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Heat and mass  exchange is ca lcu la ted  for the wicks of coaxia l  heat  pipes  dur ing convect ive 
heat t r a n s f e r  between a fluid and the pipe wall .  

F o r  cool ing and heat s t ab i l i za t ion  of cy l i nd r i ca l  dev ices  such as o s c i l l a t o r  tubes ,  k l y s t r o n s ,  and t r a v e l -  
l ing-wave tubes ,  it  is  convenient  to use coaxia l  heat  p ipes  in which heat  t r a n s f e r  is  r a d i a l  [1]. The design 
of a coaxia l  pipe for  se lec t ion  of the best  combinat ion of porous  wick and coolant  for  given geomet r i c  pipe 
d imens ions  and t h e r m a l  flux can be c a r r i e d  out by a method s i m i l a r  to that in [2, 3]. 

In a coaxia l  heat  pipe,  the heat  source  can be located e i t he r  on the ex t e rna l  sur face  or  on the in te rna l  
sur face  (Fig. 1). In p a r t i c u l a r ,  when the heat  source  is  located on the in te rna l  sur face  (osc i l l a to r  tube 
co l l e c to r ,  l iquid or  gas flow), the heat flux can be t r anspor t ed  without g rea t  loss  in the r a d i a l  d i rec t ion  to 
the e x t e r n a l  sur face  of the pipe and d i s s ipa t ed  into the su r rounding  medium. 

In such a pipe (Fig.  1), there  a re  three  sec t ions  of porous  wick along which fluid t r a n s p o r t  occurs :  
1) a wick in the reg ion  of vapor  condensat ion;  2) a wick in the form of a d i s k  connecting the evapora t ion  and 
condensat ion r eg ions  r a d i a l l y ,  which can be cons ide red  an adiabat ic  reg ion  of the pipe; 3) a wick in the 
evapora t ion  region .  

In a coaxia l  heat  pipe,  the porous  d i sks  (adiabatic  reg ions)  a r e  located at a spacing 2LK= 2L e and 
s e p a r a t e  the pipe into a number  of independent segments .  If one c o n s i d e r s  heat and m a s s  t r a n s f e r  in one of 
these segmen t s ,  it i s  then suff icient  to mul t ip ly  the r e su l t an t  value of the heat flux q by the a r ea  of the en-  
t i re  condenser  or  e v a p o r a t o r  su r face  in o r d e r  to de te rmine  the amount of heat t r a n s f e r r e d  in the en t i r e  pipe. 

To ca lcu la te  the heat  and mass  t r a n s f e r  in the wick of a coaxia l  heat  pipe,  it  is  n e c e s s a r y  to make the 
following assumpt ions .  
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Fig.  1. D iag ram of coaxia l  pipe: 1) wick of condenser  e lement ;  2) 
ad iaba t ic  zone; 3) wick of e v a p o r a t o r  e lement ;  4) vapor  channel; 
5) pipe wal l  in condenser  zone; 6) pipe wall  in e v a p o r a t o r  zone. 
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Fig.  2. F l e m e n t  of  c o n d e n s e r  s e c -  
t ion of coaxia l  heat  pipe with length 
dz and th ickness  r K - - r  K. 
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p r o c e s s  o c c u r s  in the second half  a lso.  
in the e v a p o r a t o r  r eg ion ,  L e (Fig. 1). 

1) The wick  is i n c o m p r e s s i b l e  and is of cons tan t  th ick-  
nes s  in the sec t ions  L K, L a and Le.  The po rous  cap i l l a ry  body 
is i so t rop i c ,  and in any c r o s s  sec t ion  the pore  a rea  of  the wick,  
Sp, and the total  a r e a  S main ta in  the r e l a t ion  Sp/S = H. 

A s i m i l a r  r e l a t ion  is main ta ined  fo r  volume poros i ty .  

2) The vapor  and liquid over  the en t i re  c o n d e n s e r  length 
L k and e v a p o r a t o r  length L e a re  at cons tan t  t e m p e r a t u r e ;  there  
is no supe rcoo l i ng  of supe rhea t i ng  of the liquid and the vapor  
p r e s s u r e  Pv - cons t .  

3) The vapo r  is condensed  at the l i q u i d - v a p o r  boundary  
and has a ve loc i ty  U v in a d i rec t ion  n o r m a l  to the s u r f a c e ,  
i . e . ,  the ve loc i ty  U v has no componen t  a long the z axis ;  a c -  
co rd ing ly ,  there  is no change in m o m e n t u m  along the axis .  

4) The ve loc i ty  of the liquid f lowing in the po rous  wick,  
U/, has  only a z componen t ,  is cons tan t  ove r  the en t i r e  th ick-  
n e s s  of the wick and is equal  to the ave r age  ve loc i ty  of  the 
liquid in a single cap i l l a ry ,  i . e . ,  is  d e t e r m i n e d  by the D a r c y ' s  
law. 

5) We neg lec t  the e f fec t  of  the g rav i t a t iona l  field. 

Since the po rous  to ro ida l  s l eeves  (adiabatic zones)  s e p a -  
r a t e  the coaxia l  pipe into a n u m b e r  of  independent  sec t ions ,  it 
is suff ic ient  to cons ide r  half  of such a sec t ion  s ince  the ident ica l  

The length of  a ha l f - s ec t ion  in the c o n d e n s e r  r eg ion  is LK, and 

6) We a l so  neg lec t  all  t e r m s  conta in ing  d i f fe ren t i a l s  of second  and h igher  o r d e r s  because  of the i r  
s m a l l n e s s .  

7) T h e r e  is no liquid f i lm on the su r f ace  of  the wick; vapor  condensa t ion  takes  p lace  d i r ec t l y  in the 
p o r e s  and evapora t ion  is f r o m  the wick  p o r e s .  

We shal l  c o n s i d e r  in o r d e r  the th ree  e l e m e n t s  of  a ha l f - s ec t i on  of  the wick,  beginning with the con-  
dense r .  We a s s u m e  the ve loc i ty  of the liquid is z e r o  at the point  0, the junct ion of the two ha l f - s ec t i ons .  

1) Condense r .  A sec t ion  of the coaxia l  pipe is ske tched  in Fig .  1. We cons ide r  m a s s  and e n e r g y  
ba lance  for  an e l emen t  of  the p o r o u s  condense r  of  length dz ,  ex te rna l  d i a m e t e r  2r  K and in te rna l  d i a m e t e r  
2r K (Fig. 2). 1 

a) Mass  ba lance :  

]z(,) = Pz n (r'~ ~ - -  r~':) U z lI ;  

Uz r = UI (~) -.!- dUl : 

Jz(2) = Pl I I a ( r ~  ~ - -  r;- ') b~,  = Pl I I a ( r 7  ~ - -  r~=) (Ul ,  dUl,); 

]v = PvLJvI12a"~ dz = Jz (~-) - -  i z (O  = 0z I ]~  (r~ ~ - -  r~ ,~) -dz--dUZ dz, 

(1) 

(2) 

(3) 

(4) 

(5) 

Fpl --- fp~ - -  Ff = P'l UllIn (r i - -  r~') - -  Pl U~Hg (r~ "~ - -  r~:) 

d (U~) dzIIn (r~" -- r~:). (6) 

In a c c o r d a n c e  with D a r c y ' s  law: 

Ff = K~ ,~z~' z J l Ildz = K~ll~n (r~: - -  r ~ )  ~z Uz dz; 

( 2~ IIn(r~:-r~=); F~, = &' - - E  

(7)  

(8) 
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,/ 2o ) 
Pp2 = {Pv - -  flg (rK ~ - -  r~-). (9) 

Subst i tut ing Eqs .  (7)-(9) into s  (6), we obtain 

dR d(U[) dz (io) 
--2ca R---Z- - -  ILK~FIUtdz = 9l dz - -  

b) E n e r g y  Balance .  We shal l  c o n s i d e r  e n e r g y  balance  in an e l e m e n t  of the po rous  c o n d e n s e r  of  a 
coaxia l  heat  pipe a s s u m i n g  that  the t h e r m a l  e n e r g y  in the po rous  wick  is t r a n s f e r r e d  by convec t ion  and 
t h e r e f o r e  neg lec t  heat  t r a n s f e r  by t h e r m a l  conduct ion:  

Qt(,) + qv = ql(..) = Q'; 
qz(1) = J l h l  = at Pz I I ~ ( r T '  - -  r~") UU; 

qv = ]caw = hvOl Hg  (r~" - -  r~") dUl  dz: 
�9 dz 

ql(~) = ] l h z  -t- d(]ldzhl) d z = h  lpzII,IrK. - - * o  c-)n U t §  dz ; 

Q1 = q2gr~dz. 

Summing  s  (12)-(14) and (15), we obtain 

(h v -  hz) 9Z.II~ (r~ ~ - -  r~') dUl  0 .... dhl dz Pl II~ - -  rg") U l . q2~r'~; 
, i dz 

dh l 
Ut - ~ z -  9l I I~ (r~ ~ - -  r~) ~) - -  (h v -  h l ) Pl H~  t r  '~ - -  r'Cq dh l -!- q2~r~ = O. 

~ o,  dz 

Since (dhl/dz) = 0 b e c a u s e  of a s s u m p t i o n  (2), we have:  

dUg = q2~r~ ; 
r',~ ( C  - "~~) -22z 

2q~r~ dUl _ 

dz 

(19) f r o m  0 to L K, we obtain 

r'pz I]~ (r~ ~ - -  r~ {~) " 

I n t eg ra t i ng  }~q. 

(11) 

(12) 

(13) 

(14) 

(15) 

(16) 

(17) 

(18) 

(19) 

2qr~ 
U1 = . r ,  9 z [ I  (r~" - -  r~ ' )  L , ,  (20) 

2q~r '~ 
]Z = 9 l l I n ( r ' ~ ' - - r ~ ' ) U  l = - r' L , .  (21) 

2) Adiaba t ic  Region .  The adiabat ic  r eg ion  is in the f o r m  of a d i sk  of  r ad ius  r0 K and th ickness  6 having 
a c e n t r a l  opening of  r ad iu s  r e adjoined�9 by the po rous  e v a p o r a t o r .  The adiabat ic  r eg ion  has a coef f ic ien t  
of  r e s i s t a n c e  K 2 << K l, 

T r a n s f e r  of  liquid th rough  the adiabat ic  r eg ion  in the r ad i a l  d i r ec t ion  f r o m  c o n d e n s e r  to e v a p o r a t o r  
fol lows the D a r c y ' s  taw 

~ Pz 
K e (22) ]~ = K~_ In (% 1%) ~l 

The p ressure  drop because of the d i f ference in curvature of the l iqu id -vapor  boundary at the end of 
the c o n d e n s e r  and in the adiabat ic  r eg ion ,  which c a u s e s  the liquid to move ,  can be de t e rmined  by equa t ing  
the flow (21) out of the condensa t ion  r eg ion  to the flow (22) which p a s s e s  th rough  the adiabat ic  reg ion :  

2(~ 2cf K2q~r ~ L~ In ~(r Ko . '  / ~oj ~z 
R~ Re ~~'z r'5 (23) 

3) Evaporator .  The evapora tor  of a coaxia l  heat pipe has the fo rm of a hottow cy l inder  wi th  the 
geometr ic dimensions r e, r e, and L e. 

In the plane z = Le ,  the r a t e  of l iquid t r a n s p o r t  th rough  the po rous  wick  is 
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Ul (~=Le). Jl 2q.r~ L~ 
2 ~  "~- - -  " H(r~ --ro )rpz Pt [In(ri: -- Po e) ,.e 2e , (24) 

If it is assumed the thermal  flux is supplied uniformly to the entire area of the evaporator  and evapora-  
tion occurs  f rom the surface of the porous wick, then, as in the condenser ,  the velocity of the liquid in the 
pores  of the wick in the z direction will be proport ional  to z. Thus 

Ul ;z=L~ __ L e 
; (25) Ul(z) Le-- z 

2q.r~ L. ( Le -- z) 
UI (z) = ~e (26) 

I I ( r i  - -  4e) POt Le 

The general  integral  equations for conservat ion of energy,  mass .  and momentum in the condenser  
and evaporator  of the heat pipe have the form 

R z = L  K L K 

- -  2~ R ~ - - ,  K~N r'h(d ~_?o~) zdz 
R z =  0 0 

L. K 4a2 r2~ 
N K t 

= r'~9l II~ ( d " -  r2 ~ )~ zdz; (27) 
0 

Rz=o 0 
; 2( dR ; 2q.r,L. (Le--z) d z 

R ~ -- K'PI r'pz (d e -  r~ e) Le 
R z ~ L  e, L e 

_-- J'~ 4q~r~" L~,, ~ d (Ledz-- z)2 dz. __ (28) 
n'~(d"-d")r OzLe 

L e 

If we integrate Eqs. (27) and (28) 

2a ~Z r~ L~ 

Rmin ' q~ Pz r' 

and add them, we obtain, by using Eq. (23), 

[ K~ ln (r~/r~ K~Le ~_ K~L. ] 
6 ( d ~ -  rg~ ) (d ~ - ,k ) 

n~/p, [ - ( d " - 8 %  ~ (d',-,-o~") ' ]' (29) 

We introduce the following notation: 

A=[ 
1 

B ~  

C = [ Klr'~l IP 1 
2q~r~ ( r~ r'~ '~ ) 

in (r~lre o ) 
D =  K~ 6 

Equation (29) can be solved with respec t  to LK 

4r~q.C + 

OZ r'IIM V 
qH 4r~LHB + 

K1 ?.~, 4~) d~_ d~) ; 

1 

- -  ( d  - - - ~  -- r ~ ' ) - ; -  ; 

1 1 ] 
Lo] 

+ K ,  d ~  - d~ �9 

or qK: 

r'pq II2D )2 
4r~q.C 

ar'~'pl II 2 
r~ 2 qKCRmin 

r,Fl H2A )2 
4r~ L~fl -~- 

or'*9l [I 2 
F2iK 2 LKB~min 

(30) 

(31) 

Since the entire heat pipe consis ts  of n sect ions,  we have 

Lp = 2L~n. (32) 
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The thermal  flux in the evapora tor  is 

Gr~L, 
qe r~L e (33) 

The thermal  power fed to the evapora tor  and dissipated by the condenser  is 

Q = - -  qe2nreoLp = - - -  qK2~r~ L p. 

The method of calculat ing the section length L K for a cylindrical  condenser  in a coaxial heat pipe with 
a given qK, the type of coolant,  the t ranspor t  cha rac te r i s t i c s  of the wick and its geometr ic  dimensions can 
be i l lustrated by the following example. 

Let th~ porous wick of the heat pipe in the evaporation and condensation regions have the following di- 
m e n s i o n s : r ~ = 4 . 1 0  - 2 m ,  r K =  3 .9 .10  - 2 m ,  r~ = 1 . 1 . 1 0  - 2 m ,  r e =10  - 2 m .  Its permeabi l i ty  i s K = l / K  1 
= 0.16.10-9~na2; Rmi n = 3 .10  -4 m, and the porosi ty II = 0.7. 

We assume the permeabil i ty  of the adiabatic region is considerably grea ter  than the permeabil i ty  of 
the wick in the evaporation and condensation regions ,  K 2 << KI, so that it need not be considered in the ca l -  
culations. 

The coolant cha rac te r i s t i c s  are:  Pl = 0.79.103 kg/m3; o- = 18.3.103 j /m2;  #l = 1 .2 .10  -3 k g / m - s e c ;  
r '  = 1.1 �9 10 s J/kgo 

Let the given thermal  flux be qK = 104 W/m2: 

A = 6.2.10 ~ m-z; B = 26.6.10 s m z. 

For  the conditions given, the length of a condenser  section is 

L H = 0.14m. 

The total thermal  power dissipated by a condenser  section is 

Q~ = 680 W. 

ff 

1:{ min 
K2 
K 
K~ = 1/K 

Pl 
r '  

II 

LK 
Le 
5 

Jl, Jv 
Uv, Ul 
F f  
Fpl,  Fp2 
Q 

hv, hl 
q 
R 

QeT, QKT 
Lp 

N O T A T I O N  

is the surface tension coefficient; 
is the minimum radius of curvature  of l iquid-vapor interface;  
is the hydraulic res i s tance  of the adiabatic zone; 
is the permeabi l i ty  of the porous wick; 
is the hydraulic res i s tance  of the porous wick; 
is the liquid density; 
~s the latent heat of evaporation; 
is the liquid viscosi ty;  
Is the porosi ty;  
is the length of the condenser  element; 
is the length of the evapora tor  element;  
is the thickness of the adiabatic zone; 
are  the liquid and vapor flows; 
are the vapor and liquid velocit ies;  
is the frict ion force;  
are the p re s su re  forces  at points 1 and 2; 
is the heat power; 
are the vapor  and liquid enthalpies; 
is the heat flux; 
is the pore radius;  
the total heat power t r ans f e r r ed  in evapora tor  and condenser  of heat pipe; 
is the length of the heat pipe. 
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