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A method is p roposed  for  calculat ing the t h e r m a l  r e s i s t a n c e  of l o w - t e m p e r a t u r e  heat pipes.  
The r e su l t s  a r e  c o m p a r e d  with t e s t  data. 

The heat  t r a n s f e r  through heat  p ipes  is a f fec ted  by s e v e r a l  p a r a m e t e r s ,  including the t h e r m a l  r e s i s -  
tance of the pipe wal ls  and of the porous  wick sa tu ra ted  with liquid, the t e m p e r a t u r e  jumps in the e v a p o r a -  
tion zone and in the condensat ion zone, the t h e r m a l  r e s i s t a n c e  of the liquid f i lm above the porous  wick in 
the condensat ion zone, and, f inally,  the t r a n s p o r t  p r o c e s s  p a r a m e t e r s  of the porous  wick. 

All those  p a r a m e t e r s ,  except  the las t  ones,  c h a r a c t e r i z e  the p r o c e s s  of heat  and m a s s  t r a n s f e r  in-  
side the heat  pipe with the t e m p e r a t u r e  gradient  act ing as the mot ive  force .  The mot ive  force  effecting 
the t r a n s f e r  of liquid through the c a p i l l a r y - p o r o u s  m a t e r i a l  is the cap i l l a ry  potent ia l  gradient ,  which a p -  
p e a r s  during evapora t ion  and condensat ion in va r ious  p a r t s  of a porous  body. The boundary conditions in 
the condensat ion zone in l o w - t e m p e r a t u r e  heat  p ipes  can be of the th i rd ,  the second, o r  the f i r s t  kind. 

The m a x i m u m  t h e r m a l  power  Qmax which a heat  pipe can t r a n s m i t  is l imi ted,  on the one hand, by 
the c r i t i ca l  boiling mode in the wick p o r e s  and, on the o ther  hand, by the abil i ty of the porous  wick to t r a n s -  
mi t  the liquid when a c a p i l l a r y  potent ia l  gradient  appears .  Heat  p ipes  can opera te  e i ther  in the evapora t ion  
mode ,  with the liquid evapora t ing  f r o m  the su r face  of the porous  wick,  o r  in the boiling mode.  The f o r -  
mula  for  Qmax under  conditions of we igh t l e s sness  during heat  r e m o v a l  by evapora t ion  of the liquid f rom the 
su r face  of a porous  wick  is  

Qmax = 2.__.._~ K pL r' s 

based  on the equali ty 
Ap e = APL, + hpy, 

with the a s sumpt ion  t ha t / kP  V ~ 0. 

The value of Qmax at  the s t a r t  of c r i t i ca l  boiling is usual ly  found by exper iment .  

In addition to Qmax,  one m u s t  a l so  know the t h e r m a l  r e s i s t a n c e  of a l o w - t e m p e r a t u r e  heat  pipe as  
wel l  as the t e m p e r a t u r e  drop f rom the outside su r face  of the e v a p o r a t o r  to the outside sur face  of the con-  

d e n s e r  at some  fixed value of Q. 

We will  cons ide r  the p r o c e s s  of heat  and m a s s  t r a n s f e r  in a heat  pipe (Fig. 1) whose porous  wick is 
a plate of th ickness  5, width b, and length L T. We a s s u m e  that heat  is r emoved  f rom the e v a p o r a t o r  by 
the evapora t ion  of liquid at  the wick sur face ,  Le t  us se t  up the heat  ba lance  in an e l emen t  of porous  wick 
on the e v a p o r a t o r  side: th ickness  dy, width b, and length L e (Fig. 2). 

A c u r r e n t  of liquid is d r iven  by the cap i l l a ry  potent ia l  gradient  into the said e l emen t  of porous  wick, 
equal to jL(y/6)  in the y - d i r e c t i o n  and equal  to j L ( d Y / 6 )  in the x--direction. Power  Q in the y - d i r e c t i o n  is 
supplied to the wick e l emen t  by heat  conduction through the wet  porous  m a t e r i a l .  This  t h e r m a l  power  
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Fig. 1. Longitudinal  sect ion through a heat  pipe: 1) porous  wick 
in the shape of a p la te ,  length L T = L e + L c, width b, th ickness  6, 
2) top cove r ,  3) hea te r ,  4) heat  exchange ducts on the condense r  
side. 

heats  up the enter ing liquid and the porous  wick. Heat is r emoved  by the phase  t r an s fo rma t ion  during e v a -  
pora t ion  of the liquid at  the wick sur face .  

The equation of heat  balance for  the e l emen t  of porous  wick in ~he evapora t ion  zone can be se t  up as  
follows: 

Ii1 

y _1_ dy .... 
Q1AcQs = / L h L - ~ -  , ]L hL (5 ' 

dT 
Q2 = --  b L e L e f f ~  ; dy 

O~ + O~ 4 Q~ = Q~ + 0"3 + Q]; 

Out  

Q~ + Q; + QI 

Q1 4- Q~ + Q3 + dQ1 

+ dQ~ + dQ3; 

dQ1 @dQ~+dQ s=O.  

On the basis of the energy balance in this element of porous wick, we write 

__~y ( dT ) dh L ydy --0.  - - b L ~ f  --~-y dy + ]i - [ j /  " 6 

L L d2T d y dhL @ = O, 
- - b  e eff T Y -{- ]i 6 dy 

d~T ] L dh L 

dy~ = -bLo~r y T 

We will now m a k e  the following substi tution: 

dhL _ Cp L dT 1 dpL 

(1) 

q=jmr" 

r ) ) ) 
l 
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Fig. 2. Heat  ba lance  in an e l emen t  of porous  
wick,  th ickness  dy, width b, and length L e on 
the e v a p o r a t o r  side of  a hea t  pipe.  

(2) 

(3) 

(4) 

(5) 

where  Cp. L denotes  the speci f ic  heat  of the porous  
ma te r i a l  f i l led with liquid. 

F o r  wicks in heat  p ipes  dPL/d)  _, is usual ly a v e r y  
smal l  quantity which may be d i s r e g a r d e d ,  so that  

dhL. ~ Cp L dT (6) 
dy dy 

Inser t ing  (6) into (3)y ie lds  

dr2 ]LCpL 

dy ~ bLeS~,ef f 

Let  dT /dy  = Z, then 

dT 
y (7) 

du 

dZ ]LCpL -- yZ, 
dy bLeS~ef f 

dZ ]L Cp L ydy, 
Z -- bLe6~ef f 

(8) 

(9) 
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Fig.  3. T e m p e r a t u r e  d r o p  AT(~ a c r o s s  
the  p o r o u s  wick  in the e v a p o r a t o r  and in 
the  c o n d e n s e r  of  a hea t  p ipe ,  a s  a funct ion  
of  the t h e r m a l  f lux p e r  uni t  w ick  s u r f a c e  
a r e a  q (W/m2): do t s  r e p r e s e n t  t e s t  da ta ,  
c u r v e s  r e p r e s e n t  c a l c u l a t e d  va lues ,  

At  y = 6 we have  

Then  

lnCxZ= ]L CpL . 2bZ .xofiy, tlol 

1 ( ]LCUL y~) Z = ~  exp . . (11) 
2bLe6~,ef f 

The  boundar~  condi t ions  wi l l  be s t ipu la ted  a s  fol lows.  At 
y = 0  

dT 
- -  bLe~,eff--~- e = Q, (12) 

1 _ ~ Q  ; C1 - bLe~ef~f, (13) 
Ca bLe~,eff Q 

]LCp L . ~  
dT Q exp 2bL---~eff y ] . ( 14 )  dy bLe~ef f , 

T = Tsa t. (15) 

1 sat: 6 

dT ~ - -  bLe~'e f- exp dy. 2bLe~'eff y2 
Tt yx 

In t eg ra t ing  the d i f f e r e n t i a l  equa t ion  (4) tw ice  y i e l d s  the t e m p e r a t u r e  f ie ld  of  a p o r o u s  wick  f i l led  
wi th  hea t  c a r r i e r ,  p r o v i d e d  tha t  e v a p o r a t i o n  o c c u r s  a t  the w ick  su r f ace .  

A f t e r  i n t e g r a t i n g  twice ,  we  obta in  
6 

Q ~ e x p (  jLCpL y~ 28bLeX:eff T a - -  Tsat = bLeXeff ] dy. 
Yl 

(16) 

(17) 

The  t e m p e r a t u r e  d rop  a c r o s s  the  wick  f r o m  i t s  ou t s ide  s u r f a c e  to i t s  ins ide  s u r f a c e ,  in the  e v a p o r a -  
t ion  zone  of a hea t  p ipe ,  i s  

6 
Q8 exp dy. (18) 

T e - -  Tsat = bLe~eff 20Le~.eff6 ] 

In an ana logous  m a n n e r  we  d e t e r m i n e  the t e m p e r a t u r e  d rop  a c r o s s  the c o n d e n s e r  f r o m  the ins ide  
s u r f a c e  to the  ou t s ide  s u r f a c e :  

6 

bLc~eCff 2bLc~Ce f f6 

The  t e m p e r a t u r e  d rop  a c r o s s  the  e v a p o r a t o r  shea th  and a c r o s s  the c o n d e n s e r  shea th  is  

AT e = Q 61; AT c = ~ 6v (20) 
bLe~sh bLcL sh 

r e s p e c t i v e l y .  

The  to ta l  t e m p e r a t u r e  d rop  f r o m  the ou ts ide  s u r f a c e  of  the e v a p o r a t o r  to the  outs ide  s u r f a c e  of the 
c o n d e n s e r  in a f la t  l o w - t e m p e r a t u r e  hea t  p ipe  o r  s t e a m  c h a m b e r  i s  

ToCut - -  Toeut = AT e + ( r  e - -  Tsat) + (Tsar - -  Te) + AT e 
6 

Q(~I + Q' ! '  ( ]LY'CpeL ' -  
ox, 

q bLc•Cff exp 2bLei~Cetf ~ , dy + ~bLcLsh ; 
0 
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6 5 
]L y2Cp L / 

0 0 

A= ]L CpL 
2bL)~eff6' 

1. A t y < l  

6 
f A6 ~ A~6~ A367 

exp (Ay 2) dy = 6 -I- - - 7  + ~ .  5 + 3!----~ 
O 

A s i m i l a r  ana lys i s  for  a cy l indr ica l  heat  pipe [3] y ie lds  

6 

T e - -  Tsat 2nrout Le6t, eff , 4arsWut LeS?fff ~ 

6 . C 

Tsat - -  Tc -- 2nroWut/.cS~Cff ~ c 4ardu t LcSkeff 

When the boundary conditions at  the outside su r f aces  along the e v a p o r a t o r  and the condenser  a re  of 
e = c = const) ,  then the t h e r m a l  power  Q t r ansmi t t ed  by the heat  pipe can be the f i r s t  kind (Tou t const ,  Tou t 

ca lcula ted  according  to the fo rmula  

�9 2 e 

Q --: (Toeut- ToCt)b Le~shS------!-~: -l- ~Le~.eff exp . 2bLeZeeff6 } d v 
0 

Y ' 2 c 

+ 1 i" exp dy _~ Qmax" (24) 
Lc~*Cff 0d 

F o r  ver i f ica t ion  of these  r e su l t s ,  the t e m p e r a t u r e  field of a heat pipe with F reon -11 ,  F reon-22 ,  and ethyl 
alcohol  as the heat  c a r r i e r  was m e a s u r e d  in spec ia l  t e s t s  [1]. Heat pipe No. 1 was 1.8 m long, had an in-  
side d i a m e t e r  of 19.5 m m ,  and c a r r i e d  Freon .  It had been made  of s ta in less  s t e e l  The tube wall  was  
0.25 m m  thick. The porous  wick inside was  made of g lass  cloth 3.5 m m  thick, with a pe rmeab i l i ty  K = 0.25 
�9 1011 m 2 and a min imum radius  of the in te rphase  sur face  t lmi  n = 4 .10-5  m. The condenser  was 250 m m  
long, the e v a p o r a t o r  was 100 m m  long. 

The t e s t  data a r e  c o m p a r e d  with the calcula t ions  in Fig. 3. 

The equivalent  t h e r m a l  conductivi ty Xef f of porous  wicks  filled with liquid was  ca lcula ted  according 
to the fo rmula  in [2]: 

~eff 1 2 
- -  -] .  % (1 - -  h/L) 2 -[- ( 2 5 )  

~ge ~ + A 1 -~- h/l + 1 ' 
(h/ L ) 2 v~h/ L 

where  

A = 
)~c ~,g. z ( + ) 2 . 1 0 3  
)~gc + 16KcKm 

(Y 

Rmin  
K 

PL 
r '  

PL 
s =be 
b 

N O T A T I O N  

is the coeff ic ient  of su r face  tension,  kg/sec2;  
is the m i n i m u m  radius  of t h e l i q u i d - v a p o r  in te rphase  boundary,  m; 
is the pe rmeab i l i t y  of the porous  wick,  m2; 
is the densi ty  of the liquid, kg/m3; 
is  the la tent  heat  of evapora t ion ,  W- sec /kg ;  
is the dynamic  v i scos i ty  of the liquid, k g / m -  sec;  
is the c r o s s  sect ion a r e a  of the wick in a heat  pipe,  m2; 
is the wick width, m; 
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Le 
L a 

Lc 

JL 
hL 
Aeff, 

~ T  e , 

L 

Ash 
Age 
C~, L' Cc p , L  

T e,  Tc 

Tsa t  
Teout , TCout 

5 

51 
52 is the 

Z o n e ,  

roWut is the 
5 = rWut--rlWn is the 
v* is the 
UL(X) is the 

is the poros i ty ;  
is the e v a p o r a t o r  length, m; 
is the length of the adiabat ic  zone, m; 
is the condenser  length, m; 
is the c u r r e n t  of liquid through the porous  m a t e r i a l ,  kg / sec ;  
is the enthalpy of the liquid, J /kg ;  
a r e  the effect ive t h e r m a l  conductivity of the porous  wick filled with liquid in the evapora t ion  
zone and in the condensat ion zone respec t ive ly ,  W / m .  ~ 
a r e  the t h e r m a l  conductivity of liquid in the evapora t ion  zone and in the condensat ion zone 
r e spec t ive ly ,  W / r e .  ~ 
is the t h e r m a l  conductivity of the sheath of a heat  pipe,  W / m "  ~ 
is the t h e r m a l  conductivity of the wick m a t e r i a l  (glass cloth), W / m "  ~ 
a r e  the specif ic  heat  of the porous  wick filled with liquid in the evapora t ion  zone and in the 
condensat ion zone re spec t ive ly ,  J / k g .  ~ 
a r e  the t e m p e r a t u r e s  of the porous  wick at  the sur face  of contact  with the sheath of a heat 
pipe in the heat  supply zone and in the heat  r emova l  zone, ~ 
is the sa tura t ion  t e m p e r a t u r e  in the evapora t ion  zone and in the condensat ion zone, ~ 
a re  the t e m p e r a t u r e s  at the sur face  of a heat  pipe in the heat  supply zone and in the heat 
r e m o v a l  zone r e spec t ive ly ,  ~ 
is the th ickness  of the porous  wick,  m; 
is the th ickness  of the pipe sheath,  m;  

th ickness  of the liquid fi lm on the sur face  of the porous  wick in the condensat ion 
m;  
outside radius  of the wick in a cyl indr ica l  heat  pipe,  m; 
th ickness  of the wick in a cyl indr ica l  heat  pipe,  m;  
d imens ion less  feed veloci ty  of liquid into the porous  wick; 
feed veloci ty  of liquid into the porous  wick,  m / s e e .  
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