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The resul ts  of an experimental  investigation of the contact angles of h igh-poros i ty  copper 
wicks for heat pipes in water  and organic liquids a re  given. Recommendat ions for bet ter  
wetting of the porous wick s t ruc ture  by the hea t - t r ans fe r  agent a re  offered. 

Heat pipes a re  now being used to an ever  increas ing extent in power engineering, e lect ronics ,  chemi-  
cal machine construction,  and other branches  of industry.  The development and the design of he_at pipes 
requi re  careful  investigation of cer tain physicochemical  p roces se s  which charac te r ize  the operat ion of 
such devices .  A more  thorough understanding of these p roces se s  and the ability to control them would 
make it possible to improve the basic charac te r i s t i c  of heat pipes --  the capacity to t r a smi t  the maximum 
possible thermal  flux. 

The capacity of the wick to ensure  the required mass  flow velocity of the liquid hea t - t r ans fe r  agent 
is one of the factors  limiting the maximum heat flux through the pipe. The capi l lary head, which causes 
the liquid to move in the porous wick, is determined f rom the Laplace equation in the following form:  

4a 
-- - -  cos O. (1) 

A p c -  Dme 

The contact angle in wetting is an important  charac te r i s t i c  of the m a t e r i a l - l i q u i d  pair  acting as the 
wick and the hea t - t r ans fe r  agent in a heat pipe. 

The wetting of a solid surface  by a liquid involves a complex physicoehemical  p rocess ,  which takes 
place in a heterogeneous sys tem.  The contact angle can be considered as a perfec t ly  determinate  physical  
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Fig. 1. Distribution of contact angle of 
a copper surface  with water:  n/N, di-  
mensionless ;  O, deg. 
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TABLE I. Results of Contact- 
Angle Measurements Based on 
the Resting-Drop Method 

Contact angle 
Liquid for copper 

surface, O* 

Wa t er 
Acetone 
Ethxl alcohol 
Me%hyl alcohol 
Methylal 
Freon-ll 

72• 
0 

15+5 
0 
0 
0 

p a r a m e t e r  only for sys tems  that have reached thermodynamic  
equilibrium. In this case, it is determined by the surface char -  
ac te r i s t i c s  of the liquid and the equilibrium adsorpt ion layer .  The 
thermodynamic  charac te r i s t i cs  of the adsorpt ion layer ,  in turn, 
a re  determined by the force field of the solid surface .  The p r e s -  
ently avai_lab!e a nalyt!cal  methods for determining the surface  
energy a re  applicable only to the ideal case of a regular  monocrys -  
tal in a vacuum. It is difficult to calculate the contact angle for an 
actual sys tem because of the indeterminacy in averaging the free 
sur face  energies .  Therefore ,  experimental  data obtained f rom con- 
tact  angle investigations have prac t ica l  importance.  

The contact-angle  values given by different authors for the same so l id - l iqu id  pair  differ f rom each 
other for the most  par t  because of the chemical  and mic rogeomet r i c  su r face  nonunif0rmities of the speci -  
mens and the effect of experimental  conditions. Thus, the contact angle determined with respec t  to the 
p a r a m e t e r s  of a smal l  drop of doubly distil led water  on a copper filament was equal to 44 �9 2 ~ in [1]. The 
experiments  were pe r fo rmed  at the t empera tu re  t = 17.8~ The contact angle in the wetting of copper by 
water ,  determined by means of the inclined-plate method, was in the 51-65 ~ range [2]. The contact angle 
values for copper and water  obtained in [3, 4] by using the res t ing-drop  method were equal to 60 ~ and 76 ~ 
(at t = 20~ The c a p i l l a r y ' r i s e  method, which was used in [5], yielded 0 = 73 ~ (at t = 25~ for water and 
a porous copper wick. 

This br ief  survey  of the investigation resu l t s  emphasizes the need for a thorough study of the wetting 
p rocess  by using a b roader  p r o g r a m  and considering the operation of the wetted mater ia l  as a heat-pipe 
wick. This was the a im of our work. We investigated the wetting of copper by distilled water,  acetone, 
methyl and ethyl alcohols,  methylal ,  and F r e o n - l l .  

The contact angle was  measured  by using the res t ing-drop  method and the cap i l l a ry - r i se  method. 

In determining 0 according to the res t ing-drop  method, the flat surface  of the copper specimen was 
placed in a s t r ic t ly  horizontal  posit ion before  the objective of the optical ins t rument .  The dependence of 
the contact angle on the roughness  of the metal  surface  was taken into account [3]; the sur faces  of all 
specimens had a c l a s s -7  to c tass -8  finish. The spec imen surface was thoroughly degreased before each 
experiment .  

The contact angle was determined with respec t  to:  1 ) the  project ion of the liquid drop on a screen,  
where the angle between the copper sur face  and the tangent to the drop contour at the point of in tersect ion 
between the contour and the sur face  was measured ;  2) the drop image on photographic plates which were 
placed under a mic roscope  with a goniometr ic  ocular .  

Figure  1 shows one of the contact-angle  distr ibution curves .  The relat ive r ecu r r ence  frequencies of 
individual angle values a re  laid off on the axis of ordinates .  

The resul t s  obtained in measur ing  the contact angle according to the res t ing-drop  method at t = 20~ 
a re  given in Table 1. 

Determinat ion of the contact angle by means of the cap i l l a ry - r i s e  method is based on the fact that 
the liquid wetting the porous s t ruc tu re  r i se s  along the ver t ica l  wick until the capi l lary forces a re  balanced 
by the force of gravi ty .  F r o m  the equation of equilibrium, we obtain 

cos 0 = PgHDme (2) 
4~ 

The r i se  height of the liquid in wick specimens made of h igh-poros i ty  (60-95%) fibrous copper mate-  
r ia l s  with the l eng th- to -d iamete r  ra t ios  of fibers / f /d f  = 45; 75; 150 was determined experimental ly.  

The specimens were  placed in a ver t ica l  g lass  tube with a length of 510 mm and an inside d iameter  
of 87 ram. All spec imens ,  which had a length of 500 mm, a width of 45 ram, and a thickness of 2 ram, 
were  suspended by means of clamps f rom the plug closing the upper par t  of the tube. The lower par t  of 
the tube was placed in a tank containing the liquid. The entire sys tem was thoroughly insulated f rom the 
ambient .  Before  each experiment ,  the a tmosphere  inside the tube was saturated with vapor of the tested 
liquid over a period of 1-2 h in o rder  to minimize evaporat ion of the liquid f rom the wick sur face .  Indi- 
ca tor  paper  s t r ips  3 mm wide were  clamped to the wick surface  at a spacing of 10 mm f rom each other by 
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T A B L E  2. R e s u l t s  of E x p e r i m e n t s  B a s e d  on the  C a p i l l a r y - R i s e  

Method 

Acetone 

Acetone 

Acetone 

Liquid 

Ethyl alcohol 

Methyl alcohol 

Water 

Water 

Structural charac- Rise height 
teristics of wick. H" 103, m 

I 1 I t - v  l ~  

- - -  
2 / 3 4 ] 5  6 

45 

75 

150 

61,2 60.0 
70,0  81,0 
79,211o7,o i 
70,0 60,0 
79,4 83,0 
88,5 108,5 

79,0 63 0 
90,0 9310 

[ 95.0 ,Ii0 0 
i 

61,2 60,0 
70,0 60,0 
79,0 63,0 i 
61,2 60,0 
70,0 60,0 
79,0 63,0 

45 
75 

150 

45 
75 

150 

Water 

61,2 60,0 
45 70 ,0  81,0 

79,2 ii07,0 

70,0 60,0 
75 79,4 I 83,0 

88,5 108,5 

79,0 63,0 
150 90,0 i 93,0 

95,0 110,0 

220 165 
165 125 
i20 90 

210 160 
145 105 
75 55 

210 I60 
110 85 
55 40 

220 150 
200 140 
200 140 

210 160 
210 155 
205 150 

>480 
420 
290 

>480 
355 
180 

>480 
270 
130 

cosO I 

L | ,~ 

I0 

~I,0 ),75 
~1,0 ),757 0 
~1,0 ),75 

~1,0 ),762 
0,9~ ),725 
0,6t 3,734 

~I.0 3,769 
0:8' ),773 
0,5 3,727 

'~:l,0 3,71 
0,9 c 3,693 

I 0,99',0,633 
] 

1,0 ]0,764 
1,0 10,775 
l,o 11o,7  

- _ o 
0,995i 

l T,o i - 
1 o , 9 9  i o 

'i_0 75' '~I 0 103. 

41 -~2 

0 41• 

0 41• 

0 45_* 1 

0 IOL 1 

m e a n s  of c l amps  connec ted  th rough  a mu l t i po in t  swi tch  to one t e r m i n a l  of an  o h m m e t e r ,  The  top c l a m p ,  
which was in  d i r e c t  contac t  with the w i c k s u r f a c e ,  was connec ted  to the o ther  t e r m i n a l .  The  in f in i t e  r e s i s -  
t ance  of the d ry  pape r  s t r i p s  dropped s h a r p l y  as they b e c a m e  soaked when the l iquid  f ron t  app roached  i nd i -  
v idua l  s e c t i o n s .  In  o r d e r  to e n s u r e  the  m a x i m u m  l iquid  r i s e  a long the wick,  each e x p e r i m e n t  was p e r -  
f o r m e d  over  a pe r iod  of 1 to 3 days .  The  r i s e  height  was d e t e r m i n e d  to an  a c c u r a c y  of 5% for  m o s t  s p e c i -  
m e n s .  

The mean (effective) pore diameter in the wick was calculated with respect to two experimental char- 

acteristics of the material -- open porosity and gas permeability. The experimental specimens, which had 

a cylindrical shape, were fastened in a rubber yoke and were blown through with argon. The pressure 

drop on the specimens was measured by means of a differential pressure gauge, while the argon discharge 

was measured by means of a flowmeter. For determining the mean pore diameter the obtained dependences 

of the discharge on the pressure drop were processed according to the method described in [6]. improve- 

ment of wetting of the wick material by the liquid, which results in a higher capillary head, can be 

achieved by increasing the work of adhesion. One of the methods consists in heating the metal in air, 

which produces a surface oxide film. The higher work of adhesion of an oxidized metal surface is ob- 
viously the r e s u l t  of changes  in  i t s  c h e m i c a l  c h a r a c t e r i s t i c s  and r o u g h n e s s .  

C o n s i d e r i n g  the effect  of oxidat ion,  we p e r f o r m e d  e x p e r i m e n t s  on the s a m e  porous  copper  wicks ,  
which were  f i r s t  oxidized at 300~ over  a pe r iod  of 2 h. 

In c o n t r a s t  to unox id ized  s p e c i m e n s ,  the m o v e m e n t  of the  l iquid f ron t  was o b s e r v e d  v i s u a l l y  for  a l l  
the i nves t i ga t ed  oxidized s p e c i m e n s  and l i qu ids .  

The  contac t  ang l e s  for  oxidized copper  wicks  and ace tone ,  ca l cu l a t ed  by m e a n s  of (2), we re  c lose  to 
z e ro .  Spec imens  with m a x i m u m  p o r o s i t y  w e r e  an  except ion ,  which is  exp la ined  by the c o n s i d e r a b l e  non-  
u n i f o r m i t y  of t h e i r  c a p i l l a r y  s t r u c t u r e .  Thus ,  a s s u m i n g  that  cos 0 = 1 for oxidized copper  wicks  and a c e -  
tone ,  we can  d e t e r m i n e  the contac t  angle  of the s a m e  wick (oxidized or  unoxid ized) ,  wet ted by any o ther  
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liquid, by e l iminat ing Dme f r o m  the equi l ibr ium equation composed for  each pa i r :  

cos 0 = H aa p (3) 
H '  ~ Pa 

The r e su l t s  of the expe r imen t s  (at t = 20~ and calculat ions a r e  given in Table  2. The r e a s o n  for  
the absence  of expe r imen ta l  r e s u l t s  for  unoxidized wicks and wate r  is that,  i n  spi te  of the s eve ra l  cleansing 
p r o c e d u r e s  c a r r i ed  out ( t rea tment  with acetone,  methyl  alchohol,  and dilute n i t r ic  acid, roas t ing  in hydro-  
gen at t = 1000~ etc.) ,  the au thors  could not br ing  about the wetting of d r y ,  unoxidized copper  wicks by 
wa te r .  

The contac t -angle  values  de te rmined  by means  of the c a p i l l a r y - r i s e  method were  l a r g e r  than those 
obtained by means  of the r e s t i n g - d r o p  method.  This  d i sc repancy  is  probably  due to the effect  of cap i l la ry  
h y s t e r e s i s ,  which occurs  in the impregna t ion  of porous m a t e r i a l s .  The wetting of oxidized wick su r faces  
by wa te r  and organic  liquids was a lmos t  ideal .  Oxidation improves  the wetting of not only copper ,  but 
a l so  of other  me ta l s  (s ta inless  s teel ,  nickel,  etc.) .  However,  the re  is an opt imum set  of t e m p e r a t u r e  
and exposure  t ime  conditions for  the oxidation of any pa r t i cu l a r  meta l .  

The  actual  conditions of the p r o c e s s  in a heat  pipe differ  cons iderably  f rom the conditions in expe r i -  
ments  based  on Che c a p i l l a r y - r i s e  method (a h igher  t e m p e r a t u r e ,  the occu r rence  of heat  and mass  ex-  
change, and a wick p rev ious ly  impregna ted  by the liquid). An ana lys i s  of these  fac to r s  has  shown that 
they only improv e  wetting [4, 7]. 

The r e su l t s  of our expe r imen t s  sugges t  that meta l  wicks for  l o w - t e m p e r a t u r e  heat  pipes should be 
oxidized. The c h a r a c t e r i s t i c s  of heat  pipes should be calculated on the bas i s  of contac t -angle  values  de -  
t e r m i n e d  by means  of the c a p i l l a r y - r i s e  method, which approaches  mos t  c losely  the actual  conditions of 
the p r o c e s s .  

APc 
{y 

e 
Dme  
H 
H/H' 

aa/a 

o/pa 
g 

N O T A T I O N  

is the cap i l l a ry  head; 
is the s u r f a c e - t e n s i o n  coefficient  of the liquid; 
is the contact angle of the m a t e r i a l  wetted by the liquid; 
is  the mean  (effective) d i a m e t e r  of po res  in the wick; 
is the r i s e  height of the liquid along the wick; 
is  the r a t io  of the r i s e  height for the invest igated w i c k - l i q u i d  pa i r  to the r i s e  height of 
ace tone  in the s a m e ,  but oxidized, wick; 
is  the r a t io  of the su r f ace  tens ion  of ace tone  to the su r f ace  tens ion  of the inves t igated 
liquid; 
is the r a t io  of dens i t ies  of the inves t igated liquid and acetone;  
is the a c c e l e r a t i o n  due to g rav i ty .  

1. 

2. 
3. 
4. 
5. 

6. 
7. 

L I T E R A T U R E  C I T E D  

V. S. Baibakov,  P .  P.  Ryazan tsev ,  et al . ,  in: Invest igat ions in the Field of Surface Fo rce s  [in 
Russian] ,  Nauka, Moscow (1967). 
T.  Hobler  and J .  Cza]ka,  Chemia  Stosowana, V, 2]3, 169 (1968). 
E. Krel l ,  Kernenerg ie ,  5, 242 (1962). 
A. Ponter ,  G. Davies ,  and W. Beaton, Int.  J.  Heat and Mass T r a n s f e r ,  1_9.0, No. 11, 1633 (1967). 
R. F reggens ,  "Expe r imen ta l  de te rmina t ion  of wick p r o p e r t i e s  for  hea t -p ipe  appl icat ions,"  in: P r o -  
eeedings of the Four th  In te r soc ie ty  Energy  Convers ion  Engineer ing Conference,  Washington, 1969. 
A. S. B e r k m a n  and I.  G. Mel 'nikova,  P e r m e a b l e  Porous  C e r a m i c s  [in Russian] ,  Leningrad (1969). 
A. Ponter ,  G. Davies ,  and W. Beaton,  Int.  J .  Heat and Mass T r a n s f e r ,  10, No. 6, 733 (1967). 

150 


