
M E T H O D  OF C O M P U T I N G  

OF L O W - T E M P E R A T U R E  

F I B E R  WICKS 

M. G. S e m e n a  

THE T H E R M A L  R E S I S T A N C E  

H E A T  P I P E S  WITH M E T A L -  

UDC 536.248.2 

A method is elucidat~ed for computing the thermal resistance of heat pipes with metal-fiber 
wicks, which has been developed on the basis of analytic and experimental investigations of 
heat-pipe characteristics. 

The thermal resis tance of a heat pipe is one of the main characteristics of effective heat elimination 
from a heat-liberating object into the environment or to another heat sink. The thermal resistance R~ ~ is 
ordinarily understood to be the ratio between the heat drop Att and the total heat flux transmitted by the heat 
pipe [1, 2], although methodologically it is more correct  (as will be shown below) to compute R~ ~ by using the 
heat-flux density in the heat-supply zone qh- The resistivities of the heat-supply and heat-elimination zones 
yield the main contribution to the heat-pipe thermal resistance. 

The thermal resistance of the heat-pipe heating zone depends on the modal parameters of their opera- 
tion, the thermophysical properties of the working fluid, and the geometric, structural, and thermophysical char- 
acterist ics of the wicks. Two modes of operation exist for the heating zone of heat pipes with metalrfiber 
wicks: evaporative (for q = const and small heat loads, e.g., to 1 W/cm 2 for water), and the boiling mode (as 
experiment shows, for qh > 1 W/cm2). The heat transfer in the heating zone is realized in the evaporative 
mode by heat conduction through the fluid-saturated metal-fiber wick and by evaporation from the surface 
turned to the vapor channel. In this case the thermal resistance is practically independent of the modal 
parameters of the process and is determined for a completely saturated wick (without taking account of the 
deepening of the evaporation surface) by its equivalent thickness, its effective heat conduction, and the quality 
of its fastening to the casing: 

(  O)evap= (i) 
s 

The effective heat conduction of wicks baked from monodisperse discrete copper fibers is determined 
from the equation [3] 
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An analysis of experimental results [41 shows that the boiling mode is the fundamental mode of operation 

of low-temperature heat pipes with metal-fiber wicks. The heat transfer is intensified during boiling because 
of turbulization of the fluid in the wick and the additional transport of heat by the vapor phase. In this case, the 
thermal resistance depends on the geometric and structural characteristics of the wick, the physical proper- 
ties of the working fluid, the modal parameters,  and the orientation in the gravity force field, and can be computed 
for At < 4crTsat/rPvd f by means of the formula 

Rc~ --l .17q;='/3e~/3( ~'~ t - t /3  

for (P ---~ 0 ~ n ~--- 1, for 0o~T-~90 ~ n -~- 1,1 -- 1.5; 
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The  quan t i ty  eF  t ake s  accoun t  of the  in f luence  of the wick  s t r u c t u r a l  c h a r a c t e r i s t i c s  on the i n t e n s i t y  of the  
h e a t - t r a n s f e r  p r o p e r t i e s .  The p r e s e n c e  of th i s  in f luence  i s  exp la ined  by  the  fac t  tha t  a m e t a l - f i b e r  wick  is  a 
s t r u c t u r e  of the vo lume  m e s h  type whose  f iber  s u r f a c e  Ff  c a n  c o n s i d e r a b l y  exceed  the  i n n e r  s u r f a c e  of the 
h e a t - p i p e  ca s ing  in  the hea t ing  zone  F h. The ef fec t  of  the h e a t - p i p e  o r i e n t a t i o n  in the g r a v i t y  fo rce  f ield is  
c h a r a c t e r i z e d  by  the fac tor  n~ The r e d u c t i o n  in  the  t h e r m a l  r e s i s t a n c e  of the he a t i ng  zone  wi th  the  i n c r e a s e  
in  slope is  due to the over f low of a quant i ty  of fluid f r o m  the p o r e s  of the  wick  in  the  c o n d e n s a t i o n  zone and b y  
the p a r t i a l  d r a i n a g e  of the  wick  in  the hea t ing  zone .  

The  t h e r m a l  r e s i s ~ n c e  of the c o n d e n s a t i o n  zone  c o n s i s t s  of the  t h e r m a l  r e s i s t i v i t y  of the  wick ,  the c o n -  
d e n s a t e  f i lm,  and the Wick con tac t  wi th  the  cas ing :  

�9 RI~ ~ Rw + P'fi + ~c.r (4) 
The wick resist ivi ty Rw, whose magnitude is determined by the ratio between the equivalent wick thickness 
and its effective heat conductivity, yields the main fraction of Rc c~ . 

A condensate film, whose thermal resist ivi ty equals the ratio between the film thickness and the heat 
conductivity of the working fluid, is formed on the wick surface during condensation of the heat ca r r i e r  vapors. 
The experimentally determined fluid film thickness (water, ethyl and methyl alcohol) is (II = 65-96%, df = 

20-70 ~m, If  = 3-10 ram), on the surface ofmetal-f iberwicks,  ~10 #m. 

The thermal  resis tance of the wick contact with the casing is due to the technology of heat-pipe fabrica-  
tion. Consequently, it has been established that 

for H ~ / 8 0 %  Re.t ~ 0 ,  

for / / <  80 % Rc.t ~ 5.10 -s m z .'K/W (5) 

The thermal  resist ivi ty of the phase transition and the presence of gases which don't condense and are 
practically always present  although in negligible quantities despite the careful preparation of the working fluid 
and the degassing of the inner cavity of the heat pipes (at 300~ for 5 h, with the vacuum 10 -3 mm Hg) exert  a 
significant influence on the intensity of the condensation in the heat-pipe operating range for low values of the 
vapor pressure  Psat < 0.1 bar. The presence of gases which do not condense was negligible in the heat pipes 
investigated since the heat-pipe condensation zones were characterized by high isothermy. 

The influence of the phase transition and the presence of the gases which do not condense cannot possibly 
be taken into account analytically at this time. The thermal  resist ivi ty of the condensation zone during opera-  
tion of low-temperature heat pipes in the reduced saturation pressure  domain is determined sufficiently ac-  
curately by the empirical  formula [5] 

RcC~ Rw -{- Rfi -~ Rc't (6) 
V" * ' /~at lPsat 

TABLE 1. Structural Characterist ics of Cylindrical Heat Pipes 

Heat ] 
 'u mt 
ber I 

l 
2 
3 
4 
5 
6 
7 
8 
9 

lO 
II 
12 
13 
14 
15 

28 
28 

10 
10 
10 
10 

Geometric dimensions 

din] dv.c Lt /fit 

24 20,4] 5OO 25--150 
24 22,8~ 500 25; 150 
24 20,4 500 25; 150 
5 3,4 250 50 

200 1,7 
200 0,5 
200 1,7 
100 0,8 

10 
12 
10 
18 
14 
28 
18 

8 5,4 
8 5,8 
8 5,9 
8 4,7 
8 4,4 

l0 8,8 
8 4,2 

1~ 13,9 
9 4,6 

24 20,4 
16 14 

250 10O 
250 50 
250 50 
250 50 
450 5O 
250 50; 1OO] 
250 50 
225 30; 60 
350 50 
500 : 50 
225 i 50 

100 
100 
100 
100 
100 
loo 
100 
100 
80 

200 
IO0 

1,3 
1,1 
1,05 
1,65 
1,8 
0,55 
1,9 
1,05 
2,2 
1,7 
1,0 

Wick 
istics 

87 I 40 
83 4O 
68 4O 
93 20 
89 2O 
88 20 
86 20 
83 20 
77 20 
77 20 
76 20 
75 2O 
63 50 
87 40 
75 20 

character- [ Thermal m- 
I sistance 

,-i M t  .~  I::~ 
~ �9 o ,  �9 �9 

2,8 ! 57,7 
4,3 t3,1 

13,4 18,4 
1,5 45 
2,7 41 
3,1 31,6 
3,9 25 
5,5 24,4 
9,3 20,9 
9,3 12,1 

10,3 20,2 
10,7 15,7 
16,0 16,3 
2,2 77 
9,9 19,2 

7,3 65 
5,5 18,6 
9,8 28,2 
5,7 50,7 
7,8 48,8 
7,6 39,2 
7,9 32,9 
9,4 33,8 

10,6 31,5 
7,8 19,9 

tl,0 31,2 
9,8 25,5 
9,8 26,1 

13,8 90,8 
18 37,2 
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TABLE 2. Structural Characterist ics of Plane Heat Pipes 

Hear 1 

bet 1 

16 
17 
18 

._ G eome~ic dimensions, 

23 
1| 
I0O 

1 300 100 

Wick characteristics Thermal re- 
sistance 

�9 . �9 . �9 . o 

o ~'-I;o " o  

lO0 i 0,5 85 50 i 3,3 22,9 5,0 127,9 100" 0,5 75 50 7,7 13,1 5,7 18,8 
I00 0,5 75 50 7,7 13, I 5,8 t8,9 

where 0.03 _ Psat -< 0.1 bar;  P~at = 0.1 bar. 

The thermal resistance of the transport  zone, caused by the presence of a temperature gradient in the 
vapor, is negligible compared to the resist ivi t ies R~ ~ and RcC~ The thermal resistance of the heating and 
condensation zone casings is insig~Sficant in the resis tance chain and can often be  neglected. Hence, the 
thermal resistance of heat pipes can be computed from the equations 

CO 

Rr--  qh Pc 

An analysis of (7) for Fh = Fc shows that the thermal resistance of heat pipes depends not only on the 
modal parameters  of its operation, the wick characterist ics,  and the heat car r ier ,  but also on the size of the 
condensation and heating zones, Le., the same heat pipe can have quite distinct values of p~O depending on 
Fc (Pia). Considerable difficulties occur even in operating with the thermal resistance concept when compar-  
ing heat pipes with different geometric constructions. The thermal resistance of a heat pipe computed by (8) 
is determined only by the intensity of the heat-transfer processes  taking place within the apparatus, and com- 
pliance with the condition Fh = Fc is ordinarily sufficient for an estimate of the thermal resist ivity of heat 
pipes of different construction. Conservation of the adequacy of the medal operating parameters  is necessary  
for a more accurate comparison. 

The method of computing the thermal resis tance of heat pipes with metal-fiber wicks includes the follow- 
ing steps: 

1) determination of the wick effective heat conductivity by (2); 

2) computation of the thermal resist ivi ty of the wick, the condensate fihn~ and the wick contact with the 
casing; 

3 )  computation of the thermal resist ivi ty of the condensation zone by (4) for Psat  > 0.1 bare and by (6) 
fQr Psat < 0.1 bar;  

4) computation of the thermal resistance of the heating zone in the evaporative mode (qh < 1 W/cruZ) b y  
(i) and in the boiling mode (q_h >~I W/cm 2) by (3); 

5) determination of the zone length filled by the overflowing fluid during heat-pipe operation against the 
gravitation forces (~ > 0 ~ [6]: 

(9) 
B = prig s in~/hpc  h , Apc h = 4~[Dm, 

tn ~., SI3; S : 0.63 in [0.45 (Dm ~ 45)], 50 < D m < 200turn; 

6) determination of the heating and condensation zones surface for cylindrical heat pipes 

r ~  = ud~nL ~, Fc = udv.o (Lr --  L~) (I0) 

and ptane heat pipes 

Fh = 2(a-i-h)Lh, Pc = 2(a + h - - 2 5 w ) ( L c ~ L i ) ;  (11) 

7) computation of the thermal resis tance of heat pipes by (8). 
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Fig. I .  T h e r m a l  r e s i s t a n c e  of low t e m p e r a t u r e  heat  pipes with 
m e t a l - f i b e r  wicks,  a) For  a horizontal  orientat ion:  l)  Heating 
pipe HP No. 5; 2) No. 1 (L h = 150 ram); 3) No. 4; 4) No. 6; 5) No. 
8; 6) No. 1 (L h = 2 5 m m ) ; 7 )  No. 2 (L h = 2 5 m m ) ,  b) D u r i n g o p e r -  
ation agains t  the gravi ta t ional  fo rce :  1) HPNo.  6;2) No. 8; 3) No. 12; 

~4)No. 2 (Lh- -25mm);  D r176 I'D 5; I I~  10;IV) 15;V) 30; VD 
45; VII)  90~ the shading denotes  the s lope for  a l l  kinds of  poin~ 
e .g . ,  open c i r c l e  0 ~ , . . . ,  comple te ly  b lackened 90 ~ The curves  
a r e  for  a computat ion by  (8); the dashes  a r e  for  HP No. 12 o p e r -  
a t ing aga ins t  g rav i ty  for  q~ = 90 ~ and the sol id l ines a r e  for  the 
hor izonta l  posi t ion ~ = 0 ~ Rf~ m 2" ~ qh, W/ms. 

I I //Y/I I 
I , ,!23~56 7 8 .R~c ~ i0 ~ 

Fig. 2. Nomogram to compute  the t h e r m a l  r e -  
s i s t ance  of the condensation zone. I) D iame te r  
of the d i s c r e t e  f ibers  df ,  p.m: 1) 70; 2) 40; 3) 20. 
If) Wick thickness  ~w, p_m: 1) 0.5; 2) I ;  3) 1.5; 4) 
2. TIT) Saturation p r e s s u r e  Psat,  ba r :  (1) 0.1; 2) 
0.09; 3) 0.08, e tc . )Xef ,  W / m - d e g . K ;  co 2 R w , m - deg 
KIW; ~,%. 

The r e s u l t s  of  a computat ion by the method elucidated w e r e  compa red  with expe r imen ta l  da ta  obtained on 
18 hea t  pipes whose s t r u c t u r a l  c h a r a c t e r i s t i c s  a r e  p resen ted  in Tab le s  1 and 2. The cas ing  and wick m a t e r i a l  
is copper  and the hea t  c a r r i e r  i s  wa t e r  (ethyl alcohol  in hea t  p ipes  Nos. 14 and 15). Also  r e p r e s e n t e d  in T ab l e s  
1 and 2 a r e  the r e s u l t s  of  comput ing the  t h e r m a l  r e s i s t a n c e  of  the condensat ion and heat ing  zones  (for qh = 5 
W / c m  2 and t s a  t = 50~ and of the hea t  pipe a s  a whole (for F h / F  c = 1 and  9 = 0~ - 

In the evapora t ive  mode ,  which was often accompanied  by  opera t ion  at reduced  sa tu ra t ion  p r e s s u r e s  b e -  
cause  of intense cooling [4], the inves t igaf~l  hea t  p ipes  a r e  cha rac t e r i zed  by a high speci f ic  t h e r m a l  r e s i s t -  
ance whose value is  reduced sharp ly  with the p a s s a g e  over  to  boil ing of the hea t  c a r r i e r  in the wick,  a s  wel l  
as  with the i nc rea se  in sa tu ra t ion  p r e s s u r e  (Figs .  l a  and b). The influence of the moda l  p a r a m e t e r s  is r e -  
duced in the domain  of developed bubble boi l ing and Psat  > 0 . i  b a r ,  and the  R~ ~  of  hea t  p ipes  a t  ~ = 0 ~ is �9 
de te rmined  main ly  by the t he rm a l  r e s i s t a n c e  of the condensation zone (1~co >> R~o). Substantial  lower ing  of  the 
t he rma l  r e s i s t ance  R~ ~ can be  achieved in this opera t ing  mode because  of the i n c r e a s e  in the condensation zone 
sur face .  

In some  ca s e s ,  when the t h e r m a l  r e s i s t a n c e  of the heat ing and condensat ion zones  is  c o m m e n s u r a t e ,  a 
reduct ion  in R~ ~  occu r s  with the i nc r ea s e  in the slope of the hea t  pipe r e l a t i ve  to the hor izon ta l  plane (the 
hea t - supp ly  zone is  above the hea t - e l imina t ion  zone). The  s lant  of  these  hea t  p ipes  ( ~ > 0 ~ causes  pa r t i a l  
d ra inage  of the wick  and intensi f ies  the h e a t - t r a n s f e r  p r o c e s s  in the heat ing zone,  which r e s u l t s  in a no t i ce -  
ab le  reduct ion  in the t h e r m a l  r e s i s t a n c e  of the hea t  pipe a s  a whole (HP No. 12 in Fig. lb) .  

A h i s t o g r a m  of the d i s c r epanc i e s  bet~veen the  computed and t e s t  va lues  of  the t h e r m a l  r e s i s t i v i t y  of the 
18 hea t  p ipes  was  cons t ruc ted  f r o m  the r e s u l t s  of the c o m p a r i s o n  for  d i f ferent  or ien ta t ions  in the g rav i ty  field. 
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Fig. 3. Nomogram to compute the the rma l  r e -  
s is tance of the heating zone. 1) Saturation t e m -  
pe ra tu re  tsat ,  ~  1) 200; 2) 80; 3) 40; 4) 20. 
I I ) T h e p a r a m e t e r s  1) 10; 2) 20; 3) 50; 4) 
100). HI) The slope 9, deg (1) 90; 2) 45; 3) 30; 
4) 15; 5 )2 .5 ;  6) 0. qh, W/m 2. 

E3Z . . . .  I , I  ' - Y - 1  
_ _  _ - ~  8~7 

_co I 1 e '.0 . ~ a ~  I _ ~' J 
= -= ==~ 

5 ! i  ~ . . . .  
, 130 

,LLO' z2 ,= ......... 1 

Fig. 4. Nomogram to compute the t he rma l  r e -  
s is tance of heat  pipe s. I) The ra t io  F h / F c :  1) 
0,I; 2) 0.2, . . .  ; I0) 1.0; II) 1,2; 12) 1.4). 
HI) Theheat flux density qh, W/cm2: I) 2; 2) 
3 ; . . .  ;9) I0; 10) 14; 11) 20). 

The nature of the h i s togram is s imi la r  to  a normal  dis t r ibut ion curve  and no sys temat ic  deviations were  ob-  
served.  The r m s  d i sc repancy  for 330 points is • 

A method to de t e rmine  the the rma l  r e s i s t iv i ty  of heat  pipes by  using nomograms  (Figs. 2-4) was deve l -  
oped to s implify the computations. Wewill s h o w t h e u s e o f t h e  nomograms in computing the the rmal  res i s t iv i ty  
of heat  pipes. 

Let  it be  requ i red  to de te rmine  the the rma l  r e s i s t ance  of a plane heat  pipe of length Lt " 300 mm (Lh = 
50 mm, Lc = 150 mrn) with inner casing dimensions 15 x 4 m m  (wall thickness i s  6wa = 1 rnm) which has a 
copper  me ta l - f i be r  wick (dr = 20/an ,  I f  = 3 ram) of the thickness 1 ram, poros i ty  II = 80%, and operat ing with 
water  as heat c a r r i e r  for  O = 100 W and tsa  t = 40~ The orientat ion in the gravi ty field was r = 30 ~ 

We find the the rma l  r e s i s t ance  of the wick (Fig. 2) along the line abcd for  given geometr ic  and s t ruc tura l  
cha rac t e r i s t i c s  of the wick~ and the type of heat  c a r r i e r .  We lay off the segment  de corresponding to the 
t he rma l  r e s i s t ance  of the condensate film Rfi = 1.67" 10 -5 m 2 "deg K/W as well  as the wick contact  with the 
heat  pipe casing (in this case  Rc. t = 0). We draw em to in tersec t  the line Psat = 0.074 bar  (tsa t = 40~ The 

co = 18.10 -5 m 2 -deg K/W (the segment  On). t he rma l  r e s i s t ance  of the condensation zone equals R c 

We find the t he rma l  r e s i s t ance  of the heating zone (e F = 37) for ~o = 0" (the segment  0d) f rom the known 
heat  flux densi ty  (~n = Q/Fh  = 5.3 W/cm 2) in Fig. 3 by the line abcd. We draw de to in te rsec t  the line r = 
30 ~ The des i red  the rmal  r e s i s t ance  R~ ~ is 7" I0 -s m 2- deg K/W (the segment 0m). 

We lay off the segment  0a equal to Rc c~ along the absc issa  axis in Fig. 4, and we draw ab para l le l  to the 
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ordinate axis to intersect the line F h / F  c = 0.42. We draw bc parallel to the abscissa axis. We lay off the seg- 
ment cd equal to I~  ~ on the ordinate axis. We find the heat-pipe thermal resistance, equal to 0d or 0e 
(R~ ~ = 15.10 -5 m2-}~eg K/W). The temperature drop along the length of the heat pipe At t = 8~ can be deter-  
mlhed by means of the line emn. 

N O T A T I O N  

D, wick pore diameter; d, diameter; F, surface area; Fw, wick cross-sectional area; a, h, inner width 
and height of plane heat-pipe casings; L, l ,  length; II, porosity; p, pressure;  APch , available capillary head; 
Q, heat flux transmitted by the heat pipe; q, heat flux density; R, thermal resistivity; r ,  heat of vapor forma- 
tion; t, temperature; At, temperature drop; 5, thickness; Xef, coefficient of effective wick heat conduction; 
Xl, },2, coefficients of heat conduction of the metal and liquid; v, coefficient of kinematic viscosity; p, density; 
a,  coefficient of surface tension; 9, slope of the heat pipe relative to the horizontal plane; ~2, perimeter. 
Indices: f, fiber; in, inner; fl, fluid; c, condensation zone~ h, heating zone; sat, saturation; v, vapor; v.c, 
vapor channel; fi, film; co, computed; m, mean; t, heat pipe; W,~ wick; ex, experimental. 
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