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Results are presented of an experimental investigation of the edge wetting angle of Freon-22, ethane, 
and ammonia for mesh wicks in the 20-115, 6-115, and 20-60~ temperature ranges, respectively. 

The effective units produced recently for heat transmission, namely, heat pipes [1, 2], are being utilized 
all the more extensively in engineering, including even in the 150-273~ temperature range, because of a num- 
ber of their inherent properties: the transmission of considerable heat fluxes at low temperature drops, the 
capability of producing isothermal conditions in relatively large areas,  the possibility of transforming a heat 
load, the negligible weight, the absence of moving parts and the requirement of pumps, and the total autonomy. 

A heat pipe transmits heat flux from the heating to the cooling zone by means of evaporation and conden- 
sation of the intermediate heat carr ier .  Reverse motion of the liquid from the condenser section to the heat 
supply zone is accomplished because of the capillary forces by means of a capillary-porous structure (wick) 
located on the inner heat pipe surface. 

One of the most widespread wick materials for heat pipes is a metaI mesh. In order to develop reliable 
methods of computing and designing heat pipes with mesh wicks, more complete knowledge of the capillary 
properties of the metal mesh structures is needed. The wick structure in any case of heat pipe utilization 
should assure delivery of the surface being cooled by the heat carrier.  The physical processes occurring in 
heat pipes impose a number of constraints on their heat-transmittingcapability, which are associated, in par-  
ticular, with the greatest achievable capillary head, which is determined by the Laplace equation for a s truc- 
ture with cylindrical pores 

( '  ,) + @r = 2~cos0 Ri R2 

It follows from (1) that the edge wetting angle 0 substantially influences the quantity Apc. 

A number of papers devoted to the investigation of the hydrodynamic and structural characteristics of 
different classes of porous materials used as heat pipe wicks has recently been published in the li terature [3- 
6]. 

However, the angle 0 is often assumed to be 0 ~ [7-8] in computations of the transport properties of wicks 
although wetting of the wick structure is far  from ideal in the majority of cases,  and different working liquids 
wet the capillary-porous structure with a specific edge wetting angle 0 in every case. The edge wetting angle 
is an important characteristic of the metal-l iquid combination which can be used as a wick and heat carr ier  of 
a specific heat pipe. Because of the complexity of the analytical computation of values of 0, experimental 
values of the edge angle are of practical value. 

Information about the edge angles is quite scarce in the li terature and practically absent for liquids in 
the temperature range of cryogenic and low-temperature heat pipe operation [9-11]. 
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Fig. 1. D i a g r a m  of the expe r imen ta l  setup.  

The purpose  of this pape r  is to de te rmine  the effect ive edge wett ing angle for  a mesh  capi l la ry  s t ruc tu re  
by F reon-22 ,  ammonia ,  and ethane in the 150-295~ t e m p e r a t u r e  band. The working sect ion with a cap i l l a ry  
s t ruc tu re  s imula ted  a heat  pipe [12] f ab r ica ted  f r o m  the s ta in less  s tee l  KhlaN10T with a nickel  twill mesl i  80/ 
270 (the m e s h  warp  is 0 . 0 5 2 - m m - d i a m e t e r w i r e ,  and the woof is 0 . 0 3 5 - r a m - d i a m e t e r  wire) .  The method of m e a -  
sur ing  the height of the heat  c a r r i e r  r i s e  in a ve r t i c a l  cap i l la ry  in ttie fo rm of a s lot  f o rmed  by the su r faces  
ment ioned [13] was  used to de te rmine  the wet t ing angle. 

The expe r imen t s  we re  p e r f o r m e d  on the appara tus  whose d i ag ram is shown in Fig. 1. The working p a r t  
of the appara tus  is the bucket  1 in which a 3 0 - m m - l o n g c a p i l l a r y 2  is placed and which is r igidly fixed v e r t i -  
cally in the upper  flange 3. The bucket  is a cyl inder  of 70-ram height with a 36- ram inner d i ame te r  and 2 - ram 
wal l  th ickness .  The bucket  m a t e r i a l  is molybdenum glass  (for Freon-22 and ammonia)  o r  organic  glass  (for 
ethane). The bucket  is inse r ted  compact ly  into the cooler  4, which is a double-waUed copper  cylinder.  The 
upper  and lower  f langes a r e  fabr ica ted  f r o m  KhlaN10T s ta in less  s teel .  By using four  t ightening pins (not 
shown in Fig.  1), the bucket  is  squeezed compact ly  to the f langes through f luoroplas t ic  (vacuum) gaskets  5, 
where  the upper  f lange is connected to a hea t  c a r r i e r  evacuat ion and filling sys t em.  The working sect ion is 
mounted hor izonta l ly  by the level  6 by using the s c r e w s  7. 

The  coolant  t e m p e r a t u r e  is lowered by the influx of liquid ni t rogen f rom the ni t rogen feeder  8 into the 
cavity 10 and the cooler .  The ni t rogen supply is a Dewar  v e s s e l  with a N i c h r o m e h e a t e r  9 inside.  The t e m -  
p e r a t u r e  of the coolant  liquid phase  is m e a s u r e d  by the c o p p e r - C o n s t a n t a n t h e r m o e o u p l e  11 within the s t a in -  
l e s s  ~ 5 • 0 . 5 - m m p i p e  s l eeve ,  and by a KSP-4 e lec t ron ic  po ten t iometer .  The coolant  l iquidTphase t e m p e r a -  
t u r e ,  se t  by the t e m p e r a t u r e  s ens o r  in the KSP-4 ,  is mainta ined as follows. A voltage is supplied to the h ea t e r  
9 f r o m  the vol tage regu la to r  12 (RNO-250-2) through the r e l ay  P ,  and the liquid ni t rogen s t a r t s  to flow into the 
cooling s y s t e m  under  the p r e s s u r e  of the in t r ins ic  vapor s .  The change in thermocouple  e m f  resu l t s  in d i s -  
p l acement  of the po ten t iomete r  pointer .  A ctivation of the regulat ing unit of the ins t rument  occurs  when the 
given t e m p e r a t u r e  is r eached ,  and the re lay  P disconnects  the voltage supply in the ni t rogen feeder .  Ni t rogen 
ceases  to flow into the cooling sys t em.  The Nichrome hea te r  13, to which a voltage is supplied f r o m  the r egu -  
l a to r  12 through the switch 14, r a i s e s  the coolant  t e m p e r a t u r e .  

To improve  the quality of the t e m p e r a t u r e  regula t ion ,  to d iminish  the liquid ni t rogen d i scha rge ,  and to 
shor ten the t i m e  of e m e r g e n c e  a t  the given t e m p e r a t u r e ,  copper  i n se r t s  15 a re  p r e s s e d  into the lower  f lange,  
and the bucket  with the coolant is hea t - insu la ted  by the p las t ic  foam 16. To  avoid exces s ive  overcool ing of the 
coolant during the influx of the liquid ni t rogen into the cooler ,  its volume is made negligible (V 0 = 45  cm 3) [14]. 
The given t e m p e r a t u r e  is se t  in the c ryos t a t  in 10-15 min with a t he rmos t a t  a ccu racy  of +1.5~ 
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TABLE 1. Impur i ty  Content in the Liquids Being Invest igated 

Frcon-22 Ammonia Ethane 

impurity conten t ,% impurity content, % impurity content,%" 

Air 
Water 

Nonvolatile residue 
Fmon-12 
Fmon-23 
Hexaflouropropenr 

5.10 -s 
1.2.10-s 

1.10-s 
1.10-8 
5.10-a 
1.10-~ 

water 
Oil 
lton 

Oxygen 
60 Nitrogen 0,57 

" 0 ,12  Hydrogen: 
t sulfide 
Propane: 

1.10-~ 
1.10-8 

1,9.102~ 
I. 10-3 

cose : ] 

I.o 
0,9 
O,e 

L 

a,7 - " v i  t b 0.6 

Fig. 2. Dependence of the 
quantity cos 0 on the t e m -  
pe ra tu re  t fo r  F reon-22  (a), 
ammonia  {b), and ethane (c). 
t, ~ 

The fi l l ing s y s t e m  includes a module 18 to cleanse the coolant of impur i t i e s ,  to check on the impur i ty  
content,  and a dose r  17. 

The height of the liquid r i s e  in the capi l la ry  was m e a s u r e d  by a KM-6 ca the tomete r  by using an i l lumina-  
to r  with *0 .01- ram accuracy .  To  do this ,  grooves  w e r e  made in the heat  insulation and coole r ,  and the a p p a r a -  
tus desc r ibed  in [15] was  used to p reven t  f r eez ing  of the bucket.  The magnitude of the cap i l l a ry  gap was 
checked by a BMI-1 ins t rumen t  m i c r o s c o p e  with +0.005-ram m e a s u r e m e n t  accuracy .  

The capi l la ry  was cleaned in a UN1-0.4-VI u l t rason ic  bath by a mix tu re  of ethanol and gasoline (1: 3) a t  a 
19 .5 -kHzf requency  for  15 min p r i o r  to being mounted in the bucket. Before  the t es t  s t a r t ed ,  the working p a r t  
of the appara tus  was r insed  careful ly  by acetone and ethanol ,  dr ied in a i r  at r oom t e m p e r a t u r e ,  and evacuated 
to a res idua l  p r e s s u r e  not g r ea t e r  than 5" 10 -5 m m  Hg. 

The coolant being invest igated goes f r o m  the tank 19 (Fig. 1) to the c leansing module ,  is checked for  the 
impur i ty  content (the pur i ty  of the coolants used in the t e s t s  is p resen ted  in the table) and is t r ansmi t t ed  to 
the dose r ,  and is then condensed in the bucket when the ni t rogen feeder  is switched in, until  the cap i l l a ry  turns  
out to be submerged  1-2 m m  in the liquid. The thermocouple  m e a s u r i n g  the t e m p e r a t u r e  of the coolant liquid 
phase  hence turns  out to be submerged  to a 2 - 3 - m m d e p t h  in the liquid~ Measu remen t s  we re  c a r r i e d  out only 
in s ta t ionary  t e m p e r a t u r e  modes .  The ra te  o f  change of the liquid t e m p e r a t u r e  during the expe r imen t  was ap -  
p rox imate ly  1 deg/h  [16]. 

The effect ive edge wett ing angle of the cap i l l a ry  s t ruc tu re  under  considera t ion  was computed by means  
of the known dependence for  a r ec tangu la r  s lot  

cos 0 = h (9' - -  p') 8 g .  (2) 
26 

The m a x i m u m  e r r o r  of a single m e a s u r e m e n t  of the angle 0 is e s t ima ted  at 1.5-2%. Graphs of the t e m -  
pe r a tu r e  dependence of the cosine of the effect ive edge wett ing angle by Freon-22 ,  ammonia ,  and ethane, on a 
capi l la ry  s t ruc tu re  a r e  r e p r e s e n t e d  in Fig. 2. As should have been expected,  the organic  hea t  c a r r i e r s  (ethane 
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Fig. 3.  Twill braided mesh surface and its model. 

Fig. 4. On the problem 
�9 of determining the height 
of the liquid r i se  in the 
gap between a plane wall 
and a mesh.  

and F reon-22)we t the  capi l lary s t ruc ture  better than the inorganic (ammonia). Thus,  the effective edge wet -  
ting angle is 0 = 28-34 ~ and 0 = 44-23 ~ respect ively ,  for  Freon-22 and ethane when the temperature  changes 
f rom 0 to -115~ while the angle 0 var ies  between 25 and 49 ~ for  ammonia in the t = 0 t o - 6 0 ~  tempera ture  
band. The nature of the dependence cos 0 = f(t) hence turns out to be different for  all three heat c a r r i e r s ,  as 
the working tempera tu re  in the heat  pipe is lowered,  ammonia and Freon-22 wet the s t ruc ture  worse ,  while 
ethane on the other  hand improves  its wetting charac ter i s t ic .  

The effective edge wetting angles obtained re fe r  to conditions when the capi l lary walls are  executed f rom 
different mate r ia l s  and are  a solid wall (Khl8N10T stainless steel) on the one hand, and a twill braid mesh  
(nickel NP2) on the other.  Let  us examine the influence of replacing the solid capi l lary wall by a mesh on the 
height of the liquid r ise.  

The surface of a twill braided mesh is modeled well by a plane layer  of cyl inders  in paral le l ,  whose axes 
make a cer ta in  angle ~ with the horizontal  ~ i g .  3). It is easy  to conceive that a change in the magnitude of the 
angle ~ will restllt  in a change in the effective radius of the cylinders and the spacing between them. Hence, 
we limit ourse lves  to a considerat ion of the case ol = 0 ~ Under these conditions, the phenomena of the so -  
called capil lary hys te res i s  is manifest  in full measu re ,  when the capil lary sys tem has two stable filling levels :  
the heights of the r i s e  and the r e t en t ion .  Only the retention level evidently corresponds  to the true values of 
the edge wett ing angles. 

We prov i s iona l ly  separa te  the liquid f r ee - su r f ace  line into two sections (see sections I and II in Fig. 4) 
and we solve the ord inary  geometr ic  problem. We consequently obtain the following sys tem of equations which 
is needed to determine the height of the liquid r i se :  

2a 
h-~ 

Z (~' - :  P") R ' (3) 
R ~ ~ + r ( l - - c o s T )  , 

cos0i § cos (03 § ~) 
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s i n 0 ~ V / l +  2reos0z r ~ b  ~ b (_~ ) R 4- R~ + ~ +cos0~. 
sin ? -- 2r cos {}~ r 2 

1+ 
R R 2 

An analysis of (3) shows that the height of the liquid rise in the gap between a flat wall and a twill mesh 
for small values of the edge wetting angle {less than 20 ~ ) does not differ in practice from the height of the rise 
in a gap between two fiat walls. The differences can be noticeable for edge wetting angles 0 > 20 ~ 

The investigations performed permit  extension of the amount of information needed to compute and ra-  
tionally construct low-temperature heat pipes. 

t 

APc 
0 
el, 02 

p', P" 
g 
h 
R 
RI, R2 

r 

b 

Y 
L 
6 

N O T A T I O N  

is the temperature,  
is the capillary head; 
is the effective edge wetting angle; 
are the edge wetting angles for a flat wall and mesh; 
is the liquid surface tension coefficient; 
are the fluid and vapor densities; 
is the f ree-fal l  acceleration; 
is the height of the capillary r ise;  
is the radius of curvature of the liquid free surface in the capillary; 
are the least radius of curvature of the meniscus in the heat zone and the greatest  radius of 
curvature of the meniscus in the condensation zone; 
is the cylinder radius; 
is half the spacing between the centers  of the nearest  cylinders; 
is the slope of the cylinder axis to the horizontal; 
is the angle between the tangent to the cylinder and the axis of symmetry;  
is the cylinder length; 
is the gap width between the wall and the mesh. 
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C O M P R E S S I B I L I T Y  O F  A 

A R G O N  A N D  N I T R O G E N  A T  

C O N C E N T R A T I O N S  IN T H E  

P R E S S U R E  R A N G E  

B I N A R Y  M I X T U R E  OF 

D I F F E R E N T  

5 9 - 5 9 0  B A R  

N .  D.  K o s o v  a n d  I .  S. B r o v a n o v  UDC 533.21 

The compres s ib i l i t y  of an a r g o n - n i t r o g e n  mix ture  is m e a s u r e d  by a va r i ab le  volume p i ezome te r .  
I t  is shown that  the constant  in the formula  for  the binary mix ture  compress ib i l i t y  depends on 
the p r e s s u r e .  

The invest igat ion of the compres s ib i l i t y  of gas m i x t u r e s ,  which is of g rea t  p rac t i ca l  va lue ,  is a s s o -  
ciated with the p rob l em  of obtaining sufficiently exac t  and confident s e m i e m p i r i c a l  equations of s ta te .  As is 
known [1], a m e a s u r e  of the cohesive force  in the equations of s tate  of a rea l  gas with two p a r a m e t e r s  which 
were  a p p l i e d t o  m i x t u r e s  is the constant  a, which is re la ted  to analogous constants for  pure  gases  al and a 2, as 
well  as the constant  a12 cha rac te r i z ing  the coll isions between d ive rse  molecu les ,  by the re la t ionship  

a M = atx~ + azx22 + 2ai2x,x2. (1) 

Kr ichevski i  and KazarnovsMi  [2] p roposed  an equation of state for  binary mix tu re s  which ag rees  out-  
ward ly  with (1) : 

z (r, v) -- x Z, (r, v3 + x Z2 (T, V) + 2x,x Z,2 (r, V), (2) 

in which ZI2 is independent of the composi t ion ([3] is devoted to an analys is  of this equation). 

It is in te res t ing  to extend (2) to the compress ib i l i ty  of mix tu re s  

z M = x z, + + (3) 

but to cons ider  the quantity Z12 as an e m p i r i c a l  constant without re la t ing  it to some analyt ical  dependence with 
v i r i a l  coeff ic ients .  

This  pape r  is devoted to the m e a s u r e m e n t  of the compress ib i l i t y  of an a r g o n - n i t r o g e n  mix ture  for  d i f -  
f e r en t  compos i t ions ,  p r e s s u r e s ,  and t e m p e r a t u r e s  and to the ver i f ica t ion  of the poss ib i l i ty  of using the r e l a -  
t ionship (3) to desc r ibe  mix ture  compress ib i l i ty .  

The compres s ib i l i t y  was m e a s u r e d  by a p r e s su re -un loaded  p i ezomete r  of va r i ab le  volume with a m e r -  
cury level  s ea r ch  by a gamma rad iome te r .  The m a s s  was m e a s u r e d  by di rec t ly  weighing a definite batch of 
gas t r a n s f e r r e d  in specia l  s ta in less  s tee l  ampoules  with mic rova lves .  

The d i ag ram  of the appara tus  is shown in F igure  1. The inner tube (D = 14, d = 12 mm) is fabr ica ted  
f r o m  s ta in less  s tee l  and submerged  in a th ick-wal led v e s s e l  2 with m e r c u r y .  The tube 3 (D = 22.2, d = 15.5 
mm) welded to the ve s s e l  2 c a r r i e s  the load under  p r e s s u r e .  The the rmos ta t i c  j acke t  4 is hea t - insu la ted  by 
the foam p las t i c  ha l f - r ings  5. The inlet for  the plat inum re s i s t ance  t h e r m o m e t e r  6 is a r r anged  up a g a i n s t t h e  
tube 3 in the expanded p a r t  of the t he rmos ta t i c  jacket .  

The s y s t e m  component  to s eek  the m e r c u r y  level  is cons t ruc ted  as follows. The suppor t  slab 7 in the 
f o r m  of a d isk  is fas tened to the outer  th ick-wal led tube 4 of the p i ezome te r  at  a given height by using bolts not 
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