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The steady-state comparison method is used to determine the skeletal thermal conductivity 
of f ibe r -meta l  heat-pipe wicks. 

Heat pipes have severa l  unique propert ies  - effective heat t ransfer  with very smal l  differences in tem-  
perature  between the heat source and sink, the ability to t ransform the heat flux density,  and the ability to 
stabil ize the tempera ture  of thermal ly  s t r e s sed  sur faces .  These proper t ies ,  combined with compactness,  auton- 
omy, and high reliabil i ty,  account for  the wide application of heat pipes in various branches of science and 
technology. These advantages,  however,  cannot always be realized owing mainly to the defective nature of the 
wicks, which are the main s t ructura l  component in heat pipes. A wick is a capi l la ry-porous  s t ructure  in which 
movement ,  evaporat ion,  and condensation of the working fluid take place. 

The most  common wicks are made of metal sc reen  or  textile fabrics ,  which are attached in some way to 
the heat-pipe wall. The main deficiency of such wicks is the high thermal  res is tance of the wick itself and the 
w ick -wa l l  contact.  In addition, during the operation of the heat pipe, the repeated thermal  expansion of the 
wick causes  it to come apart ,  break away f rom the wall in places,  and become incapable of t ranspor t ing the 
fluid. A significant drawback of metal sc reen  and fabric wicks is their  unsuitabiIity for  operation of heat pipes 
against  the force of gravity.  

Wicks based on powdered mater ia l s  are sintered to the wails and are free of most  of the above deficien- 
cies . Powder s t ructures ,  however,  have low permeabil i ty ,  due to their low maximum por is i ty  (50-60%), 
the presence of blind pores ,  and also due to the low capi l lary  absorption charac te r i s t i cs  which resul t  from the 
presence of closed cavit ies.  

Wicks s trite red from monodisperse  metal f ibers are  super ior  in the i rp roper  ties - high permeabil i ty  [owing 
to the pract ical ly  unlimited porosi ty  (up to 95%) and complete absence of blind pores] ,  good capi l lary absorption, 
and high thermal  conductivity - to sc reen  and powder wicks [1]. The technology of fabricat ion of f iber-metal  
wicks allows the construct ion of heat pipes of any geomet ry  with prescr ibed and fixed working pa ramete r s .  The 
calculation and design of heat pipes with f ibe r -meta lwicks  require a knowledge of the thermophysical  charac -  
ter is t ics  of a capi l la ry-porous  s t ruc ture ,  which have been poorly investigated so far.  

In [2] the thermal  conductivity of wicks of s intered nickel and copper  fibers was determined.  The exper i -  
mental  results  were corre la ted  by severa l  empir ica l  equations, which the authors recommend only for copper  
f ibers  of d iamete r  43/~ and nickel fibers of d iameter  16 ~ in a narrow range of porosi ty (0.65 <- El < 1). 

TABLE 1. Values of Real Roots of Equation in [7] 
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Fig.  1. Compar i son  of expe r imen ta l ly  
obtained ske le ta l  t he rma l  conductivi ty 
of f i b e r - m e t a l  wicks (hatched region) 
with calcula t ions  f rom equations in [4], 
[61, and [7]. 

F e r r e l l  et  al. [3], who invest igated evapora t ion  of the working fluid f rom m a t e r i a l s  based on copper ,  
nickel ,  and s teel  f ibers ,  a lso gave data on the i r  t he rma l  conductivi ty,  which differed f rom the resu l t s  of [2] by 
an o rde r .  

In [4] the t h e r m a l  conductivi ty Of l iqu id-sa tura ted  f i b e r - m e t a l  wicks a re  invest igated.  To de te rmine  
the ske le ta l  t he rma l  conduct ivi ty in a d i rec t ion  para l le l  to the fel t ing plane (i.e.,  along the f ibers)  Singh et  al .  
r ecommended  the re la t ionship  

~. s = ~.1 (I --//) exp (-- fl), (1) 

which is g raph ica l ly  r ep re sen ted  by line II in Fig.  1. 

Dul 'nev e t  al~ [5, 6] devised  theore t ica l  models  of the i r  s y s t e m s  with chaotic and o rdered  s t ruc tu re .  To 
ca lcu la te  the t he rma l  conduct ivi ty of f ibrous  m a t e r i a l s  of o rdered  s t ruc tu re  (heat t r a n s f e r  a c ro s s  the f ibers)  
they proposed the equation 

[ 4v/-/(1 --/-/) ] 
k s = ~ ,  x /'/'v q- (1 --//)2 + ~ - ~ -  , (2) 

which is r ep re sen t ed  by line III in Fig .  1. Calculat ion of the t he rma l  conductivi ty for  a model of chaotic s t r u c -  
ture gives a s l ight ly d i f ferent  dependence on poros i ty  (line IV). 

Skorokhod s imula ted  a f ibrous s y s t e m  by in t e rpene t r a t ing  randomly oriented cy l inders .  In this case  the 
t he rma l  conductivi ty is calcula ted f rom an equation whose rea l  roots  a re  given in Table 1 (line I in Fig.  1). 

An analys is  of models  of heat  conduction in f ibrous s y s t e m s  shows that they have a s ignif icant  def ic iency 
- effects  due to contac t  of the f ibe r s  are  ignored (the contac ts  a re  regarded  as ideal). 

The a im of the p re sen t  work  was to invest igate  the ske le ta l  t h e r m a l  conductivi ty of s in te red  wicks made 
of copper ,  nicl~el, s t a in less  s tee l ,  and Nichrome f ibers  and to de t e rmine  the dependence of the the rma l  conduc-  
t ivity on the f i be r  m a t e r i a l ,  poros i ty ,  and f ibe r  d i a m e t e r .  

We de te rmined  expe r imen ta l ly ,  by the s t eady - s t a t e  c o m p a r i s o n  method,  the ske le ta l  the rma l  conductivi ty 
(in a d i rec t ion  pe rpend icu la r  to the fel t ing plane) of spec imens  whose c h a r a c t e r i s t i c s  a re  given in Table 2. The 
t e m p e r a t u r e  range in the exper imen t s  was 18-35~ The t e m p e r a t u r e  was measu red  with c o p p e r - C o n s t a n t a n  
the rmoeoup les  of d i a m e t e r  0.16 m m  connected to a s emiau toma t i c  R-348 po ten t iomete r  of accu racy  c lass  
0.002. The heat  flux of 0.5-5 W was m e a s u r e d  with a D-57 s tandard  w a t t m e t e r  of c lass  0.1. The heat  flux and 
the t e m p e r a t u r e  d is t r ibut ion in the spec imens ,  m e a s u r e d  when the opera t ion of the appara tus  was s teady  (after  
1-2 h), was used to calculate  the ske le ta l  t he rma l  conductivi ty by two methods - the absolute method,  
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TABLE 2. Skeletal Thermal Conductivity of Fiber-Metal 
Wicks 

Material 

Copper 

S~el 
IKhI8N9T 

Nickel 

Nic~ome 
Kh20NS0 

Nickel [2] 

Copper [2] 

Steel [3] 

dr, p 

20 

40 

70 

Nickel [31 

Copper [3] 

Nichrome 
[13] 

/7, % 

21,1 
35.2 
50,0 
66,4 
79,8 
89,5 
96,1 

19,9 
35,6 
49,7 
64,9 
79,9 
88,9 

19,8 

XuW/m. ;~,W/m- 
deg deg 

395 240 
t39 
66,5 
20,9 

7,31 
3,16 
1,9 

395 201 
98 
40 
13,4 
4,54 
2,57 

395 174 

30 

50 

50 

16 

43 

5O 

36,0 
49,8 
65,1 
78,3 

35,t 13,7 
66,0 
80,5 

34,4 66 
65,5 
80,6 

10,6 12,5 
20,6 
35,4 
50,3 
65,5 
80,3 

66,4 
84,2 
89,8 

68,8 
81,8 

58 
80 
89 

61 
82 

59 

26 
38 
42 
54 

72,1 
27,6 

9,72 
4,15 

5,36 
0,78 
0,30 

26,46 
3,35 
1,26 

10,4 
8,24 
5,09 
2,58 
0,88 
0,315 

0,848 
0,398 
0,312 

17,5 
8,5 

4,2 
1,18 
O, 743 

16,6 
2,98 

22,3 

3,45 
1,7 
1,5 
0,95 

Error, % 

: 3  
: 3  
• 
+5 
: 7  
: 1 0  
• 

•  
• 
•  
•  
: 1 0  
+ t0  

+3 
• 
•  
=7 
+10 

+5- 
• 
•  

•  
+7 
=7 

'_-3 
_~5 
• 
•  
•  
+7 

+12 
~: 20 
+ 20 

- 7  
•  

and the comparison method, 

,% = qS~, (3) 
At1 

6_! Fst h l s t  
= x st " " al- - ( 4 )  

T h e  s p e c i m e n s  w e r e  c y l i n d e r s  30 m m  l o n g ,  27 .6  m m  in  d i a m e t e r ,  c o m p o s e d  of f i b e r s  w i t h / f / d r  = 4 5 , 6 0 ,  
75 ,  100 ,  a n d  150 .  

R e f e r e n c e  c y l i n d e r s  of c o r r e s p o n d i n g  d i m e n s i o n s  w e r e  m a d e  of  p u r e  l e a d  (99.997o) and  a l u m i n u m  (99.8%) 

b y  c a s t i n g  in  v a c u u m .  
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Fig.  2. Skeletal  t he rma l  conductivi ty of f i b e r - m e t a l  
wicks as a function of poros i ty :  1) coppe r  (df = 20 p); 
2) coppe r  (df = 40 p); 3) coppe r  (df = 70 /~); 4) nickel 
(df = 50/~); 5) s ta in less  s tee l  (df = 30/~); 6) Nichrome 
{df = 50 p). I - ca lcula t ion f rom Eq. (2) in [5, 6]. 

Cal ibrat ion expe r imen t s  showed that the t he rma l  conductivi ty of the two lead s tandards  in the a s s emb ly  
was 34. 65 W/m.  deg for  the f i r s t  and 34.45 W/m.  deg for  the second. In all the expe r imen t s  the the rmal  conductivity of 
lead was taken as 34.7 W/re.  deg at  20 ~ C accord ing  to [8, 9], s ince  th e t e m p e r a t u r e  of the s tandards  var ied  f rom 18 to 
24~ and the t e m p e r a t u r e  coeff icient  of the thermal  conductivity of lead is low (0.015 W/m.  deg2). The thermal  conduc- 
tivity of pure  a luminum in the a luminum - l e a d  a s s e m b l y  was 231 W/m.  deg, de te rmined  by the compar i son  method, 
and 233 W/re. deg, de t e rmined  by the absolute method.  The tabulated value of the t he rma l  conductivi ty of a lu-  
minum is 228.5 W / m ' d e g  at 25 ~ accord ing  to [8, 10]. 

The d i f ference  between the values  of the t he rma l  conductivi ty of the invest igated s p e c i m e n s ,  de t e rmined  
by the two methods ,  did not exceed 5%, except  for  spec imens  of m a x i m u m  poros i ty ,  where  it was about 10%. 
The ske le ta l  t h e r m a l  conductivi ty of f i b e r - m e t a l  wicks,  de te rmined  by the c o m p a r i s o n  method in s eve ra l  s e r i e s  
of e x p e r i m e n t s ,  and also the e r r o r s  of the expe r imen ta l  resu l t s  a re  given in Table 2. The the rmal  conductivity 
of the wicks var ied  g rea t ly  with change in po ros i ty  and f ibe r  d i a m e t e r .  The suggest ion that the f ibe r  d i a m e t e r  
af fec ts  the the rma l  conductivity was e x p r e s s e d  as f a r  back  as in [2], b u t w a s n o t c o n f i r m e d b y  exper iment .  T h e  
d i s a g r e e m e n t  between the expe r imen ta l  resu l t s  and the data of [2, 3] is obviously due not so much to d i f f e r -  
ences  in the d i a m e t e r ,  length, and the rma l  conductivi ty of the f ibe r  m a t e r i a l ,  as  to the d i f ferent  conditions of 
felt ing,  p re s s ing ,  and s in te r ing  of the f i be r s ,  and to d i f fe rences  in expe r imen ta l  p rocedure .  

A c o m p a r i s o n  of the expe r imen ta l  resu l t s  with theore t ica l  calculat ions [5-7] showed that in the region 
of low poros i ty  the ske le ta l  t h e r m a l  conduct ivi ty  data were  in good a g r e e m e n t  with the resu l t s  of theoret ica l  
re la t ionships  based on the assumpt ion  of ideal contact  between the f ibe r s .  At poros i t ies  above 30-40% the d i s -  
a g r e e m e n t  was v e r y  la rge  (Fig. 1). The d i f ference  between theory  and e x p e r i m e n t  was pa r t i cu l a r ly  pronounced 
fo r  coppe r  f ibers  of large d i a m e t e r  (Fig. 2). This d i s a g r e e m e n t  is accounted fo r  by the resu l t s  of inves t iga-  
tion of s in te r ing  of m a t e r i a l s  of f i b e r - m e t a l s .  Kostornov et  al .  [11, 12] demons t ra t ed  by m e a s u r e m e n t  of the 
e l e c t r i c a l  conductivi ty and by meta l lograph ie  ana lys i s  that owing to the d i f ference  in number  and quali ty of con-  
tacts  in the initial  p r e s s i n g s  the qual i ty  of the s in te red  m a t e r i a l s  de t e r io ra t ed  with inc rease  in poros i ty .  Only 
s t r u c t u r e s  With poros i ty  up to 40% had pe r fec t  contac ts .  They also found that an inc rease  in f iber  d i a m e t e r  led 
to a rapid de te r io ra t ion  in s in te r ing  qual i ty  due to reduct ion of the ra t io  of the t r a n s v e r s e  d imension  of the 
fo rmed  contacts  to the f ibe r  d i a m e t e r .  

II 

Xs 

NOTATION 

is the porosi ty;  
is the ske le ta l  t he rm a l  conductivity;  
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V; = ~.2/~.1  
q 

6 l, 5st  
Ate, At s t 
F1, Fs t  
/f/df 

is the t he rma l  conductivity of f ibe r  ma te r i a l ;  
is the rat io  of t he rma l  conduct ivi ty of gas (air) to t h e r m a l  conductivity of f i be r  mate r ia l ;  
is the densi ty  of conducted heat  flux; 
a re  the d is tances  between t e m p e r a t u r e  m e a s u r e m e n t  points in spec imen  and s tandard;  
are  the t e m p e r a t u r e  drops  in spec imen  and s tandard;  
a re  the c r o s s - s e c t i o n a l  a reas  of spec imen  and s tandard;  
is the rat io  of f i be r  length to f i be r  d i a m e t e r .  
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