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MA X IMU M H E A T  F L U X  IN P L A N A R  M E T A L - F I B E R  WICKS 

UNDER C O N D I T I O N S  T Y P I C A L  OF H E A T  P I P E S  

A. P .  O r n a t s k i i ,  M. G. S e m e n a ,  
a nd  V. I .  T i m o f e e v  

UDC 536.248.2 

Experimental results of an investigation of the limiting heat flux for surfaces covered with a 
metal-f iber  wick for different angles of inclination and variable length of the transport  section 
are presented and discussed. 

The investigation of evaporation and boiling of liquids on a plane surface covered with a metal-f iber wick 
gives a data base for elucidating the physical conditions for the heat- t ransfer  process in the heat supply zone, 
and for  choosing the optimal geometric and structural  parameters  of the wick. The capil lary-transport  p roper -  
ties of metal-f iber  wicks were studied In [1-3], and the authors were able, to a f i rs t  approximation, to optimize 
the structural  parameters  of materials  made of baked discrete monodispersed fibers.  However, to improve 
the method of designing heat pipes and heat - t ransfer  agent distributions in film evaporators ,  additional inves- 
Ugations are required of the transport  capabilities of metal-f iber  wicks under heat- t ransfer  conditions. 

One of the most important character is t ics  of heat- t ransfer  devices, including heat pipes, is the maxi- 
mum heat flux t ransmit ted under normal operating conditions. 

The maximum heat flux Qmax in the heat zone of low-temperature heat pipes is very often a limit on 
the capillary transport  of the heat - t ransfer  agent [4-6], and depends on the structural and constructional 
characteris t ics  of the porous material ,  the thermophysical propert ies  of the working liquid, and also the 
heat pipe operating conditions. 

The simultaneous solution of the equations of conservation of mass ,  energy, and momentum for an e le-  
ment of a metal-f iber  wick [7] can be written in the form 

Fw {1-- APg  Q,.~,  = 4 N  
D'--~" 0.5 (L e + L c) + L a k -APc'I" (1) 

It can be seen from Eq. (1) that, for correc t  choice of the working liquid, to ensure a maximum value 
of the parameter  N = a P l r / ~  l ,  wicks characterized by good capi l lary-transport  capabilities (a maximum of the 
parameter  kw/Def and of the capillary head ~Pc) are more efficient. It is clear also that Qmax is affected by 
the cross-sect ional  area F w of the wick, and the reduced filtration length 0.5 (L e + Lc) + La. 
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TABLE I. 

Wick no. 

C h a r a c t e r i s t i c s  of M e t a l - F i b e r  Wicks 

Porosity 
II.~o 

60 
60 
60 
70 
80 
80 
80 
80 

Thickness 
Effective 
pore diam. 
De[ ,pm i Def" 106 m 

! Parameter kw/ i Geometric 
I d imensiom, mR 6 W, rflm 

60 
60 
60 
60 

110 
85 

110 
65 

0,94 
0,94 
0,94 
1,21 
3,31 
2,26 
3.31 
0.87 

500)<45)<I 
450x45• 
500)<45)<3 
450X45• 
450•215 I 
500•215 
450•215 
500x45x2 

Filling ~ ~ ~Q ,.T-.--~Waterlnlet 

"rovacuum pumps - -  e ~  . - ~  ~ '~ ,~,~ __Drain // 

1o 

, : 
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Fig. I. Schematic of the experimental equipment: 1) electrical 
heater; 2) stainless steel block; 3) copper substrate; 4) evapora- 
tion chamber; 5) wick; 6) glass tube; 7) copper tube; 8) electronic 
temperature control circuit; 9) control valve; 10) vacuum mano- 
meter; 11) condensation chamber; 12) heat exchanger; 13) heat 
pipe; 14) spr ing device;  15) window. 

The present authors have investigated the influence of these parameters on Qmax for wicks whose char- 
acteristic are shown in Table 1. 

Experimental equipment was made up to simulate the operation of the actual heat pipe and in which one 
could investigate the heat-transfer process in the heater zone with capillary-porous structures in various 
liquids, for various saturation pressures, various lengths of the transport section, and various angles of in- 
clination of the wick. 

The exper imen ta l  equipment  (Fig. 1) consis ted of a unit for  supplying and m e a s u r i n g  the heat  flux, an 
evapora t ion  c h a m b e r ,  and a condensation c h a m b e r ,  and it had a glass  tube to locate  the t r a n s p o r t  pa r t  of  the 
wick. The heat  flux in the evapora t ion  chamber  f rom the e l ec t r i ca l  hea t e r  was t r ansmi t t ed  through the s tee l  
block to the copper  subs t ra t e  to which the t es t  wick spec imen was at tached.  A spr ing  device in each case  
mainta ined a constant  spr ing force  of 6 * 0.5 kgfJcm 2 p r e s s i n g  the subs t ra t e  to the s teel  block; the device 
allowed spec imens  to be interchanged.  The condensate of working liquid, genera ted at the outer  sur face  of 
the heat  exchanger ,  was supplied to the pa r t  of the wick located in the glass tube. A uni form supply of conden- 
sate  along the wick was  accompl i shed  by means  of a comb which could be moved along the length of the wick,  
va ry ing  the length of the t r a n s p o r t  sect ion.  The su r face  t e m p e r a t u r e  of the g lass  tube and the evapora t ion  
chamber  was mainta ined at  the sa tura t ion  t e m p e r a t u r e  by means  of an automat ic  t e m p e r a t u r e  control  sys t em.  
This  mainta ined adiabat ic  conditions for  the t r a n s p o r t  sect ion of the wick in the glass  tube, and a lso  e l i m i -  
nated poss ib le  condensation of the working liquid along the walls  of the evapora t ion  chamber .  The t e m p e r a -  
ture  in the evapora t ion  pa r t  of the wick was de te rmined  by means  of four the rmocoup les ,  uni formly dis t r ibuted 
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TABLE 2. Maximum Heat Flux Obtained in No. 2 Wick 

Length of transport 
sect|on La, ram 

175 

250 

400 

Angle of incLina- 
tion r deg 

Acetone I Ethanol 

15 
30 
45 
90 
0 

15 
30 
0 

15 
0 

max. heat flux Qrnax. W 

60,5 
48,4 
22,3 
10,1 
54,5 
40,2 
16,2 
40,2 
22,3 
27,2 

78,5 64,5 
52,5 
36,3 
14,2 

46,3 
30,3 
12,1 
36,3 
16,l 
20,2 

TABLE 3. 
Acetone 

I T l m  

Wick La" 
n o .  

1 125 

175 

3 125 

175 

250 

400 

4 125 

175 

250 

400 

5 I25 

I75 

Maximum Heat Flux Transmi t ted  by the Tes t  Wicks in 

i d~eg 

'i 
0 

15 

30 

,5 

i 

0 

0 

Q•ax' . Wick qlP 
Wfcm" [ no. 

I 
1,0 6 
0,75 
0,65 

6,5 
3,0 
2,3 
4,1 
1,6 
3,48 
1,19 
2,3 

4,9 
2,9 
2,, 
1,09 
2,85 8 
2,3 
1,59 
1,79 
0.9 
l.O 

7.0 

109 5,4 

L a , 11211"I 

125 

175 

250 

409 

125 

175 

250 
4OO 
125 

175 

25O 

4OO 

~, deg 

30 

15 
30 

o 

0 
15 
30 

0 

15 
3O 

,5 
30 

15 
30 

,5 

Qrnax" W 

153 
97 

I~)~ '5 
60,5 
20,2 
65 
22,3 
46,5 

238 
I17 
46,5 

182 
80,8 

162 
80,8 
95 
75 

60,6 
32,4 
70,7 
52,5 
30.4 
44.5 
20.2 
lO,l 
28,3 
12,3 

qlt* _ 
W/cm z 

7,55 
4,8 
3,58 
5,4 
3,0 
1,0 
3,21 
I,I 
2,3 

11,7 
5,8 
2,3 
9,0 
3,98 
8,0 
3,98 
4,7 
3,7 
3,99 
1,6 
3,48 
2,6 
1,5 
2,8 
l,O 
0,5 
1,4 
0,68 

in  the s u b s t r a t e  a t  a d i s t a n c e  of 0.5 m m  f r o m  the po in t  w he r e  i t  was  welded  to the wick.  Al l  the t h e r m o c o u p l e s  

w e r e  c a l i b r a t e d  to an a c c u r a c y  of 4-0.1~ a long  with the m e a s u r e m e n t  s y s t e m .  

The  hea t  f lux was  d e t e r m i n e d  by m e a n s  of t h r e e  p a i r s  of d i f f e r e n t i a l  t h e r m o c o u p l e s ,  s t a mpe d  into the 
s t ee l  block.  The  d i s c r e p a n c y  in d e t e r m i n i n g  the hea t  flux f r o m  the power  suppl ied  and f r o m  the t e m p e r a t u r e  

drop  in the c a l i b r a t i o n  did no t  exceed  �9 5%. 

The  l i m i t i n g  value  Q m a x  was  d e t e r m i n e d  f r o m  the sha rp  i n c r e a s e  in s u b s t r a t e  t e m p e r a t u r e .  The wal l  
t e m p e r a t u r e  t s s  is  an a v e r a g e  be tween  the r e a d i n g s  of the two t h e r m o c o u p l e s  which a r e  f a r t h e s t  f r o m  the zone 
in which the w o r k i n g  l iquid  is  suppl ied .  Supply of w or k i ng  l iquid  to the f i l t e r  f r o m  the condensa t ion  c h a m b e r  
was  a c c o m p l i s h e d  by m e a n s  of a t h ro t t l e  va lve ,  and c o r r e s p o n d e d  to the flow r a t e  of e v a p o r a t i n g  l iquid .  The  
i n v e s t i g a t i o n s  w e r e  conducted a t  c o n s t a n t  p r e s s u r e  P = 400 t o r r  in the e v a p o r a t i n g  c h a m b e r .  

Ace tone  and e thanol  w e r e  the w o r k i n g  l i qu ids  used .  

A n a l y s i s  of the r e s u l t s  in  T a b l e  2 shows that  ace tone  is  a m o r e  e f f ic ien t  h e a t - t r a n s f e r  agen t  in c o m p a r i -  
son with e thanol .  T h i s  i s  due to the f ac t  tha t  the p a r a m e t e r  N for  ace tone  i s  l a r g e r  than for  e thanol  (e.g. ,  for  
t s = 40~ Nac = 31 .5 .105  W/cm 2, Net  = 20 .105  W/cm2). The data of T a b l e s  2 and 3 a l so  ind ica te  that  Qmax  d e -  
pends  a p p r e c i a b l y  on the angle  of i n c l i n a t i o n  q of the s p e c i m e n  f i l t e r s  to the h o r i z o n t a l  (the he a t i ng  zone is  
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Fig. 2. Typical  shape of the relation Q = f(~T) for acetone with r = 
15 ~ and La = 125 ram. The numbers  on the curves  and the points show 
the wick number. 

Fig. 3. The l imiting heat flux as a function of wick thickness:  a) r = 
0~ b) 15*; c) 30~ 1) La=125  mm; 2) 175; 3) 250; 4) 400. 
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Fig. 4. Comparison of the ex-  
per imental  values of Qmax with 
those calculated using Eq. (1): 1- 
8) wick number;  A = [4K w �9 10s/ 

DefLlt] (1 - APg/s 

above the liquid supply zone) and the length of the liquid t ranspor t  section La. However,  with appropria te  
choice of working liquid, s t ructural  p a r a m e t e r s  and fi l tration length, meta l - f iber  wicks can operate in heat  
pipes against  the force  of gravity (e. g., No. 2 with L a = 125 mm in acetone). 

The values of Qmax shown in Tables 2 and 3 were determined graphically f rom graphs of the functions 
Q = f {AT). Figure 2 shows a typical corre la t ion of the heat flux supplied as a function of the temperature  drop 
AT = t s s - t s  for all the test  wicks in acetone with La = 125 mm and ~p = 15 ~ (operating against  the force  of 
gravity). Because the meta l - f iber  wicks have good thermal  conductivity and active open poros i ty ,  the limit 
of normal  function of the wicks sets in smoothly,  without abrupt discontinuities in wall tempera ture .  

All the l imiting values of Qmax in this investigation were  reached by limiting the cap i l l a ry- t ranspor t  
capability of the wick. This was shown by visual observat ion,  and also by the fact that the l imiting heat flux 
increased sharply when the wick specimen was inclined. 

Visual observat ions and photographs were  not able to determine the attainment of limiting heat flux, and 
therefore ,  the value of Qmax was determined graphically in this investigation, corresponding to the beginning 
of departure f rom the bubble boiling curve. The relative e r r o r  in determining Qmax is �9 15~. However, the 
visual observat ions  made it possible to fix the t ransi t ion f rom the evaporat ing to the bubble boiling regime,  
with horizontal  location of the wick (r = 0 �9 5 ~ (the appearance of vapor bubbles at the wick surface for a heat 
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flux densi ty of q = 0.5-1 W/cm 2, and the fo rmat ion  of vapor  channels with fu r the r  i nc rease  in the heat  flux), 
and also to obse rve  f luctuations of liquid in the wick and the drying out p r o c e s s .  The slope of the function 
Q = f(AT), a lso  equal to q = f(AT), depends on the s t ruc tu ra l  c h a r a c t e r i s t i c s  of the wick,  and p r i m a r i l y  on 
the effect ive pore  d i am e t e r  Def. F o r  example ,  Wicks Nos. 7 and 8, which have the same  poros i ty  1I = 80% and 
thickness  6 = 2 m m ,  differ  apprec iab ly  in the slope of the curve ,  since they differ  in the quantity Def by a lmo s t  
a f ac to r  of 2 (Fig. 2). 

The influence of wick thickness  5 w on the l imi t ing  heat  flux is shown in Fig. 3, which gives values  of 
Qmax  Nos.  1, 2, and 3 with the s ame  poros i ty  II = 60% and effect ive pore  d i a m e t e r  Def = 60 ~. With inc rease  
of 5w and hor izontal  location (Fig. 3a) the m a x i m u m  heat  flux i n c r e a s e s ,  as follows f r o m  Eq. (1). However ,  
for  angles of inclination such that  the wick  ope ra t e s  against  gravi ty  this i nc rea se  is p rac t i ca l ly  impercep t ib l e ,  
s ince ,  when the hea t e r  zone is r a i s ed  above the condensation zone, the main  po re s  a r e  not in a s ta te  to re ta in  
liquid, because  of the nonuniformity of the pore  d imens ions ,  and thus,  the effect ive thickness  of the wick de -  
c r e a s e s  (Fig. 3b, c). 

With hor izonta l  opera t ion of the wicks  a s ingle-valued monotonic dependence of Qmax on the p a r a m e t e r  
kw/Def is obse rved  (e.g., for  wicks  Nos.  8, 4, 7, with th ickness  5w = 2 m m  and La = 125 m m ,  Qmax  and kw/ 
Def a r e  95, 99, and 238 W and 0.87. 106; 1.21 �9 106; 3.31 �9 106 m,  respec t ive ly) .  In the case  when the hea t e r  
zone is r a i s ed ,  the mutual  influence of the p a r a m e t e r s  kw/Def and the ra t io  ~ P g / A P c a  p have an influence 
on Qmax ,  and the function becomes  uniquely dependent on kw/Def. Fo r  the wicks inves t igated,  an i nc r ea se  
in Qmax  with i nc r ea s e  of kw/Def  is obse rved  only up to an inclination angle of ~ = 20 + 5 ~ Fu r the r  elevat ion 
of the evapora t ing  sect ion above the liquid supply zone leads  to a dec rea se  in Qmax with inc rease  in kw/Def. 

F igure  4 co m pa re s  the expe r imen ta l  data obtained on the m a x i m u m  heat  capabil i ty of Wicks Nos.  1-8 in 
acetone and ethanol,  in the hea t e r  zone,  Qmax" 105/NFw, withthe r e su l t  of an analyt ical  de te rmina t ion  of 4Kw/ 
DefLlt(1 - APg/APcap) .  The phys ica l  constants  of the working liquid requi red  for  the calculat ion w e r e  d e t e r -  
mined f rom the sa tura t ion  t e m p e r a t u r e s  at a p r e s s u r e  of p=400  t o r r  in the equipment.  In the calculat ion 
L l t=  0.5 L e + L  a [8], s ince the condensat ion zone was i m m e r s e d  in the working liquid and did not take pa r t  in 
the h e a t - t r a n s f e r  agent  f i l t ra t ion  c i rcui t .  As can be seen f rom Fig. 4, the deviat ion of exper imenta l  data f rom 
theory  does not exceed -435~a 

N O T A T I O N  

Q is the heat  flux t r ansmi t t ed ,  W; 
a is the sur face  tension,  N/m; 
kw is the pe rmeab i l i t y ,  m2; 
Fw, 5w a re  the c ro s s  sect ion and thickness  of the wick,  m 2 and m m ;  
Def is the effect ive pore  d i a m e t e r ,  ~m; 
r is the la tent  heat  of evapora t ion ,  J/kg; 
Pl is the dynamic v i scos i ty ,  N .  sec/m2; 
Pl is the densi ty ,  kg/m3; 
L e is the length of evapo ra to r ,  m;  
La is the length of adiabat ic  zone, m;  
L c is  the length of condenser ,  m;  
APg is the gravi ta t ional  head,  N/m2; 
APca  p is the capi l la ry  head,  N/mr;  
N is the p a r a m e t e r  accounting for  the p r o p e r t i e s  of the working liquid, W/cm2; 
q is the heat  flux densi ty ,  W/cm2; 
T s and t s a re  the sa tura t ion  t e m p e r a t u r e ,  ~ ~ 
AT is the t e m p e r a t u r e  drop,  ~ 

is the angle of wick  inclination, deg; 
1I is the poros i ty ,  ~0. 

S u b s c r i p t s  

max  is the max imum;  
ss  is the subs t ra te ;  
It  is the l imit ;  
ac  is the acetone;  
et  is the ethanol. 
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T W O - D I M E N S I O N A L  L A M I N A R  B O U N D A R Y  L A Y E R  IN F L O W  

O F  T H E R M O D Y N A M I C A L L Y  E Q U I L I B R A T E D  W A T E R  V A P O R  

R .  A .  R a k h i m z y a n o v  a n d  V .  G.  Z h a r i n o v  UDC 533.6.01 

This  pape r  examines  the boundary p ro b l em of a l aminar  boundary layer  in flow of t h e r m o d y n a m i -  
cally equi l ibra ted  wa te r  vapor .  An approx imate  method of solution is proposed,  based on an approx-  
imation for  the densi ty and the coeff icient  of dynamic  v i scos i ty  a c r o s s  the l ayer .  

At p r e sen t  only exper imen ta l  invest igat ions a re  known of flow in a boundary l ayer  fo rmed  in a nozzle 
with motion of wa te r  vapor  [1, 2]. In pa r t i cu l a r ,  it is noted that the boundary l ayer  in a Laval  nozzle ,  when 
it  has  spontaneous condensation,  when the liquid phase  is finally d i spe r sed ,  consis ts  of two sub layers :  an 
upper  v a p o r - d r o p  l ayer  and a lower  heated vapor  l aye r  (adjacent to the wall). 

Below we p r e s en t  r e su l t s  of a theore t ica l  invest igat ion of flow in a two-dimensional  l amina r  boundary 
l aye r  with motion of w a t e r  vapor  along a solid i m p e r m e a b l e  sur face .  

Sta tement  of the P rob lem.  Fo r  the wa te r  vapor  we a s sume  that the liquid phase  is in a finely d i spe r sed  
s tate  and that the veloci t ies  of the phases  a r e  the same :  the the rmodynamic  equi l ibr ium of the phases  is not 
pe r tu rbed ,  and the t e m p e r a t u r e  and p r e s s u r e  obey the vapor  p r e s s u r e  curve.  With these assumpt ions  wa te r  
vapor  can be regarded  as some kind of impe r f ec t  gas. 

In consider ing the equations of motion and continuity of the l amina r  boundary l aye r ,  der ived ,  e . g . ,  in 
[3], no assumpt ions  of any kind a r e  made concerning the gas being per fec t .  T h e r e f o r e ,  these equations will 
be valid in our  case .  

Having made the t r ans fo rma t ions  usual ly applied in boundary l ayer  theory ,  we obtain the energy equa-  
tion for a two-dimensional  s t eady-s t a t e  l am i n a r  boundary l aye r  in an imper fec t  gas 

Oh Oh u d p  ~t -7- ~, �9 
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To de te rmine  the dynamic  v i scos i ty  of a two-phase  medium we use the "Eins te in  cor rec t ion"  [3]: 

,u .... 1 - . m  'ul '~ 2 , 5 t q  
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