
~-~4-- t sat ' 

~ c  = _ q c  (4) 
tsat --~-~ 

iS shown in Fig. 4. 

An analysis  of a large number  of experimental  resul ts  on heat elimination in the heating zone shows that 
the heat pipes developed operate in the boiling mode. The main proof for this is the cha rac te r  of the influence 
of the modal pa rame te r s  of the p rocess  (qH, Psat) on the heat-el imination coefficient a l l '  The influence of 
these pa rame te r s  is qualitatively analogous to bubble boiling in a large volume. In quantitative respects ,  heat 
exchange with boiling on a metal  fiber surface is considerably more  intensive than on a smooth surface. The 
modal pa rame te r s ,  the thermophysica l  proper t ies  of the working fluid, and the wick geometry  and proper t ies  
must  be taken into account in describing this process .  

Besides the boiling mode, an evaporative mode of heat-pipe operation is possible for small  heat loads 
(to ~ 1 W/em2). Heat exchange in the heating zone is hence accomplished by heat conduction through the wick 
saturated by the fluid and evaporation from the surface exposed to the steam channel. If the reduction in the 
level in the wick does not occur  in a radial  direction, then the coefficient of heat elimination a H in the evapora-  
tive mode is pract ical ly  independent of qH" 

The thermal  heat elimination res is t iv i ty  in the condensation zone is compr i sed  mainly of three thermal  
res is t iv i t ies :  a condensate film, the wetted wick, and the contact between the wick and the pipe wall. The 
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technology of fabr ica t ing heat  p ipes  with me ta l  f iber  wicks a s s u r e s  re l iable  fastening and good contact  between 
the wick and the wall  because  of solder ing the f ibe r s  together  and to the pipe shell.  Such a contact  i s  not 
spoiled during mult iple  changes  in the wall  and wick t e m p e r a t u r e s .  If the contact  t h e r m a l  r e s i s t iv i ty  is  
neglected,  the coeff icient  of heat  e l iminat ion in the condensat ion zone can then be cons idered  dependent on the 
th ickness  and the coeff ic ients  of t h e r m a l  conductivity of the wetted wick and the condensate  film. The t h e rma l  
r e s i s t iv i ty  of the phase  t rans i t ion  can exer t  a not iceable influence on the hea t -exchange  intensi ty  in the con- 
densation zone In the ve ry  low p r e s s u r e  domain. 

A m a x i m u m  radia l  heat flax density qr~ax ~ 60 W/cm 2 was also obtained for  the heat pipe No. 1 (Fig. 4). 
The l imita t ion obtained is  evidently caused  by the boiling c r i s i s  in the wick, s ince the total  heat f lax co r -  
responding to the value qn~ax was below the m a x i m u m  Qmax  according to the cap i l l a ry  t r a n s p o r t  conditions 

and the quantity q~aX does not change with the change in hea t -p ipe  or ientat ion in the grav i ta t iona l  field (--5 ~ <-- 

~o _ + 5~ The quanti t ies  qn~ax depend on the p r e s s u r e ,  the the rmophys ica l  p r o p e r t i e s  of the fluid, and the 
geome t ry  and s t ruc tu ra l  c h a r a c t e r i s t i c s  of the wicks. Thus, heat pipe No. 2, in which the wick thickness  is  
1.65 t imes  l e s s  than in pipe No. 1, in p rac t ice ,  other  conditions being equal, opera ted  efficiently for  qH = 70 
W / c m  2 (Fig. 1, cu rve  12). The value qmHax ~ 30 W / c m  2 is  obtained for  heat  pipe No. 5, which has one- th i rd  

the mean  pore  d i am e t e r  c o m p a r e d  to heat  p ipes  Nos. 1 and 2. 

N O T A T I O N  

LT,  L C; lengths of the t r a n s p o r t  and condensation zones;  din,  inner  d i a m e t e r  of the  heat pipe shell  F H / 
FC, ra t io  between the heating and condensat ion su r faces ;  5w, wick thickness;  /f/dr,  ra t io  between f iber  length 
and d iamete r ;  P, wick poros i ty ;  ~ H  -C t w ,  mean  wall  t e m p e r a t u r e s  in the heating and condensation zones; t s a  t, 
Psat ,  sa tura t ion  t e m p e r a t u r e  and p r e s s u r e .  
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HEAT TRANSFER DUE TO THE INTERACTION BETWEEN 

CONDENSED PARTICLES AND A WALL 

V. K. Shehukin, A. I. Mironov, 
V. A. Filin, and N. N. Koval'nogov 

UDC 536.24 

An approx imate  method of a s se s s ing  the heat t r a n s f e r  assoc ia ted  with coll iMons between the solid 
pa r t i c l e s  in a flow of gas  suspension and the walls  of the channel i s  considered;  

During the pa s s age  of a two-phase  flow through s t ra igh t  tubes and channels  the heat  t r a n s f e r  between 
the wall  and the condensed pa r t i c l e s  by d i rec t  contact  i s  not very  grea t ,  s ince any deposit ion of the pa r t i c l e s  
on the wall  a r i s e s  mainly  f r o m  the effect  of the pulsat ional  mot ion of the gas  on the pa r t i c l e s ,  and this fai ls  
to produce  any m a j o r  flow of pa r t i c l e s  to the wall. In flows with curved  s t r eaml ine s  (curvi l inear  and swirl ing 
flows, flow in nozzles) ,  ine r t i a l  s t r e a m s  of pa r t i c l e s  a re  conveyed to the h e a t - t r a n s f e r  sur face ,  and the ro le  
of contact  exchange in the overa l l  h e a t - t r a n s f e r  p r o c e s s  i nc r ea se s .  
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