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LOW TEMPERATURE HEAT PIPE RESEARCH PROGRAM 

By E. 6. Phi1lips:k 

SUMMARY 

The need f o r  low- tempera ture  heat  pipes-- those which opera te  i n  the 
t e m p e r a t u r e  range of - 100"  to  +2OO"F--for t h e r m a l  management  of space-  
c ra f t  has  l ed  to  development of process ing  and fabricat ing techniques.  
However, generat ion of bas i c  data  fo r  use  in  design and analysis  has  lagged. 
Of m o s t  importance a r e  wick fluid flow and evaporator  per formance  data.  

Wick permeabi l i t i es  and capi l lary p r e s s u r e s  a r e  dependent on the 
geomet ry  and m a t e r i a l  of the wick s t r u c t u r e  a s  wel l  as the sur face  tension, 
density,  and viscosi ty  of the wicks '  working fluids.  Pe rmeab i l i t i e s  fo r  thin 
wicks a r e  a l s o  dependent on the menisc i  rad i i  of the l iquid/vapor  interface.  
They were  m e a s u r e d  f o r  wicks r a n g i n g  i n  thickness  f r o m  0. 0 0 5  to 0. 100 in. 
and s t r u c t u r e s  ranging f r o m  squa re  m e s h  s c r e e n  to me ta l  foams and fe l t s .  
Pe rmeab i l i t i e s  were  a l s o  m e a s u r e d  a s  a function of the men i sc i  rad i i  i n  the 
l iquid/vapor  interface.  Two measuremen t  techniques w e r e  used:  forced  
flow and gravi ty  flow; r e su l t s  a re  presented  i n  graphic  f o r m  a s  a function of 
flow p e r  unit a r ea .  
sl ightly f r o m  D a r c y ' s  law. 

Measured  permeabi l i ty  data  were  found to  deviate 

Evapora tor  per formance  was de te rmined  by measur ing  maximum evap- 
o r a t o r  hea t  f luxes f o r  me ta l  s c r e e n ,  
wa te r ,  methanol,  and butanol. 
at the vapor  p r e s s u r e  of the working fluid. Maximum heat f luxes a t  oper-  
ating t e m p e r a t u r e s  of approximately 1 0 0 "  and 1 5 0 ° F  in the vapor  of the 
working fluid were  found to  be lower than those m e a s u r e d  i n  a i r  a t  a tmos-  
phe r i c  p r e s s u r e .  

felt ,  and foam wick s t r u c t u r e s  with 
Heat f luxes w e r e  m e a s u r e d  in  the vapor and 

This r epor t  outl ines heat pipe design procedures ,  making use  of the 
wick permeabi l i ty  and evapora tor  heat flux data.  
var ious  potential  low- tempera ture  heat pipe working fluids a r e  presented .  

F igu res  of m e r i t  for  

:$ P r o g r a m  Manager,  Energy Transpor t  Applications 
Donald W. Douglas Labora tor ies ,  Richland, Washington 



INTRODUCTION 

In 1964, the heat  pipe w a s  identified by Grove r  e t  al. ( re f .  1 )  as a s imple,  
ef fic ie n t, heat  - t r a n  sfe r de  vice p a r  t i cu la r  ly su i table for  applications i n low - 
gravi ty  space  environments .  Since that t ime,  both Government  and pr ivately 
sponsored  groups have spent  cons iderable  e f f o r t  on the development of heat 
pipes.  Init ially,  effor t  cen tered  a round h igh- tempera ture  devices  compatible 
with t e m p e r a t u r e s  typically encountered i n  nuclear  heat  sou rces  of var ious  
types. However,  i n  the intervening per iod,  the capabili ty of heat pipes to 
solve difficult hea t  t r a n s f e r  and t h e r m a l  management  p rob lems  i n  a l l  temp- 
e r a t u r e  ranges  became evident. I n  pa r t i cu la r ,  des igne r s  began to cons ider  
hea t  pipes fo r  t h e r m a l  management  of spacec ra f t  and assoc ia ted  exper iments ,  
Thus ,  i n t e r e s t  in the lower t empera tu re  range between approximately -100" 
and t 200 O F  i nc reased  rapidly. 

Development of process ing  techniques,  and fabricat ion of low- tempera ture  
hea t  pipes  and heat  pipe networks,  has  p rogres sed  considerably i n  r ecen t  
y e a r s .  
data  fo r  u s e  i n  ana lys i s  and design of low- tempera ture  hea t  pipe s y s t e m s ,  has  
not kept  pace.  
a d d r e s s e s  i tself ;  namely,  to provide the necessa ry  information to design and 
p red ic t  pe r fo rmance  of low- tempera ture  heat  pipe s y s t e m s .  
wick fluid flow da ta  (e .  g. wick permeabi l i t i es  and capi l la ry  p r e s s u r e s )  and 
evapora to r  per formance  da ta  (e .  g. evapora tor  heat  f luxes)  w e r e  m e a s u r e d  
exper imenta l ly ,  and de s i g n  p rocedures  w e r e  developed. 

But the understanding of hea t  pipe operat ion,  and generat ion of bas i c  

I t  is this  p rob lem to which the work desc r ibed  i n  this  r epor t  

Specifically,  

Bas i c  Heat  P ipe  Theory  

F igu re  1 i s  a heat  pipe schemat ic .  I n  the evapora tor  region, heat  is ab-  
so rbed  and a phase-change f r o m  liquid to vapor  takes  place. Due to the r i s e  
i n  t empera tu re ,  p r e s s u r e  inc reases ;  this  c a u s e s  vapor  to flow to the conden- 
s o r  region of the pipe where  the p r o c e s s  i s  r e v e r s e d  and heat  i s  re jected.  
Very  small t empera tu re  d rops  are  coupled with the t r a n s f e r  of l a r g e  quanti-  
t i e s  of hea t  in the phase  change f r o m  liquid to vapor to liquid. Th i s  p rope r ty  
provides  the capaci ty  f o r  t ranspor t ing  l a r g e  quant i t ies  of t h e r m a l  energy  in  a 
nea r - i so the rma l  sys tem.  Following condensation, the cycle is completed 
with the r e t u r n  of the l iquid to the evapora tor  region. I n  p rac t ice ,  a hea t  
pipe designed fo r  a specif ic  application m a y  bea r  l i t t le  resemblance  to the 
one shown in f igure  1 ;  however,  all hea t  pipes  ope ra t e  on the s a m e  pr inciple  
and have in common,  (1) a container  envelope, ( 2 )  a working fluid, and ( 3 )  a 
l iqu id- re turn  mechanism.  I n  genera l ,  the l iqu id- re turn  mechan i sm i s  a 
wicking s t r u c t u r e  which r e l i e s  on capi l la ry  action to provide the liquid pump- 
ing p res su re .  I n  some  appl icat ions,  a p re fe ren t i a l  g rav i ty  grad ien t  can be 
u s e d  to r e t u r n  the liquid to  the evapora tor  and no wicking s t ruc tu re  m a y  be 
r e qu i red. 
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The b a s i s  fo r  heat  pipe design has  p r imar i ly  been a theory developed by 
This  theory  p e r m i t s  the calculation of the max imum Cot te r  (ref. 2 )  in 1965. 

heat  t r ans fe r  capabili ty of a hea t  pipe by equating the s u m  of the p r e s s u r e  
d rops  in the liquid phase (APL)  and the vapor  phase  ( A P v )  to the difference 
between max imum capi l la ry  pumping p r e s s u r e  ( A P c )  and the p r e s s u r e  due to 
differences in elevation in a gravi ty  field ( A P  ): g 

A P L  + A P v  = A P c  - A P  
g 

The  max imum poss ib le  value of the sum of A P L  t A P v  o c c u r s  when 
A P c  i s  the max imum pumping p r e s s u r e  that the wick o r ,  in genera l ,  the 
l iquid-return mechan i sm c a n  provide ( somet imes  called the blowthrough 
p r e s s u r e ) .  For this  c a s e ,  equation (1)  r e p r e s e n t s  a l imi t  imposed by the 
pumping capabili ty of the l iquid-return mechanism on the maximum axial 
hea t  flux. The  max imum hea t  t r a n s f e r  capabili ty of the heat  pipe can a l so  be 
r e s t r i c t e d  by sonic choking of the vapor  flow near  the end of the evaporator  
( r e f s .  3 and 4) o r  by excess ive  entrainment  of the liquid by high speed vapor 
flow, ( re fs .  5 and 6). In addition, there  i s  a l imi t  on the maximum evapora-  
t o r  hea t  flux that  can be sustained without drying out the wick. 

I n  h igh- tempera ture  sys t ems ,  vapor velocit ies c a n  be high; A P v  and 
l imi t s  ( such  as sonic and en t ra inment )  assoc ia ted  with the vapor flow m u s t  be 
careful ly  evaluated. However,  in a lmos t  all low- t empera tu re  applications,  
vapor veloci t ies  a r e  ve ry  low--on the o r d e r  of 1 to 10 f t / s ec - - and  essent ia l ly ,  
they can b e  neglected. 
fore ,  r equ i r e s  information relating to A P L ,  A P c ,  and max imum allowable 
evapora tor  heat  fluxes. The maximum evaporator  hea t  flux i s  a n  especial ly  
impor tan t  l imitation i n  low- tempera ture  heat  pipes. The rad ia l  evaporator  
heat  flux for  incipient nucleate boiling is much higher  for  liquid me ta l s  than 
f o r  low t empera tu re  organic  fluids due to the higher t he rma l  conductivity of 
liquid me ta l s .  
l imitat ion i n  h igh- tempera ture  heat  pipes  than in low- tempera ture  sys tems.  
The express ion  for  the p r e s s u r e  d r o p  in the liquid is a function of the liquid- 
r e tu rn  mechanism.  

Design of low- tempera ture  hea t  pipe sys t ems ,  there-  

Thus,  the evaporator  heat  flux i s  a much l e s s  important  

One of two bas ic  r e tu rn -mechan i sm configurations is usually used in low- 
t empera tu re  heat  pipes; i so t ropic  wick configuration, o r  bypass  flow config- 
urat ions.  In addition, composi tes  and var ia t ions governed by available mate-  
rials or the ingenuity of the designer  can resu l t  in a n  a l m o s t  infinite var ie ty  
of flow mechanisms.  The liquid p r e s s u r e  d rop  in an isotropic  wick heat  pipe, 
as a function of heat  flow i s  given by Darcy ' s  law ( see ,  for  example,  ref. 2):  

Q [g' Qa 
- 1 vL A P L  - K  - - Awgc h f g  

P 

where  

= liquid p r e s s u r e  d r o p  (lbf - f t d 2 )  ApL = permeabi l i ty  constant  ( f t2)  
V L  = kinematic  viscosi ty  of the liquid ( f t 2  - h r - l )  
A, = wick cross-sec t ion  a r e a  ( f t 2 )  

KP 
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gc = un ive r sa l  gravitation constant  = 4. 17  x 108 f t  - lbm - l b f -1h r -2  
Q = heat  flow ( B t u - h r - l )  

hfg 
Qe = evapora tor  length (f t )  
Qa = adiabat ic  sect ion length ( f t )  
Q C  = condenser  length (f t )  

= la tent  heat  of vaporization of working fluid (B tu - lbm- l )  

Implici t  in equation ( 2 )  is the assumption of uniform heat  input i n  the 
evapora tor  region and uniform reject ion in the condenser  region. 
A P L  for  bypass  wick heat  pipes c a n  be expres sed  as 

Similar ly ,  

2 
Tr vL p v t  “ w )  *(Q: Q e )  ‘e 

f g 16 Kg r ( rw  - r v )  P C  V 
( 3 )  

where  

A, = c ross - sec t iona l  a r e a  of the bypass  flow tube 
rw = ( inside d i ame te r  of p ipe) /2  
r v  = vapor channel rad ius  

The f i r s t  t e r m  i n  equation ( 3 )  i s  the p r e s s u r e  d rop  in a bypass  ( a r t e r i a l )  flow 
tube, while the second t e r m  i s  the p r e s s u r e  d rop  assoc ia ted  with the flow 
of liquid f r o m  and to the a r t e r y  in the c i rcumferent ia l  direction. 
heat  input and rejection has  been a s s u m e d  h e r e  as  i n  equation ( 2 ) .  

Uniform 

I n  equations ( 2 )  and ( 3 ) ,  the only unknown i s  the permeabi l i ty  constant,  

Kp. p rope r t i e s  which can general ly  be found in existing handbooks. 
A P L ,  therefore ,  depends on experimental ly  de te rmining  K using labora-  
to ry  t e s t  techniques descr ibed  l a t e r  i n  this  report .  

All  o ther  p a r a m e t e r s  a r e  e i ther  measu rab le  physical  dimensions o r  fluid 
Determining 

P’ 

In theory,  A P c  i s  given by 

(4) 
2 0- cos  e APc = r 

C 

where  c i s  su r f ace  tension 8 is the contact angle  of the working fluid with the 
wick material, and l / r c  i s  the max imum poss ib le  curva ture  of the men i sc i  
i n  the sur face  openings. If t he re  i s  complete  wetting, 8 has a value of 0 and 
the max imum pumping capabili ty of the wick s t r u c t u r e  i s  2 o-/rc, It i s  not 
poss ib le  to pred ic t  A P c  for  a given wick, however, because  wick su r faces  
do not exhibit  c l ea r ly  defined uniform c i r c u l a r  openings with measu rab le  
radii .  In addition, wettabil i ty is a function of the working fluid and wick 

lues  of 8 = 0 can not a lways be obtained. A P c  can, how- 
ined experimental ly  by using wick capi l la ry  p r e s s u r e  t e s t s  

descr ibed  in this report .  

5 



The value of A P g  m a y  be de t e rmined  by  the following express ion:  

A P  g = P(g/gc)  I c o s  p (5 )  

w h e r e  I is the length of a hea t  pipe and 
with r e s p e c t  to a gravi ty  vector .  
eve r ,  if nucleate boiling is occur r ing  in the wick. 

p i s  the inclination of a hea t  pipe 
Equation (1)  m a y  not be  appl icable ,  how- 

The  evolution of vapor  can change the permeabi l i ty  of a pa r t i cu la r  wick- 
ing configuration by blocking the liquid-flow passages  with vapor.  
configuration that  u s e s  a n  a r t e r y  as  a l iqu id- re turn  path i s  par t icu lar ly  s u s -  
ceptible to blockage by vapor  evolution. 
t he re  is a max imum evapora tor  hea t  f lux that can be applied without dry ing  
the wick. Th i s  max imum hea t  flux is, however,  a complicated function of 
working fluid, wick and tubing m a t e r i a l s ,  and wick configuration; thus,  i t  
does  not lend i tself  to analyt ical  prediction. Data  obtained using equipment 
which is not l imited by the pumping capabili ty of the liquid de l ivery  sys t em 
will  be helpful i n  a s s e s s i n g  the effect  of evaporat ive heat  flux on low- temper-  
a tu re  hea t  pipes.  

A wick 

F o r  a given wick configuration, 

Review of Applicable L i t e ra tu re  

A number  of inves t iga tors  have obtained and repor ted  data  on wick 
permeabi l i ty ,  capi l lary pumping p r e s s u r e ,  and max imum evapora tor  heat  
flux. Costel lo  and Redecker  ( re f .  7)  and Costello and F r e a  ( re f .  8 )  have 
investigated the burnout heat  flux l imi t  fo r  wick-covered su r faces .  
the configuration and geomet ry  of tes t  appara tus  w a s  such that the question 
of evapora tor  burnout  i n  a heat pipe liquid supply situation cannot be con- 
c lusively answered.  A quali tative investigation of boiling burnout  i n  a wa te r -  
filled g lass  heat pipe was  conducted by BShr e t  al. ( re f .  6). The p rogres s ive  
s t ages  of wick dryout  (as r ad ia l  heat  flux increased)  w e r e  observed ,  but no 
quantitative da ta  w e r e  reported.  
s e rved  that they were  able  to opera te  sodium hea t  pipes  a t  higher rad ia l  
heat  f luxes than did o ther  expe r imen te r s  using sodium boiling on a non-wick- 
lined surface.  Thus,  p re sence  of the wick, o r  s o m e  other  face t  of heat pipe 
operat ion,  a p p e a r s  to enhance the capabili ty of sodium to withstand a boiling 
burnout.  

However,  

R e i s s  and Schre tzmann ( re f .  9 )  have ob- 

An extensive p r o g r a m  undertaken by Kunz e t  a1 ( re f .  1 0 )  h a s  investiga- 
ted capi l la ry  wicking height, permeabi l i ty ,  and dryout  radial  heat  f luxes  for 
a number of different  wicks. However,  wick configurations tes ted r e p r e s e n t  
poros i t ies  predominant ly  in the 7070 to 8570 range with ve ry  small and r a n -  
dom pore s izes .  T h e r e  is a n  i n t e r e s t  i n  wicks of higher porosi ty  and l a r g e r  
po re  s ize ,  because the opt imum value of pore s i z e  and porosi ty  for  many 
low- tempera ture  working fluids is l a r g e r  than those for  wicks previously 
tes ted.  
that  would faci l i ta te  near  - i so the rma l  operation. 

In addition, t he re  i s  a need fo r  pe r fo rmance  data  on thinner wicks 

In the l i t e r a tu re ,  evaporat ive hea t  flux t e s t s  per formed by Kunz e t  al. 
( re f .  10)  w e r e  the only ones  desc r ibed  that  a r e  designed to m e a s u r e  the e f f ec t  
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could be a c  

point. 
subcooling d e c r e a s e s  the bubble s i ze  a t  depar ture .  This  shou 
appreciable  effect  on the burnout heat  flux because  s m a l l e r  bu 
l e s s  l ikely to block a wick. I n  addition, operation with the t e s t  chamber  
open to the a tmosphere  l imi t s  the t e s t  to only one value of saturat ion temp- 
e r a t u r e ;  namely, the boiling point. 
very  sensi t ive function of saturat ion t empera tu re  ( re f .  1 2 ) .  
t empera tu re  is d i scussed  i n  the Evapora tor  Heat F lux  T e s t s  section of this  
repor t .  

I t  has  been observed  ( re fs .  11 and 1 2 )  that  increasing 

The s i ze  of bubbles a t  depar ture  is  a 
The effect of 

The  second condition of their  t e s t s  which is different f r o m  that which 
could ex i s t  i n  a heat  pipe i s  the method of liquid supply. They tes ted wicks 
which were  i m m e r s e d  i n  a liquid s o  that  liquid could be supplied around the 
en t i r e  p e r i m e t e r  of the wick, and vapor could vent through the s ides .  

Pe rmeab i l i t y  of s c r e e n  wicks has been investigated by Schmidt ( re f .  13) 

14) has  m e a s u r e d  the wicking height fo r  s eve ra l  s c r e e n  
and he  
wicks. 
wicks. 

has  der ived a formula  for  the calculation of p r e s s u r e  drop  i n  such  
Katzoff ( re f .  

With the data  contained i n  r e fe rences  previously cited,  the des igner  is  
ab le  to design ce r t a in  heat  pipes ,  but the choice of wicks and wick configura- 
t ions is l imited.  The purpose  of the p re sen t  work is  to extend the knowledge 
of heat  pipe design p a r a m e t e r s  to allow a l a r g e r  selection. This  involves 
de te rmining  capi l la ry  wicking p r e s s u r e s ,  permeabi l i t i es ,  and evapora tor  
hea t  f luxes fo r  incipient burnout fo r  a number of wicks and wick configurations. 

Capi l lary wicking p r e s s u r e s  w e r e  obtained f o r  s c r e e n s  and porous me ta l s  
( foam and fel t )  by de te rmining  the height of liquid which a par t icu lar  wick 
could sustain.  Values of capi l lary p r e s s u r e  with the liquid exposed to a i r  
and to i t s  own vapor were  de te rmined  by two test techniques. 
indicated that these techniques yielded s i m i l a r  resu l t s ,  so the s imple r  method 

Init ial  testing 

m. The wicks w e r e  of a higher porosi ty  than 
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The max imum evapora tor  hea t  f lux that  var ious  wicks supplied by a n  
a r t e r y  can sus ta in  was  m e a s u r e d  both under  the vapor  p r e s s u r e  of the liquid 
and open to  the a tmosphe re .  
to minimize  the var ia t ion  of suction in the t e s t  wick. 
a r t e r y  type of liquid r e t u r n  a r e  pa r t i cu la r ly  suscept ible  to vapor blockage, 
because  a s ingle  bubble in the a r t e r y  c a n  grow and block the a r t e r y ,  and the 
r ad ia l  hea t  flux a t  which such  blockage o c c u r s  i s  a ve ry  impor tan t  pa rame te r .  
A s  expected, wick boiling c h a r a c t e r i s t i c s  w e r e  found to be  a ve ry  sens i t ive  
function of the amount  of subcooling and the operat ing t empera tu re .  
i t  i s  e s sen t i a l  that  max imum evaporat ive hea t  flux da ta  be obtained with the 
t e s t  appa ra tus  opera t ing  only under  i t s  own vapor p r e s s u r e .  

A n a r r o w  wick with a n  a r t e r i a l  supply was  used  
Heat  pipes  with a n  

Thus,  

The following sec t ions  of this  r e p o r t  desc r ibe  the wicks and fluids used  
in the p r o g r a m  and provide a detai led descr ip t ion  of each  of the tes t s .  
sect ion is included on the u s e  of the da ta  f o r  heat  pipe design. Tables  sum-  
mar i z ing  use fu l  cap i l l a ry  p r e s s u r e ,  permeabi l i ty ,  and maximum evapora tor  
hea t  flux da ta  a r e  included. 

A 
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SYMBOLS 

A 

*a 

AW 

d r  

DC 

DH 

D 
P 

= area (f t2)  

= c ross - sec t iona l  a r e a  of bypass  flow tube ( f t 2 )  

= wick area ( f t 2 )  

= r eces s ion  depth ( f t )  

: 2 r c  = capi l lary d i ame te r  ( f t )  

= hydraulic d i ame te r  ( f t )  

= 1. 5 t i m e s  s c r e e n  d i ame te r  ( f t )  

(FOM)o = zero-g  f igure-of-meri t  ( Btu-lbf-ft-2-centipoise- ') 

( F O M ) l  = I -g  f igure-of -mer i t  ( l b f - f t z - l b ~ l )  

g 

gC 

h 

h 

A h  
f g 

K 

Q 
P 

'a 

C 
Q 

e Q 

n=l 

P 

= acce lera t ion  due to  gravi ty  (ft-hr- ') 

= universa l  gravi ta t ion constant (4 .  17 x 10 8 ft-lb,-lbf l - h r - z )  

= la tent  heat  of vaporizat ion of working fluid (Btu-lbl;?) 1 

= permeabi l i ty  constant ( f t  2 ) 

= height of liquid column ( f t )  

= elevation of p r e s s u r e  measu remen t  point i n  wick above t r ansduce r  
diaphragm ( f t )  

= length ( f t )  

= adiabatic sect ion length ( f t )  

= condenser  length ( f t )  

= evapora tor  length ( f t )  

- - = mass flow (ft) - h  

= p r e s s u r e  (lb ft-') 
f g 

f -  
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P = wetted p e r i m e t e r  ( f t )  

pa 
APc = capi l la ry  pumping p r e s s u r e  (lbf-ft' 2 ) 

ApG 
A P L  = p r e s s u r e  drop in  liquid phase (lbf-ft-  2 ) 

= a tmospher i c  p r e s s u r e  ( lbf-f t -2)  

A P  = p r e s s u r e  due t o  differences in  elevation in  grav i ty  field ( lbf - f t -2)  

= p r e s s u r e  in e x c e s s  of a tmosphe r i c  p r e s s u r e  ( lbf - f t -2)  

g 

APLc 

Pt 

= p r e s s u r e  d rop  in the liquid phase in the condenser  region ( lbf-f t -  

= absolute p r e s s u r e  at t r ansduce r  ( lbf - f t -2)  

= p r e s s u r e  drop  vapor phase ( lbf-f t -2)  

= heat  flow (Btu- hr'  

ApV 

Q 

r = capi l la ry  rad ius  ( f t )  
C 

= meniscus  rad ius  ( f t )  

= vapor  channel rad ius  ( f t )  

= ( inside d i ame te r  of p ipe ) /2  ( f t )  

= rad ius  of curva ture  a t  any point x ( f t )  

'm 

r 

rW 

r(x) 

V 

R = r e s i s t ance  coefficient f o r  one- o r  two-layer  s c r e e n  wicks and 
V- groove wicks ( f t -3  ) 

= Reynolds number,  d imens ionless  

= thickness  of the wick (f t )  

Re  

tw 

T = t empera tu re  (OR) 

v O  = average  flow velocity ( f t - sec-1)  

X 

Y 

Z 

Z = dy/dx  

= distance i n  the plane and perpendicular  t o  the flow d i rec t ion  ( f t )  

= distance ve r t i ca l  t o  flow d i rec t ion  ( f t )  

= distance in  the liquid flow direct ion (ft)  
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CY = slope angle of gravi ty  flow t e s t  appara tus  

P = inclination of heat pipe with r e spec t  to  gravi ty  vector  

E = porosi ty  

9 = cqntact angle 

P = viscosi ty  

= kinematic  viscosi ty  of liquid ( f t 2 / h r )  L V 

pL 

0- = sur face  tension (lbf-ft-  

= density of liquid ( lbm/f t3)  
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DESCRIPTION O F  TEST WICK 

Wicks 

Many available m a t e r i a l s  m a y  be used for  capi l lary wicks. However, 
a high pumping ra te ,  t he re  a r e  two p r ime  p rope r t i e s  of i n t e re s t  in wicks: 

and a low t empera tu re  d rop  normal  to the plane of t 
e r t y  d ic ta tes  that  the wick m u s t  have a high rat io  of 
ence,  and a l a r g e  flow a rea .  
ity and a relat ively thick c ros s - sec t ion .  
supplied by a thin wick of high t h e r m a l  conductivity. A l s o  of in te res t  is the 
abil i ty of a su r face  to pump liquid by i ts  configuration ra ther  than by a wick 
bonded to it. 

ick. The f i r s t  prop-  
to p r e s s u r e  differ-  

This  m e a n s  that the mick m u s t  have high po ros -  
The second proper ty  may b e s t  be  

Wick types.  - Three  bas i c  types of wicks were  selected.  The f i r s t  was 
a low-res i s tance  wick (i.  e. a wick with a high r a t io  of flow to p r e s s u r e  dif- 
f e r ence )  to provide evaporat ive heat  flux and permeabi l i ty  data. The second 
was a very  thin wick(e. g. a single l aye r  of 200 m e s h  sc reen ) .  
a configuration pumping wick. 

The third was 

Five types of wick construction w e r e  used: mul t i layer  s c r e e n s ,  foams,  
and fe l t s  for  low-res i s tance  wicks; s ing le- layer  s c r e e n s  fo r  thin wicks;  and 
V-grooved m a t e r i a l  fo r  configuration pumping wicks. I n  addition, composi te  
wicks were  fabricated to combine the des i r ab le  f ea tu res  of the different  types 
into a s ingle  wick (e.  g. foam nickel wick covered by sc reen ) .  

F o r  thin wicks,  s c r e e n s  w e r e  selected that  a r e  readi ly  avai lable  i n  a 
var ie ty  of po re  s iyes ,  open ra t ios  (the ra t io  of open volume to total  volume 
calculated f r o m  the product  of thickness ,  length, and width), thicknesses ,  
weaves,  and ma te r i a l s .  A s t a in l e s s  s t e e l  squa re  m e s h  weave was  chosen 
on the b a s i s  of favorable  p rocuremen t  t ime and because ,  although s ta in less  
s t e e l  does  not provide the high t h e r m a l  conductivity of copper ,  i t  i s  a neces- 
s a r y  compromise  between max imum conductivity and wick fabrication r e -  
qu i rements .  

F o a m s  a r e  available i n  poros i t ies  as high as 9770, with pore  d i a m e t e r s  
up to 0. 020 in. and consequent low inve r se  permeabi l i t ies .  
l a r g e  pore  s i z e s  and high poros i t ies  w e r e  selected because  they r e p r e s e n t  
nea r ly  optimum-flow wicks. However,  high porosi ty  (low densi ty  
low t h e r m a l  conductivity. 

F o a m s  with 

Metal  felts a r e  a l s o  available in poros i t ies  up to approxi  
F e l t s  w e r e  se lec ted  because  of high poros i ty  and low inve r se  
and because  they r e p r e s e n t  an  a l t e rna te  to foams as a metho 
high-porosity wicks. Again, because  of low density,  t h e r m  
low. 

12 



V-grooves w e r e  se lec ted  as an  e x  
pumping. 
pipe o r  vapor  chamber .  Compos 
of different  m e s h  s ize ,  foam cove 
s c r e e n  were  se lec ted  to combine 
wicks. 

They m a y  b e  fabr ica ted  as 

T e s t  wicks. - The wicks and the i r  dimensional  p rope r t i e s  a r e  out1 
i n  table 1 .  
l i s ted  as nominal values  because  they may  be a l t e r ed  slightly during bonding 
of the wicks to t e s t  spec imen holders .  These p rope r t i e s  of individual wicks 
a r e  descr ibed  in table 2. 

Some of the wick p rope r t i e s  such  as thickness  and porosi ty  a r e  

Dimensional  p rope r t i e s  w e r e  selected to provide permeabi l i ty  and evap- 
ora t ive  hea t  flux data  on wicks fo r  which such information has  not previously 
been reported.  
of 0. 010- and 0. 005-in. th icknesses  respectively.  The 0. 010- and 0. 020-in. 
po re  d i a m e t e r s  se lec ted  for  metal foams and felts a r e  l a r g e r  than those 
which have been reported,  bu t  they a r e  feasible  fo r  u s e  in heat  p ipes- -par t ic -  
u l a r ly  with water  as a working fluid (ref .  15) .  The 0. 100-  and 0. 050-in. 
th icknesses  for  foams  and fe l t s  w e r e  based on making the wicks a minimum 
of 2 po re -d iame te r s  thick. 
t e rmined  by the minimum s i ze  which could be  manufactured accurately.  
Components of the composi tes  w e r e  chosen f r o m  the above select ion of wick 
m a t e  r ia l s .  

Sc reens  of 100 and 200 m e s h  s i z e s  w e r e  selected on the b a s i s  

Selection of 0. 010-in. deep V-grooves was  de -  

Wick ma te r i a l s .  - The choice of m a t e r i a l s  f r o m  which the wicks w e r e  
constructed ( s t a in l e s s  s tee l ,  nickel, and copper )  was  based  on three  c r i t e r i a :  
fabr icabi l i ty ,  wettability, and t h e r m a l  conductivity. Al l  t h ree  ma te  r ia l s  a r e  
readi ly  s in te red  into fel ts  and foams  and a r e  sufficiently s t rong  that they m a y  
be  woven into sc reen .  All  th ree  m a t e r i a l s ,  with proper  t rea tment ,  a r e  wet- 
table with the th ree  t e s t  f luids chosen--water ,  methanol,  and butanol. The 
t h e r m a l  conductivity of copper  is ,  of course ,  high. However, the values  fo r  
nickel and s ta in less  s t ee l  a r e  quite low. 

Wick proper t ies .  - The following p rope r t i e s  a r e  considered in select ing 
wicks f o r  testing: 

Compatibility: The wick m a t e r i a l s  (nickel,  copper ,  and s t a in l e s s  s tee l )  
had good compatibil i ty with the fluids (water ,  methanol,  benzene, and butanol). 

T h e r m a l  conductivity: Effective the rma l  conductivity of a sa tura ted  wick 
i s  an impor tan t  p a r a m e t e r  i n  select ing wicks f o r  hea t  pipe design because the 

pipe is assoc ia ted  with the heat  conduction 

ica te  that  the the rma l  con- 

a t u r e  drop  in a h 
ick. The rma l  condu ity data  are  s n t  for  metal fel ts  and foams  
ed data  by Ipsen Indus t r ies  (ref.  16) i 
of me ta l  foams are  g r e a t e r  than f o r  felts ( ref .  17) of the same 

ximum and min imum values  of effective the rma l  conductivity 
ted by assuming pa ra l l e l  and s e r i e s  heat-flow paths,  r e spec t -  
n s  f o r  such calculations a r e  given by Kunz (ref.  10). 
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Screen 

Screen 
;ingle 
Layer 

jcreen 
iouble 
a y e r  

Screen 
single 
a y e r  

Screen 
iouble 
Layer 

Foam 

Foam 

Foam 

Foam 

Fel t  

F e  It 

V 
groove 

50 x 50 
mesh  

100 x 100 
m e s h  

100 x 100 
m e s h  

200 x 200 
m e s h  

200 x 200 
m e s h  

AmPorNik 
210-5 

AmPorNik 
220- 5 

AmPorCop 
210-5 

AmPorG op 
220-5 

60" V 
groove 

304 SS Squareweave 0.025 
0.009 -in. wire  
diameter  

304 SS Square weave 0.0095 
0.0045 -in. 
w i re  d i ame te r  

304 SS Square weave 0.016 
0.0045-in. 
w i r e  diameter  

304 SS Square weave 0.0049 
0.0021 -in. 
wire  diameter  

304 SS Square weave 0.0094 
0.0021-in. 
w i re  d i ame te r  

Nickel Open-celled 0.050 and 
foam 0.100 

Nickel Open-celled 0.050 and 
foam 0.100 

Copper Open-celled 0.050 and 
foam 0.100 

Copper Open-celled 0.050 and 
foam 0.100 

Nickel Felted f ibe r  0 .050 and 
0.100 

Copper Felted f ibe r  0 .050 and 
0.100 

304 SS 60" V- 0.010 
groove by 
0.010 in. 
depth 

Composite single 304 SS Square  weave 0.025 
l aye r  50 m e s h  
s c r e e n  cov- 
e r e d  by one 

69* 

64 * 

73* 

72* 

95 

95 

95 

95 

85 

85 

7 9  

0.011 

0.0029 
pore  width 

0.0029 
pore width 

0.010 

0.020 

0.010 

0.020 

0.010 

0.010 

0.0029 
pore width 

0.018 to 
0.059 

0.010 t o  
0.025 

0.008 t o  
0.039 

0.012 to  
0.040 

0.006 to  
0.027 

0.008 t o  
0.032 

w e r e  supplied 
by Michigan 
Wire Cloth 
Company Inc. 

All foams  w e r e  
supplied by 
As t ro  Met Assoc 
Inc . 

All fe l ts  were  
supplied by 
As t ro  Met 
Associates  
Inc. 

Western 
Sintering Co.,  
Inc . 
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TABLE 2 

DIMENSIONS O F  TEST WICKS 

(1) Cap i l l a ry  tes ts  

Wick Effect ive Test  specimen d imens ions  
p o r e  diam D i a m  Thickness  P o r o s i t y  

(in. ) (in. ) (in. ) ( 7 0 )  

200 m e s h  s c r e e n  0. 0043 3 I 4  0. 035 73::: 

A m P o r C o p  210-5 0. 018 3 14 0. 108 95  

A m P o r C o p  220-5 0. 019 3 14 0.102 91 

Copper  f e l t  0. 018 3 I 4  0 .100 90 

AmPorNik  210-5 0. 018 3 14 0.102 94  

AmPorNik  220-5 0. 018 3 14 0 .100 9 6  

Nickel  f e l t  0. 013 3 14  0.101 89 

(2) Forced-f low permeabi l i ty  

Wick Effect ive Tes t  specimen d imens ions  
pore diam Thickness  Width Length P o r o s i t y  

(in. ) (in. ) ( in . )  ( i n .  ) (70) 
A m P o r C o p  210-5 0. 018 0. 108 1. 00 2, 50 9 5  

A m P o r C o p  220-5 0. 019 0.102 1. 00 2. 50 9 1  

Copper  fe l t  0. 018 0 .100  1. 00 2. 50 90 

A m P o r N i k  210-5 0. 018 0.102 1. 00 2. 51 94  

AmPorNik  220-5 0. 018 0 , 1 0 0  1 .00  2. 50 96 

Nickel  f e l t  0. 013 0 . 1 0 1  1.00 2. 51 89 
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Wick Effective T e s t  spec i  d i m  en s ions 
po re  d i a m  'Thickness dth Length P o r o s i t y  

(in. ) (in. ) ( i n .  ) ( in .  ) (70) 
100 m e s h  s c r e e n ,  
s ingle  l aye r  

100  m e s h  s c r e e n ,  
double l a y e r  
200 m e s h  s c r e e n ,  
single l a y e r  
200 m e s h  s c r e e n  
double l aye r  

AmPorCop  210-5 
AmPorCop  220-5 
Copper  fe l t  

AmPorNik  210-5 
AmPorNik  220-5 

Nickel fe l t  
200 m e s h  s c r e e n  
ove r  AmPorNik  220 
60"  V groove 

-5  

200 m e s h  s c r e e n  ove r  
60"  V groove 

0. 0095 

0. 016 

0. 0049 

0. 025 

0. 048 
0. 048 
0. 056  

0. 058 
0. 057 

0.062 
0. 042 

0 . 0 1 0  
depth 
0.0149 
depth 

1. 09 

1. 11  

1 . 0 1  

1 . 0 1  

0. 99 
1.01 
1. 00 

1. 00 
1. 00 

0. 99 
1. 00 

1 

1 

11. 8 6 9 ::: 

11. 8 64::: 

11. 8 7 3 ::: 

11. 8 7 3 ::: 

11. 7 92 
11. 7 91 
1 1 . 9  83  

11 .9  9 4  
1 1 . 7  9 4  

11 .7  84 
11. 8 - -  

6 - -  

:;Open r a t io  
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TABLE 2. - Concluded 

DIMENSIONS O F  TEST WICKS 

(4)  Condenser  flow t e s t  spec imens  
Wick Effective T e s t  spec imen  d imens ions  

po re  d i a m  Thickness  Width Length P o r o s i t y  
(in.  ) ( in .  ) (in. ) (in. ) ( 7 0 )  

One l aye r  200 - - - -  0. 0049 1. 0 30  73 * 
m e s h  s c r e e n  
200 m e s h  s c r e e n  - - - -  0. 042 1 .  0 30 - -  
over  ArnPorNik 2 2 0 - 5  
AmPorNik  220-5 0. 018 0. 0 8 3  1 . 0  30 - -  

::Open r a t io  

( 5 )  Evapora tor  heat  f lux t e s t s  

Wick Effective T e s t  spec imen  d imens ions  
po re  d i a m  Thickness  Width Length P o r o s i t y  

(in. ) ( in .  ) (in. ) ( i n .  ) (70) 
One l aye r  200 
m e s h  s c r e e n  - - - -  0. 0049 1 . 0  4. 0 73 :: 

200 m e s h  s c r e e n  - - - -  0. 061 1 . 0  4. 0 93 

AmPorNik  220-5 0 . 0 1 %  0. 098 1. 0 4. 0 9 5  
Nickel fe l t  - - - -  0. 049 1 . 0  4. 0 - -  

over  AmPorNik  220-5 
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Fabricabi l i ty:  The usefu lness  of any wick m a t e r i a l  for  hea t  pipes o r  
vapor  chambers  i s  de te rmined  by i t s  abil i ty to be fabr ica ted  in the requi red  
s i zes  and shapes.  A second a spec t  of fabr icabi l i ty  i s  the abil i ty to s ecu re  a 
wick m a t e r i a l  in place by bonding o r  mechanical  means .  

I n  the same m a n n e r  that  wick m a t e r i a l  m u s t  be  eas i ly  fabr icable ,  i t  m u s t  
a l so  maintain dimensional  stabil i ty if it  i s  to re ta in  i t s  p roper t ies .  Sintering 
was  used  as a fabricat ion technique with m o s t  of the wicks descr ibed  in table 
2 in bonding to test wick holders  o r  in or iginal  manufacture .  
s ional  changes did occur  during s in te r ing  with all wick ma te r i a l s ,  as m a y  be  
seen in appendix B. The changes w e r e  s l ight  d e c r e a s e s  in overa l l  dimen-  
sions.  However,  the changes w e r e  not sufficient to cause  detectable changes 
in pore  s ize .  Reductions in length and width occur red  i n  all c a s e s ,  but in the 
c a s e  of s ing le- layer  s c r e e n s ,  no change in thickness  could be m e a s u r e d  with 
a m i c r o m e t e r  ca l iper .  Tear ing  of the s c r e e n s  at points where  they were  
spot-welded to wick holders  indicates that  shr inkage occur red  during the 
s in te r ing  p r o c e s s  before  formation of the s in te red  bond between wick and 
holder.  
in porosity.  

Some dimen- 

The reduction in dimensions a l s o  incu r red  a corresponding reduction 

Isotropy: 
a des i r ab le  fea ture  in hea t  pipe wicks. 
tes ted was  foam. The foam s t r u c t u r e  i s  vir tual ly  uniform in all direct ions.  
F e l t s  a r e  l e s s  isotropic  in that the f ibe r s  tend to be  or iented pa ra l l e l  to the 
plane of the wick. 
a r e  very  rough. 
of f i be r s  throughout the fel t  va ry  great ly .  
locations in the fel t  a r e  near ly  devoid of f ibe r s ,  giving the appearance  of 
s izeable  holes. I n  s c r e e n s ,  the genera l  orientation of the w i r e s  a l so  is pa ra l -  
l e l  t o  the plane of the wick, The most e x t r e m e  deviation f r o m  iso t ropy  is 
exhibited by  the V-groove wick which is completely direct ional  (fig. 3 ) .  

Isotropy (i. e. having the same prope r t i e s  in a l l  d i rec t ions)  is 
The m o s t  near ly  isotropic  wick 

The f ibe r s  look l ike metal turnings and their  su r f aces  
The s i ze  of the f ibe r s '  c ros s - sec t ion  and the concentration 

A s  may  be  seen in figure 2, some  

Flu ids  

Fluid select ion c r i t e r i a .  - Fluid selection fo r  the t e s t  p rog ram was based  
on the following c r i t e r i a :  
availabil i ty,  and ( 3 )  e a s e  of handling at room tempera ture .  
d ic ta tes  that  t e s t  f luids m u s t  p e r f o r m  reasonably wel l  as heat  pipe fluids. 
P e r f o r m a n c e  m a y  be m e a s u r e d  by the f igu res -o f -mer i t  (FOM) f o r  ze ro -  and 
1-g operat ion defined in the sect ion of this  r e p o r t  enti t led Design of Low- 
Tempera tu re  H e a t P i p e s .  These FOM's  a re  based  on a theory which neglects  
the effect  of nucleate boiling. F o r  this  r eason , seve ra l  f luids with good z e r o -  
g and 1-g FOM's  were  used  in the evapora tor  tests. The second c r i t e r ion  
reduces  c o s t  and p rocuremen t  t ime;  and the third e l imina tes  the necessi ty  
f o r  expensive,  complicated,  and possibly hazardous t e s t  equipment. 

(1 )  p rope r t i e s  des i r ab le  f o r  heat  pipe use ,  ( 2 )  
The f i r s t  c r i te r ion  

F lu ids  selected.  - Based  on the above c r i t e r i a ,  four  fluids w e r e  selected: 
wa te r ,  methanol,  benzene, and butanol. 
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68-1308 

4x 
COPPER FELT 

4x 
COPPER FOAM 

AMPOOR COP-220-5) 

Figure 2. Capillary Pressure Test Specimens Showing Wick Structure 

68-934 

Figure 3. 60° V-Groove Gravity Flow Test Specimen 
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In the t empera tu re  range f r o m  50" to 200"F, at 1 g, f luids with the highest  
f igure-of -mer i t  a r e  in descending o rde r :  
amine ,  acetone,  and methanol. In the same tempera tu re  range f o r  ze ro -g  
operation, the fluids rank: wa te r ,  ammonia ,  methyl  alcohol, and benzene. 
Ammonia was  el iminated because  of i t s  high vapor p r e s s u r e ,  and the f inal  
se lec t ions  w e r e  water ,  methanol,  and benzene because  of the i r  high FOM's. 
In  addition to water  and methanol,  butanol was  chosen for  the evapora tor  
t e s t s  to investigate the effect  of fluid p rope r t i e s  on nucleate boiling burnout. 
Since butanol is a m e m b e r  of the s a m e  homologous s e r i e s  as methanol,  the 
burnout  pe r fo rmance  as  compared  with methanol  should yield da ta  which can 
be  used  to extrapolate  to o ther  m e m b e r s  of the s e r i e s ,  s ince fluid p rope r t i e s  
v a r y  in a f a i r ly  sys t ema t i c  way for  m e m b e r s  of a homologous s e r i e s .  

water ,  ammonia,  benzene, methyl-  

Fluid t reatment .  - Removal  of dissolved gases  f r o m  the t e s t  f luids was 
n e c e s s a r y  fo r  all tes t ing except gravi ty  flow and capi l la ry  p r e s s u r e  t e s t s  in 
a i r .  
vacuum-disti l led in a heat  pipe before  evaporator  heat  flux tests. 
of methanol  va r i ed  with the grade  of liquid. 
methanol  was  disti l led in a heat  pipe before  u s e  in capi l la ry  and evaporator  
hea t  flux tes ts .  
gravi ty  flow tes t s .  
dis t i l led in a heat  pipe. 
used  f o r  capi l la ry  p r e s s u r e  t e s t s  in a i r .  

Deaera ted  dis t i l led water  was  boiled before  permeabi l i ty  t e s t s  and 
Trea tmen t  

Spectrophotometr ic-grade 

Reagent-grade methanol  was used  without t r ea tmen t  fo r  
Butanol for  evapora tor  heat  flux t e s t s  was  vacuum- 

Untreated spectrophotometr ic-grade benzene was 

WICK CAPILLARY PRESSURE TEST 

Maximum heat  t r ans fe r  capabili ty in a hea t  pipe i s  d i rec t ly  re la ted  to the 
mass t r ans fe r  capabili ty of the s y s t e m  which, in turn,  is closely re la ted  to 
the wick capi l la ry  p r e s s u r e ,  APC. I n  o r d e r  to es tab l i sh  the max imum heat  
t r ans fe r  capabili ty,  therefore ,  the wick capi l la ry  p r e s s u r e  m u s t  be determined.  

Wick capi l la ry  p r e s s u r e s  fo r var ious  s c r e e n s ,  fe l t  me ta l s ,  and s in te red  
powders  have been m e a s u r e d  by Kunz e t  al. ( re f .  10). These data ,  however,  
a r e  l imited to wicking s t r u c t u r e s  with poros i t ies ,  E,  of l e s s  than 92%. I n  
o r d e r  to minimize  flow re s i s t ance  in  the liquid r e tu rn  s t ruc tu re ,  wicks with 
high poros i t ies  are  of interest .  During this p rogram,  capi l lary p r e s s u r e  
da ta  w e r e  obtained f o r  wicking s t r u c t u r e s  including fel t  meta l ,  foam and 
s c r e e n ,  with poros i t ies  as high as 96%. 

Capi l lary pumping p r e s s u r e s  m a y  be  m e a s u r e d  by two methods: the 
f i r s t  i s  the wicking r i s e  height method, and the second i s  by measur ing  the 
p r e s s u r e  difference requi red  to b r e a k  the men i sc i  in the evaporating sur face  
of the wick. The re  would be no difference between these two methods if the 
wick were  completely isotropic.  However,  this i s  usual ly  not the case ,  and 
the second method m u s t  be  used  to provide the data  necessa ry  for  heat  pipe 
de sign. 
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fo rce  a n  a i r  

The t e s t  appara tus  for  measu r ing  wick capi l la ry  p r e s s u r e  in working- 
fluid vapor consis ted of a U-tube manomete r  with the legs  connected at  top 
and bottom by flexible tubing to f o r m  a closed s y s t e m  as shown in f igure 4. 
The spec imen was  clamped i n  the specimen holder shown i n  f igure 5 and 
held s ta t ionary.  
fas tened to a r a c k  dr iven by a manual ly  operated pinion. The vapor side of 
the s y s t e m  was  valved to a vacuum station and liquid-filling sys t em through 
a tee. 

The opposite leg  of the U was  a length of P y r e x  tubing 
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WICK 
SPEC1 MEN 

F'igure 5. Capillary Test Wick Specimen Holder 

The t e s t  appara tus  fo r  measu r ing  wick capi l lary p r e s s u r e  in air used 
the s a m e  spec imen holder inverted into a beaker  of the t e s t  liquid and con- 
nected to a U-tube manomete r  as shown i n  f igure 6. Sys tem p r e s s u r e  was  
controlled by a manual ly  operated posi t ive-displacement  pump. 

The wick capi l la ry  p r e s s u r e  under  working-fluid vapor  was m e a s u r e d  
i n  five s teps :  

(1)  The s y s t e m  was  evacuated. 

( 2 )  The lower p a r t  of the U was  fi l led with liquid dis t i l led in a heat  pipe 
until  the liquid level  was c lose  to the leve l  of the wick. 

( 3 )  The P y r e x  tube was r a i sed  until  the wick sur face  was observed  to 
wet. The men i scus  level  in the tube was  recorded  as the z e r o  elevation. 

(4) The P y r e x  tube was  slowly lowered with the r ack  and pinion until 
the wick could no longer  suppor t  the columnof liquid. 
evidenced by a sudden r i s e  of the liquid l e ~ e l  in the tube. 
elevation a t  the t ime of sudden r i s e  was recorded  and subt rac ted  f r o m  the 
z e r o  elevation. 

This  condition was 
The meniscus  

(5 )  The max imum capi l la ry  p r e s s u r e  was calculated f r o m  the measu red  
difference in elevation. 

Measuremen t  of wick capi l lary p r e s s u r e  in a i r  was  per formed in three  
s teps:  

( 1 ) '  The  wick was  wetted by ra i s ing  the liquid above the wick and then 
lowering i t  unti l  the wick j u s t  touched the liquid. 
s ides  of the manomete r  w e r e  vented to a i r  and the wick elevation was  d e t e r -  
mined by a hook gage. 

During this operation, both 
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Figure 6. Assembly for Measuring Capillary 
Pressure in Air 

(2) The vent was  closed and p r e s s u r e  in  the specimen holder was in- 
c r e a s e d  until an a i r  bubble was forced  through the wick. 

( 3 )  The m a x i m u m  p r e s s u r e  different ia l  indicated by the manometer  was  
recorded.  

The en t i r e  procedure  was repeated five t imes  fo r  each  wick, and maxi -  
m u m  capi l la ry  p r e s s u r e  was calculated f r o m  the ave rage  max imum p r e s s u r e  
differential .  

T e s t  Resul t s  

The r e su l t s  of these exper iments  a r e  presented  in table 3 .  Maximum 
capi l la ry  p r e s s u r e  was  obtained f r o m  e i ther  the maximum head of liquid s u s -  

the height of the manometer  when bubbles broke  through the wick. 
calculated by using equation (6) 

= P (L)h and Dc = 2 r c :  

f effective po re  d i ame te r ,  Dc, a 

L gc  
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The nominal po re  d i ame te r  i s  shown for  r e fe rence  and i s  the m o s t  prob-  
ab le  s i ze  in  the pore  s i ze  dis t r ibut ion 
the capi l la ry  m a t e r i a l  under a m 
genera l ly  s m a l l e r  than the effect 
E, a r e  l is ted in table  3 to m o r e  compl 
obtained by carefu l  m e a s u r e m e n t s  of 
sions.  

Because  va lues  of Dc f o r  200 m e  
a i r  a r e  so s i m i l a r ,  it was  concluded that  the t e s t  in a i r  would yield data which 
would be sufficiently accu ra t e  f o r  hea t  pipe design. Thus,  mos t  of the subse-  
quent t e s t s  w e r e  per formed i n  a i r .  

It is ins t ruc t ive  to compare  the r e s u l t s  f o r  200 m e s h  s c r e e n  with those of 
Katzoff ( r e f .  14) and Kunz e t  al. ( re f .  10) .  T h e s e  data  a r e  a l s o  shown in 
table  3 ,  and they a g r e e  r emarkab ly  well. 
wick, cap i l la ry  p r e s s u r e  i s  the  s a m e  f o r  a meniscus  receding e i ther  perpen- 
d icu lar  o r  pa ra l l e l  to the long ax i s  (evaporat ing su r face )  of the wick. 

At l ea s t  f o r  the 200 m e s h  s c r e e n  

PERMEABILITY TESTS 

The purpose of the pe rmeab i l i t y t e s t s  was  to  obtain values  of K which can  
be used  to de te rmine  the p r e s s u r e  d r o p  in the liquid phase of a heappipe.  

The p r e s s u r e  d rop  f o r  liquid flow in a wick, in the absence  of evaporat ion 
o r  condensation, is given by: 

- ‘L Q a  Q A P L  - - - - Awgc h fg 
P 

o r ,  s ince  - - - the m a s s  flow, m, h 
f g  

&Q 
- v L  a 

K P Awgc 
( 7 )  

Thus, permeabi l i ty  m a y  b e  measu red  by impress ing  a p r e s s u r e  gradient  o r  
grav i ty  head on a wick and measur ing  the flow. 

During th i s  p rogram,  t h r e e  t e s t  techniques w e r e  used to de t e rmine  the  
permeabi l i t i es  of wicks.  They were :  

1. F o r c e d  flow 

2. Gravi ty  flow 

3 .  Condenser  flow 
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Forced  Flow Pe rmeab i l i t y  T e s t s  

Th i s  technique involved enclosing a long piece of test wick completely 
(except f o r  the ends)  by containing su r faces ,  forcing liquid through the wick 
and measu r ing  the p r e s s u r e  dis t r ibut ion along the wick. 
u r e s  the flow re s i s t ance  of the containing wal ls  a s  wel l  as  the wick itself, 
and does  not accura te ly  s imulate  a situation in  a heat pipe which h a s  a f ree  
surface.  F o r  thick wicks,  however,  the wal l  effect wil l  be  v e r y  small and a 
forced  flow tkchnique is  sufficient. 

Th i s  technique meas-  

Descr ipt ion of apparatus .  - Wick permeabi l i t i es  were  calculated f r o m  
flows m e a s u r e d  a s  a function of the  liquid p r e s s u r e  d r o p  over  a given length 
in  the appa ra tus  shown in  f igure  7. The  appa ra tus  used wa te r  a s  a working 
fluid and consis ted of t h r e e  subsys tems:  liquid supply, t e s t  chamber ,  and 
p r e s s u r e  sensing equipment. 

The  liquid s y s t e m  w a s  composed of a constant- level  supply r e s e r v o i r  and 
a makeup r e se rvo i r .  
the p r i m a r y  supply r e s e r v o i r  at a rate in excess  of the flow to the wick, was  
used to maintain a constant level. E x c e s s  liquid flowed out through an  ove r -  
flow line into a beaker .  
b e r  by flexible plast ic  tubing. 

The makeup r e s e r v o i r ,  capable of supplying liquid to 

The  supply r e s e r v o i r  was  connected to  the test cham- 

The t e s t  chamber  was  fabricated f r o m  Plexiglas to allow observat ion of 
the t e s t  spec imen as  shown in f igure  8. 
was  located in a channel sea led  on two s ides  by thin rubber  sheet  to prevent 
any liquid flow around the specimen.  
was  located containing a p r e s s u r e  tap. 
i n se r t ed  approximately 0. 050 in. into the wick specimen,  1. 5 in. apa r t ,  and 
0 .  5 in. f r o m  each  end of the  specimen. These  p r e s s u r e  taps  w e r e  1 / 1 6  in. 
OD, and connected to the p r e s s u r e  sensing s y s t e m  by flexible tubing. 
p r e s s u r e  sensing s y s t e m  consis ted of a different ia l  p r e s s u r e  t r ansduce r ,  a 
se lec tor  valve, a re ference  p r e s s u r e  f lask,  power supplies for  the se lec tor  
valve and t r ansduce r ,  and a digital  vo l tmeter .  
Model PM5TC with a *1/4 ps i  different ia l  p r e s s u r e  range, and open to the 
a tmosphe re  on one s ide of the diaphragm. 
each of the p r e s s u r e  taps  and a r e fe rence  p r e s s u r e  f lask through a Scanni- 
valve switch. Th i s  s y s t e m  allowed u s e  of a single t r ansduce r  with a single 
cal ibrat ion curve.  Z e r o  r e fe rence  p r e s s u r e  for  the t r ansduce r  was provided 
by maintaining the level  of wa te r  in  a s m a l l  f lask  at the s a m e  elevation a s  the 
t r ansduce r  diaphragm. 

The  0. 1-  x 1.0- x 2. 5-in. specimen 

At each  end of the  specimen,  a chamber  
Two additional p r e s s u r e  taps  w e r e  

The  

The t r ansduce r  was  a Statham 

The  t r a n s d u c e r  was  connected to 

A stopwatch with 1/5-second cal ibrat ions was  used fo r  t iming flow Sam- 
ples,  and a m e r c u r y  t h e r m o m e t e r  was  used f o r  measu r ing  water  t empera tu re ,  

. - The t e s t  p rocedure  consis ted of establishing a p r e s s u r e  
head on the inlet  s ide of the  wick, and measur ing  the  p r e s s u r e  d r o p  and flow 
through the wick. 
only by the  physical s t rength  of the  t e s t  device o r  the max imum p r e s s u r e  
available.  

W i t h  th i s  procedure,  the p r e s s u r e  head could be l imited 

However, the max imum p r e s s u r e  difference a wick can sustain in 
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Figure 7. Forced Flow Permeability Test Apparatus 
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Figure 8. Forced Flow Permeability Test Chamber 

a heat  pipe o r  vapor  chamber  is the capi l la ry  p r e s s u r e  of the wick. 
on the assumpt ion  that the max imum p r e s s u r e  grad ien t  along a wick would 
hard ly  exceed tha t  corresponding to application of m a x i m u m  capi l la ry  suction 
ove r  a 1-in. length of wick, f o r  test purposes ,  measu remen t s  w e r e  r e s t r i c t e d  
to  p r e s s u r e  d r o p  pe r  unit length, AP/B, equal  to  o r  l e s s  than the capi l la ry  
p r e s s u r e  p e r  inch of wick length. 

Therefore ,  

The t e s t  was  s t a r t e d  by loading the s y s t e m  with boiled, deaera ted  dis-  
t i l led w a t e r  and removing a l l  bubbles f r o m  the  wick, wa te r  supply l ines ,  and 
p r e s s u r e  sensing l ines.  
syphoned into the supply r e s e r v o i r .  
on the flexible tubing between the r e s e r v o i r s .  Water  flowed f r o m  the supply 
r e s e r v o i r  through the test chamber  and wick. Bubbles w e r e  purged f r o m  the 
wick by drawing w a t e r  rapidly through the t e s t  chamber  with a pump. 
w e r e  purged f r o m  a l l  the p r e s s u r e  sensing l ines ,  the Scannivalve t r ansduce r ,  
and the  r e fe rence  p r e s s u r e  f lask  by flushing with water .  
p r e s s u r e  head was  se t  by adjusting the elevation of the t e s t  spec imen with a 
s c i s s o r s  jack  to the d e s i r e d  d is tance  below the level  of wa te r  in the supply 
chambe r. 

The wa te r  w a s  placed in  the makeup r e s e r v o i r  and 
Flow was  control led by a pinch c lamp 

Bubbles 

The  max imum 

T e s t  m e a s u r e m e n t s  w e r e  made a f t e r  the flow at max imum p r e s s u r e  head 
had become stable.  
through the wick was  observed  to be constant. 
discharging f r o m  the t e s t  chamber  was  collected in  a beake r  f o r  a m e a s u r e d  
per iod of t ime.  
measu red  and r eco rded  10 t imes .  The  w a t e r  spec imen was  weighed, and its 
t e m p e r a t u r e  recorded.  
p r e s s u r e  heads  and f o r  each  of the wicks tes ted.  

Stable flow was  achieved when the  p r e s s u r e  profile 
Then, a spec imen of w a t e r  

During collection of the sample,  the  p r e s s u r e  prof i le  was  

The s a m e  procedure  was  repeated f o r  each  of the 
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T e s t  resu l t s .  - Tes t  r e su l t s  are  plotted in  f igures  9 and 10. If  Da rcy ' s  
Law applied accura te ly  t o  these  wicks, the inverse  permeabi l i ty  would be  a 
constant.  But i nve r se  permeabi l i ty  is seen  to  v a r y  with flow, and Darcy ' s  
Law does not provide a n  accu ra t e  descr ipt ion of the flow field f o r  these  
wicks under  these  flow conditions. 

It would be expected that higher-porosi ty  wicks  would have a h igher  per -  
meabili ty f o r  a given value of D 
abili ty of the copper  f o a m  wick with E = 95% is l e s s  than that  of the copper  
f o a m  wick with E = 91%. Th i s  may  be  at t r ibuted to  the smaller pore  s i ze  
of the  higher-porosi ty  wick. 
in the determinat ion of permeabili ty.  
value of K 
cantly l e s g t h a n  some  of the o the r  wicks. 
( R e  = 1 / ~  m / A  Dc/p.) fo r  any of these  flows is  about 100, s o  it is unlikely 
that turbulent  velocity fluctuations wil l  occu r  in the  liquid. The express ion  
f o r  the Reynolds number  i s  based on the assumpt ion  that flow occur s  in pa r -  
a l l e l  channels of s i ze  Dc. Scheidegger ( re f .  18) points out that  t he re  will  be 
th ree  different flow reg imes  which desc r ibe  flow in a porous medium a s  the 
flow is increased .  
i ne r t i a l  effects  will  be small .  But, as the Reynolds number  inc reases ,  a 
flow reg ime  will  be reached in which the  neglect  of iner t ia l  effects is  no longer  
valid and a different express ion  will  be requi red  to desc r ibe  the flow. 
empi r i ca l  express ions  have been t r i e d  t o  desc r ibe  this reg ime,  but no uni- 
v e r s a l  cor re la t ion  has been achieved. 
and a p r e s s u r e  d r o p  vs mass flow express ion  which includes the effect of t u r -  
bulent f low mus t  be  used f o r  Reynolds numbers  g r e a t e r  than approximately 
2000. 

and this  is genera l ly  t rue ;  but the pe rme-  
C' 

Thus,  pore s i ze  is a v e r y  impor tan t  p a r a m e t e r  
This  is a l so  exemplified by the  small 

f o r  the nickel felt wick, even though the porosi ty  is not signifi- 
The max imum Reynolds number  

F o r  low flows, a D a r c y ' s  Law express ion  i s  valid because 

Many 

The  th i rd  reg ime is turbulent flow, 

Most of the  data  f r o m  the exper iments  appea r  to l ie in the  second flow 
regime.  
with a posit ive slope f o r  a l l  but one of the wicks. 
l inear i ty  a t  high flow ra t e s ,  however,  and so the  flow can  be  cha rac t e r i zed  by 
a relat ionship between p r e s s u r e  gradient  and mass flow which involves a 
quadrat ic  co r rec t ion  t e r m .  

A plot of l / K p v s  flow p e r  unit a r e a  is v e r y  close to a s t ra ight  line, 
The re  is a deviation f r o m  

Gravi ty  Flow Pe rmeab i l i t y  Tes t  

The  gravi ty  flow permeabi l i ty  test w a s  used f o r  testing thin wicks,  in-  
cluding s c r e e n  and V-groove wicks, because this method al lows tes t ing with 
a constant meniscus  radius  along the  flow length, which is des i r ab le  s ince 
permeabi l i ty  i s  a function of meniscus  rad ius .  
tween the a tmosphe re  and the liquid, which m o r e  closely approximates  the 
si tuation in  a heat  pipe than a t e s t  which has res t ra in ing  su r faces  on a l l  s ides  
of the wick. 
the length of the wick m a y  be achieved by inclining the  wick a t  a n  angle to the 
horizontal ,  and regulating the flow of the liquid until  the  liquid p r e s s u r e  d r o p  
p e r  unit length equals  the change in  p r e s s u r e  head  p e r  unit length. 

T h e r e  is a f r e e  sur face  be- 

W i t h  a free sur face  present ,  a constant  cap i l la ry  men i scus  along 
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Figure 9. Inverse Permeability Data From Forced Flow Permeability Test with Deaerated Distilled Water 
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Figure 10. Inverse Permeability Data from Forced Flow Permeability Tests with Deaerated Distilled Water 

In addition, the  meniscus  rad ius  may be va r i ed  to  investigate the effect  of 
depth of men i scus  on permeabi l i ty .  
hea t  pipe the meniscus  rad ius  wil l  v a r y  along the  length in a definite way. 
permeabi l i ty  is  de te rmined  a s  a function of meniscus  radius ,  it is possible t o  
include this effect  in determining the max imum heat  t r a n s f e r  capabili ty of 
heat pipes with thin wicks. The u s e  of such data wil l  be  d iscussed  m o r e  
thoroughly in the Design of Low-Tempera ture  Heat P ipes  Section of this 
report .  

Th i s  is useful  because  in an  operating 
If 

- Permeab i l i t i e s  of wicks less than 0.050 in. 
thic  grav i ty  flow device. The  s a m e  bas i c  appa ra tus  
was set  up in two configurations.  The first  was  used  f o r  permeabi l i ty  m e a s -  
u remen t s  with a flat (infinite r ad ius )  meniscus  on the liquid-vapor interface,  
i. e. with a z e r o  p r e s s u r e  differential  a c r o s s  the meniscus .  The second was  
used to  m e a s u r e  permeabi l i ty  with the meniscus  receding into the wick with a 
uniform small radius .  

The  appara tus  consis ted of a liquid supply sys tem,  the grav i ty  flow t e s t  
device,  the test f ix ture ,  the p r e s s u r e  sensing sys tem,  and the methanol t e s t  
fluid. 
supply s y s t e m  was  essent ia l ly  the s a m e  a s  f o r  the  forced  flow permeabi l i ty  
t e s t s ,  with a supply r e s e r v o i r ,  makeup r e s e r v o i r ,  and meter ing  valves  be-  
tween the two r e s e r v o i r s  and between the supply r e s e r v o i r  and t e s t  device.  
Again, the  supply r e s e r v o i r  maintained a constant  liquid leve l  by m e a n s  of an 
overflow line. 

A schematic of the t e s t  a s sembly  i s  shown in f igure  11. The liquid 
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Figure 11. Gravity Flow Test Schematic 

The gravi ty  flow t e s t  device consis ted of an  enclosed chamber  containing 
the  wick spec imen a s  shown in  f igure 12. 
s ta in less  s tee l  with a t r anspa ren t  window to pe rmi t  observat ion of the wick 
during tes t .  
clamped to the bottom plate of the t e s t  device.  
through the holder and into the bottom plate. 
was  placed around each  s lot  between the wick holder  and bottom plate. 
s lots  on the upper  s ide of the  wick holder  w e r e  covered by a thin layer  of 
smal l -pore  ( < 0. 001-in. pore  d i ame te r )  nickel foam. The foam and wick 
holder  w e r e  then covered by thewick specimen. The purpose of the foam 
l aye r  ove r  the p r e s s u r e  t a p  s lo t  was to prevent en t ry  of vapor  into the  p re s -  
s u r e  sensing sys tem.  

The  device was  constructed of 

The wick was  diffusion-bonded to a wick holder  ( s e e  appendix B )  
F ive  p r e s s u r e - t a p  s lo ts  passed 

An elongated O-r ing seal 
The  

P r e s s u r e  taps  in  the  bot tom plate consis ted of l / 16 - ino  -diam tubing on 
one side of the device and 1/4- in .  - d i a m  tubing on the opposite side.  
1/16-in. t aps  w e r e  connected to  the p r e s s u r e  sensing sys tem,  and the  1/4-in. 
tubes w e r e  e i the r  capped o r  used  as  liquid inlets  o r  outlets.  
tube at the f i rs t  p r e s s u r e  t a p  w a s  used a s  the liquid inlet  and a 1/4-in.  line 
in  the opposite end of the test device was  used a s  the  outlet. 
liquid flow was through the inlet l ine,  through the p r e s s u r e  tap  s lot  and nickel 
foam, through the length of the wick, and out the outlet. 

The 

The  1/4-in.  

The  path of 

32 



t; 
-I c 
3 
0 
U 
0 

33 



The  wick spec imen w a s  1 in. wide and 11. 94 in. long (fig. 13). Flow baffles 
(fig. 14) w e r e  instal led on the upper su r face  of the wick to b r e a k  up flow ove r  
the top  of the wick. 

The  test f ixture  which held the gravi ty  flow t e s t  device consis ted of a 
f r a m e  and  a n  angle-sett ing mechanism.  
a luminum labora tory  scaffolding and incorporated a pivot to which the liquid 
inlet  end of the t e s t  device w a s  attached. 
angle of th'e t e s t  device with the hor izonta l  was  a cable  wrapped around the 
shaft of a crank.  

The  frame w a s  built of 1 /Z-in. -diam 

The mechan i sm f o r  sett ing the 

T e s t  instrumentat ion consis ted of a t h e r m o m e t e r  in the supply r e s e r v o i r ,  
a machin is t ' s  p ro t r ac to r  f o r  measur ing  angles ,  and the  p r e s s u r e  sensing 
sys tem.  The  p r e s s u r e  sensing s y s t e m  consis ted of p r e s s u r e  t r ansduce r s ,  a 
Scannivalve, a vacuum tube vol tmeter ,  a r e fe rence  p r e s s u r e  f lask ,  and power 
supplies f o r  the t r ansduce r  and Scannivalve. The  p r e s s u r e  t r ansduce r  was  a 
Statham Model PM5-TC with a *1/4 ps i  different ia l  p r e s s u r e  range;  the vac-  
u u m  tube vol tmeter  was  a Fluke Model 801B. 

T o  m e a s u r e  permeabi l i ty  as  a function of men i scus  radius ,  it was  nec- 
e s s a r y  to  r ev i se  the t e s t  equipment. The  liquid supply s y s t e m  was  function- 
a l ly  identical  to  the forced  flow t e s t  setup, but the t e s t  device w a s  modified 
by addition of two m o r e  p r e s s u r e  taps  to the wick and t e s t  device a s  shown in 
f igure 15. The liquid outlet  was sealed and the last p r e s s u r e  t a p  was  used a s  
the liquid outlet. 
topped su r face  table.  
jack was  used to  r a i s e  and lower the outlet  end. 
addition of a p r e s s u r e  regulation s y s t e m  by which a i r  p r e s s u r e  inside the 
t e s t  device could be r a i sed  above a tmospher ic  to es tab l i sh  a p r e s s u r e  dif- 
fe ren t ia l  a c r o s s  the wick 's  l iquid/vapor interface.  The regulation s y s t e m  
consis ted of a pump, vent valve, and U-tube manomete r .  

The test appara tus  was  a s sembled  on a level, grani te-  
The  appara tus  was  pivoted a t  the  center ,  and a s c i s s o r s  

The  ma jo r  change was the  
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Figure 13. Gravity Flow Test Wick Holder Showing Presure Tap Locations for Tests with Infinite Meniscus Radius 
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Figure 15. Gravity Flow Test Wick Holder Showing Pressure Tap Locations for Tests with Small Meniscus Radius 
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T e s t  ins t rumenta t ion  included a p r e s s u r e  sensing sys tem,  m e r c u r y  
t h e r m o m e t e r  in the supply r e s e r v o i r ,  and v e r n i e r  gage f o r  measu r ing  e le -  
vations.  
valve was  replaced by a valve and manifold. 
was  used f o r  a l l  e l ec t r i ca l  equipment. 
conjunction with the  gran i te  su r face  table  to m e a s u r e  elevations of p r e s s u r e  
taps ,  the t r a n s d u c e r  diaphragm, and the  liquid level  in the r e fe rence  p r e s s u r e  
f lask.  

The  s y s t e m  was  the s a m e  a s  desc r ibed  above except tha t  the Scanni- 
A constant-voltage power supply 

A 2 - f t  v e r n i e r  height gage was  used  in  

T e s t  procedure.  - To m e a s u r e  the permeabi l i ty  of a wick with a constant 
flow a r e a ,  i. e. a constant rad ius  of men i sc i  cu rva tu re  o f  the liquid vapor  
in te r face ,  the in te rna l  liquid p r e s s u r e  m u s t  be constant  throughout the  wick. 
Th i s  condition can ex is t  in a n  inclined wick along which liquid i s  flowing when 
the p r e s s u r e  grad ien t  caused  by viscous d r a g  i s  exact ly  balanced by the p r e s -  
s u r e  grad ien t  due to  grav i ty  

A P  / Q  = L a  

With a given p r e s s u r e  difference a c r o s s  the l iquid/vapor  interface,  and 
a given angle  CY, t h e r e  is only one flow value which can maintain a constant  
liquid p r e s s u r e  along the wick. 
apparent  tha t  f o r  a given APL/Qa ,  and given values  of K p  and Aw, rh will  be 
fixed. In prac t ice ,  the t e s t  wick i s  set a t  an  angle,  a ,  with the horizontal ,  
and liquid flow is va r i ed  with the me te r ing  valve until  the  p r e s s u r e s  m e a s -  
ured  a t  the d i f f e ren t  p r e s s u r e  taps  a r e  equal.  
f e r en t i a l  per  unit length i s  given by A P L / ~ ~ =  p L  g /gc  s in  CY. 
this  value of A P  /I in equation(71, the following express ion  for 1 / K  would 

Th i s  follows f r o m  equation (7)  where  i t  i s  

The f r ic t ion  p r e s s u r e  dif- 
Substituting 

resul t :  L a  P 

p g s in  CY Aw 1 -  L 
K p  - v &  L 

( 9 )  

However, the actual  flow a r e a  is a function of the men i scus  rad ius  of the 
l iquid/vapor  in te r face .  
cus  r ecedes  into the wick. 
the permeabi l i ty ,  if flow is based  on the ac tua l  c ros s - sec t iona l  a r e a  of the 
wick a s  measu red  with a m i c r o m e t e r .  
cus  m a y  be calculated f r o m  the following p r e s s u r e  balance equation: 

In addition, the flow pa t te rn  will  change a s  the men i s -  
Both of t hese  effects m a y  be lumped together in 

The r ad ius  of cu rva tu re  of the men i s -  

where  

Pt = absolute  p r e s s u r e  of t r ansduce r .  

A h  = elevation of p r e s s u r e  measu remen t  point in wick 
above t r ansduce r  diaphragm. 
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PG = 

u = sur face  tension. 

p r e s s u r e  in the vapor  space above the wick. 

r = rad ius  of liquid-vapor meniscus .  

T h e s e  items m a y  be m e a s u r e d  experimental ly  and inve r se  permeabili ty 
m a y  be  measu red  a s  a function of the l iquid/vapor  meniscus  radius .  
heat pipe, the radius  may  v a r y  f r o m  the wick pore radius  to infinity. The 
rad ius  of the  meniscus  in the  t e s t  wick may be  var ied  by changing P In 
pract ice ,  t h i s  i s  done by varying the gas  p r e s s u r e  in the  chamber  w i g  the 
p r e s s u r e  regulation system. 

In a 

In ac tua l  t e s t s ,  this  test s y s t e m  proved to be  difficult. Adjusting the  flow 
Ini t ia l  p r e s -  to get  a un i form p r e s s u r e  throughout the wick i s  v e r y  tedious.  

s u r e  response  to a change in flow is rapid,  but the  s y s t e m  requ i r e s  a long 
t i m e  to r each  equilibrium. 
changes in flow; any tendency of the liquid t o  f o r m  a meniscus  between the  
wick and the  side wal ls  of the t e s t  device induces an  e r r o r  due to excess  liq- 
uid flow under  that meniscus .  This  effect is d i scussed  m o r e  fully l a t e r  in 
this  sect ion and in appendix A. 

Thinner  wicks a r e  par t icu lar ly  sensi t ive to 

The  detailed test procedure  is outlined below. It consis ted of preparing 
the equipment fo r  tes t ,  establishing flow, sett ing the  angle,  Q, adjusting flow, 
and measu r ing  flow and p r e s s u r e s .  

P repa r ing  the test equipment included charging the device with liquid, 
purging the  p r e s s u r e  sensing and liquid l ines,  and zeroing the p r e s s u r e  t r a n s -  
duce r  reading. 
and allowed to  flow into the  supply r e s e r v o i r  until the l a t t e r  overflowed. 
t e s t  device was  leveled and filled with methanol f r o m  the  supply r e se rvo i r .  
The p r e s s u r e  sensing lines, t r ansduce r ,  and Scannivalve w e r e  purged with 
methanol.  The  wick was  flooded and p r e s s u r e s  in the  stagnant liquid w e r e  
measu red .  
in the  p r e s s u r e  sensing l ines,  and l ines  with deviant readings w e r e  repurged 
until  un i form readings w e r e  obtained. The p r e s s u r e  t r ansduce r  reading was  
ze roed  by adjusting the  level of liquid in the re ference  p r e s s u r e  f lask  t o  that  
of the t r a n s d u c e r  d iaphragm and then shifting the vol tmeter  reading to zero .  
W i t h  no flow through the t e s t  spec imen and the t r ansduce r  zeroed,  the equip- 
ment  was  ready. 

Reagent-grade methanol was  placed in the makeup r e s e r v o i r  
The 

Any deviation in  p r e s s u r e  reading indicated presence  of bubbles 

Test ing was  init iated by sett ing the  angle of inclination at l o " ,  es tabl ish-  
ing max imum flow, adjusting the flow to the  constant liquid p r e s s u r e  condition, 
measu r ing  the  p re s su re ,  and measu r ing  the flow. Maximum flow was  achieved 
by opening the meter ing  valve to  its limit. 
using a machin is t ' s  p ro t rac tor .  
p r e s s u r e  condition by slowly closing the me te r ing  valve and observing the  
p r e s s u r e  profile. 
the wick plus the  p r e s s u r e  head due to the  d i f fe rence  in  elevation between the 
p r e s s u r e  t a p  and t r ansduce r  diaphragm. 

The  10" inclination angle was  se t  
Flow was  adjusted to  the constant liquid 

Note that  the  p r e s s u r e  t r a n s d u c e r  r eads  the  p r e s s u r e  in  

T h e  test ope ra to r  was  provided a 
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cha r t  l ist ing the  difference in p r e s s u r e  heads  between adjacent  p r e s s u r e  t a p s  

a l ly  an  open channel. 

Adjusting of flow to r each  a constant p r e s s u r e  in the liquid was  the s a m e  
as  descr ibed  above. 

The specific procedure  fo r  measu r ing  permeabi l i ty  was  to f i r s t  m e a s u r e  
the pe rmeabi l i  
The s a m e  proc  
permeabi l i ty  
using a 2- f t  v e r  
c o r r e c t l y  set, the ve  
t a p  a t  the wic  
height of the liqu 
phragm. P e r m e  
above. 
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Gravi ty  flow test resu l t s .  - Resul t s  of the g rav i ty  flow permeabi l i ty  tests 
are plotted in f i g u r e s  16 through 20. T h e s e  f igu res  show the  r e s u l t s  of t e s t s  
with z e r o  p r e s s u r e  difference a c r o s s  the l iquid/vapor  interface.  
a l s o  shows the r e s u l t s  of tests with a nonzero c h a m b e r  p r e s s u r e  (a men i scus  
rad ius  of less than  infinity). 
in  tab le  4. Resul t s  f o r  thick wicks  are  presented  i n  terms of l / K p  defined by 
equation ( l l ) ,  and f o r  thin wicks,  in  terms of R defined by equation (12). 

F i g u r e  19 

Resul t s  f o r  the 200-mesh s c r e e n  a r e  tabulated 

A P  Aw gc  l / K p  = - Q 

The  r eason  the r e su l t s  f o r  thin wicks a r e  presented  in terms of R (which 
is based  on the flow width of the wick--not the  flow a r e a )  is that 1 / K  f o r  a 
wick consis t ing of a few l a y e r s  of s c r e e n  can  be  a function of the  number  of 
l aye r s .  Thus,  it would not be  c o r r e c t  to  a s s u m e  that A P L  f o r  a screen- type  
wick could be calculated by using l / K p  in equation (11) and by using the a r e a  
of the wick, r e g a r d l e s s  of whether  one o r  many l a y e r s  of s c r e e n  w e r e  used  in 
making u p  the  a r e a .  
they  m a y  only be  used  f o r  calculating A P L  f o r  one o r  two l a y e r s  of s c reen .  

P 

To  avoid this e r r o r ,  data  a r e  presented  in  t e r m s  of R ;  

F o a m  wicks:  According to  the m a n u f a c t u r e r ' s  specification, AmPorNik  
and AmPorCop  210-5 and 220-5 have nominal  pore d i a m e t e r s  of 0.010 and 
0.020 in . ,  respect ively.  Thus  it would be expected that,  f o r  a given porosity,  
the 210-5 wicks would have a s m a l l e r  value of Kp than the  220-5 wicks.  How- 
eve r ,  r e f e rence  to  f igure  17 indicates  t h i s  i s  not t r u e .  In addition, o u r  
r e su l t s  on effective pore d i ame te r ,  Dc, 
between 210-5 and 220-5 wicks. 
t h e r e  was  no apprec iab le  difference in the s i ze  and range of s i z e s  of po res  
f o r  the 210-5  and 220-5 wicks.  
f ication and m a y  have been the  r e a s o n  why the foam m e t a l  wicks did not follow 
the expected relat ionship between permeabi l i ty  and pore s ize .  
the tor tuos i ty  of the wick and the percentage of noninterconnected po res  m a y  
a l s o  influence the r e su l t s  i f  t hese  p a r a m e t e r s  a r e  not constant f r o m  wick to  
wick. 

( table  5)  indicate l i t t le difference 
Inspection under  a mic roscope  indicated 

T h i s  i s  c o n t r a r y  to the manufac tu re r ' s  spec i -  

In addition, 

F e l t  wicks:  Data f o r  the m e t a l  felt wicks (fig. 17) appea r  to be consis t -  
en t  with the  concept that wicks with l a r g e r  po res  have a l a r g e r  value of pe r -  
meabi l i ty ,  s ince  the  coppe r  felt had a nominal  pore  s i ze  l a r g e r  than the  nickel  
felt. However,  t h e r e  is a l a r g e  var ia t ion in 1 / K  for  the nickel  felt ,  indicating 
a change in flow reg ime o r  opera t ion  in a n  ine r t i a l  flow regime.  
not be  expected because  the flow p e r  unit a r e a  is relat ively sma l l .  
va lues  f o r  copper  felt a r e  re la t ively constant o v e r  a la rge  range of flows, 
indicating operat ion in a l amina r ,  noniner t ia l  flow reg ime.  

P Th i s  would 
The  l / K p  
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TABLE 4 

WICK RESISTANCES AS A FUNCTION O F  MENISCUS RADIUS 

Single layer  200-mesh s c r e e n  
Thickness  = 0. 0049 in, 

Poros i ty  = 73. 3 " b  
Slope Chamber  Re sis tance Floxs- / Calculated Recess ion  deptk 
3ngle p r e s s u r e  uridth meniscus  xx- i c k thi c kn e s s 

-$- ( lbm/  rad ius  (in.) 
h r  -ft)  

deg 1 I mm methanol)  (5) 
0 30 0 3. 7x10 12 0. 20 co 

3 0 5 . 6 ~ 1 0 ~ ~  0. 13 0. 0096 0. 133 

50 0 4. 4x1Ol2 0. 25 co 0 
30 6. 6 ~ 1 0 1 ~  0. 17 0. 0085 0. 139 
80  14x1012 0. 079 0. 0025 0. 282 

70 0 4 . 9 ~ 1 0 1 ~  0. 29 a3 0 
30 5. 6 ~ 1 0 1 ~  0. 25 0.0178 0. 106 

120 1 7 ~ 1 0 ~ ~  0. 081 0.0020 0. 337 

Double layer  200-mesh s c r e e n  
Thickness  = 0. 0094 in. 

Po ros i ty  = 72. 2 70 

Slope Chamber  Res is tance  Flow / Calculated Recess ion  de ptk 
Lngle p r e s s u r e  n-idth meniscus  -Tick thickness  
,dkg) (mm methanol)  rad ius  (in.)  d, 

t\v 
( 1bm /' 
h r  -ft)  

10  
30  2. 6x1Ol2 0. 053 0. 0086 0. 072 

30  0 1. 9x1Ol2 0. 20 a3 0 

50 0 2. 0x1Ol2 0. 30 a3 0 

70  0 2 . 3 ~ 1 0 ~ '  0.32 a3 0 

30  3. 7 ~ 1 0 ~ '  0. 10 0. 0091 0. 071 

3 0  3 .  1 ~ 1 0 1 ~  0. 19 0. 0093 0. 070 

30  3.2x1012 0. 22 0.0100 0. 068 
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TABLE 5 
COMPARISON O F  INVERSE PERMEABILITIES MEASURED BY 

Range of l / K p  ( l / f t 2 )  

F o r c e d  flow Gravi ty  flow Flov,. at which F o r c e d  flow{ 1 / K )  
permeabi l i ty  permeabi l i ty  1 /KP is corn- grav i ty  flow( 1 / K F  

1 Wick t e s t  tes t  pa red  l b m  
hr. ft2 

AmPorCop  
21 0-5 0. 38-. 54x1 O8 0. 13-0. 26x108 2 o X  l o 3  2. 5 0  

AmPorCop  
220-5 0. 35-. 46x1 08 0. 13-0. 32x108 15  103 1. 3 3  

1. 8 2  3 AmPorNik  
21 0-5 0. 28-. 40x1 O8 0. 17-0. 2Ox1O8 2 5 x  1 0  

AmPorNik  
220-5 0. 21 -. 30x1 0 0.17-0. 42x108 14  l o 3  1. 25 

8 Copper 
fe l t  0. 69-. 82x1 08 0.37-0. 68x10 l o x  103 1. 50 

Nickel  
fe l t  1. 65-. 1 .  99x1 O8 1. 08-1. 8 9 ~ 1 0 ~  3 103 1. 05 

69-350 
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Figure 17. Inverse Permeability Data from Gravity Flow Tests with Methanol and Zero Pressure 
Difference across Liquid-Vapor Interface (i.e., Infinite Meniscus Radius) 
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Figure 18. Resistance Data from Gravity Flow Tests with Visible Corner Flow with Methanol and Zero 
Pressure Difference across Liquid-Vapor Interface, (Le., Infinite Meniscus Radius) 
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Figure 19. Wick Resistance Data from Gravity Flow Test with Methanol as Functions of Meniscus Radius 
Due t o  Pressure Difference Across Liquid-Vapor Interface Caused by Positive Test Chamber 
Pressure (See table 5) 
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Figure 20. Resistance Data from Gravity Flow Tests with Methanol and Zero Pressure Difference across the 
Liquid-Vapor Interface (Le., Infinite Meniscus Radius) 
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V-groove wicks :  Data f o r  V-groove capi l la ry  s t r u c t u r e s  (f ig .  20 )  are 
quite consis tent  with the  cor re la t ion  between pore  s i z e  and permeabi l i ty .  
V-groove plate h a s  a l a r g e r  effect ive pore s i ze  than any of the o ther  wicks.  
Addition of s c r e e n  to  the top  of the  V-groove plate r e su l t s  in g r e a t e r  r e s i s -  
t ance  to  fluid flow than is found with a f r e e  sur face .  

The  

Meniscus r eces s ion  t e s t :  T e s t  r e su l t s  f o r  s c r e e n  wicks with g a s  p r e s s u r e  
g r e a t e r  than a tmosphe r i c  above the  wick a r e  shown in  f igure  19. 
meabi l i ty  of one and two l a y e r s  of 200 m e s h  s c r e e n  is  seen  to be a v e r y  s t rong  
function of the men i scus  radius.  
measu r ing  the difference in p r e s s u r e  between the liquid and the vapor.  

The  pe r -  

The  value of men i scus  rad ius  is obtained by 

Compar ison  of 1 /K fo r  fo rced  flow and gravi ty  flow t e s t s :  A compar ison  
of i nve r se  permeabi l i ty  ( l / K p )  f o r  porous metal wicks which w e r e  tes ted  
using fo rced  flow and gravi ty  f low test techniques is given in table  5. The  d i s -  
ag reemen t  is  possibly due to  the fact tha t  the compar ison  is between wicks of 
different  th icknesses  and, presumably,  cor responding  s m a l l  d i f fe rences  in 
in t e rna l  s t ruc tu re .  The  small  differences in  porosi ty  between corresponding 
samples  would cause  differences opposite to those  observed.  The  fac t  that  
the two s e t s  of t e s t s  w e r e  made  with d i f fe ren t  l iquids would not be expected 
to  apprec iab ly  influence the comparison,  s ince the only obvious implication- - 
a difference of about 30% in Reynolds number--should not be significant in 
the range  where  D a r c y ' s  Law i s  approximately obeyed. 
the two methods w e r e  genera l ly  not in agreement .  

P 

Resul t s  obtained by 

The  differences between the two methods could be accounted f o r  by flow 
F o r  forced  flow t e s t s ,  the  wicks a r e  in  the f i l l e t s  as  previously mentioned. 

completely enclosed and the  m e a s u r e d  permeabi l i ty  should m e a s u r e  flow only 
through the porous s t ruc tu re .  
shown in f igure  A-3, appendix A can cause  a bypass  and the re fo re  i n c r e a s e  
the effective permeabi l i ty  of the wick. 
e n o n  and its effect  on the data  obtained on both thin s c r e e n  and thick foam 
wicks is presented  in  appendix A. In s o m e  of the gravi ty  flow exper iments  
with wetted wal ls ,  it w a s  visual ly  observed  that f i l le ts  of approximately 1 / 8  in 
did ex i s t  in the c o r n e r s .  
u p  the wetted wall  is not unreasonable .  

In the gravi ty  flow tests, a f i l le t  of the type 

A detai led d iscuss ion  of th i s  phenom- 

It i s  shown in appendix A that a fluid rise of 1 / 8  in. 

Because  of t he  above-mentioned d iscrepancy ,  t he  grav i ty  flow permeabi l i ty  
appa ra tus  was  modified by coating the  s idewalls  with a commerc ia l ly  avai l -  
ab le  nonwetting Teflon compound cal led Tefix, manufactured by Wantz Con- 
s u m e r  Products ,  Rockford, I l l inois.  The  subs tance  w a s  applied to  the s u r -  
face with a b r u s h  and baked at 350°F.  The  s c r e e n  wicks w e r e  r e t e s t ed  and  
the permeabi l i ty  w a s  found to  b e  significantly lower.  
f o r  the  wetted wa l l  gravi ty  flow tests a r e  shown in  f igure  18 and the  wick 
r e s i s t ance  f o r  the nonwetted wa l l  tests a r e  shown in f igure  19. The  va lues  
f o r  z e r o  o v e r - p r e s s u r e  in f igure 19 a r e  equivalent to  those  depicted in  fig- 
u r e  18 except  that the data  presented  in f igure  19 w a s  obtained using the  
test appa ra tus  with the Tefix-coated walls.  The  d i f fe rences  between these  
two methods can  be explained by a c o r n e r  flow desc r ibed  in appendix A. 

The  wick r e s i s t ance  
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Thus,  the values  of 1 / K  in f igure  18 a r e  not d i rec t ly  applicable to heat  
pipe design;  only the resultspin f igure  19 should be used.  Resul ts  of the 
gravi ty  flow t e s t s  with wetted wal l s  a r e  somewhat questionable fo r  reasons  
d iscussed  previously;  preference  should be given to the  forced  flow pe r -  
meabi l i ty  data. 
f o r  thin wicks, and the effect of c o r n e r  flow is l e s s  important--but  not 
insignificant. 

The  c ross - sec t iona l  a r e a  of thick wicks i s  much l a r g e r  than 

Condenser  Flow Pe rmeab i l i t y  T e s t  

The  permeabi l i ty  of a wick in a n  operating heat  pipe may be de te rmined  
by measur ing  the p r e s s u r e  d r o p  in the condenser .  
is  thus given by equation (13)where rh is rep laced  by Q/2h  

The  inve r se  permeabi l i ty  

fg '  

ApL A W W h f  gc 

C vLQ 
Q l / K p  = 

where  Qc i s  the length of condenser  and Q is the to ta l  heat  t r a n s f e r r e d  by the 
hea t  pipe. 

Descr ipt ion of apparatus .  - The approach  to  measu r ing  wick permeabi l i ty  
in  the condenser  of a n  operat ing hea t  pipe was  to  m e a s u r e  liquid p r e s s u r e  
dis t r ibut ion in the wick. 
condenser  of a n  exper imenta l  hea t  pipe. 
two heat  pipes;  a l l  were  unsuccessful.  
encountered of accu ra t e ly  sensing the p r e s s u r e  in  the wick. 
the t e s t  equipment follows. 

P r e s s u r e  t aps  w e r e  located beneath the  wick in the 

In each  case ,  a common problem was 
A descr ip t ion  of 

F o u r  t e s t  a s s e m b l i e s  w e r e  made  with 

The ini t ia l  heat  pipe tes ted was  fabricated of s ta in less  s t ee l  with a squa re  
c ross -sec t ion .  TI:, faci l i ta te  changing of wicks,  the pipe was  made  in two 
pieces  that could be sea led  with a gasket  a s  shown in f igure  21, 
of the pipe was  a long rectangular  box with six thermocouple wel ls ,  a valved 
f i l l  l ine, and a valved vacuum line. The  top sect ion w a s  sealed to the lower 
sect ion with a flat  neoprene gasket. The lower pa r t  of the pipe consis ted of a 
t r a y  to which the wick w a s  bonded and to which a n  evaporator  hea te r  was  
so ldered  a t  one end. 

The top par t  

T h r e e  t r a y s  w e r e  fabr ica ted ;  each  had one of the following wicks bonded 
to it: ( 1 )  a s ingle- layer  200 m e s h  s ta in less  s t ee l  wick, (2) a nickel  foam wick 
(AmPorNik  220-5) 0. 050  in. thick, covered  with one layer  of 200 m e s h  sc reen ,  
and ( 3 )  a f o a m  nickel  (AmPorNik  220-5) wick 0. 100 in. thick. 
OD s t a in l e s s  s t ee l  p r e s s u r e  t aps .were  welded to each  t r a y  at the wick- t ray  
interface.  
a 500-W ca r t r idge  hea te r  imbedded in  it. 
between the block and t r a y  were  1 by 4 in. 

F ive  1/16-in.  

The evapora tor  heat block was  a rec tangular  piece of copper  with 
Dimensions of the contact su r f ace  

The hea t  pipe was  mounted in  a test f ixture  which allowed adjustment  of 
the elevation of one end of the  hea t  pipe above o r  below horizontal .  A buret te  
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w a s  at tached to the f ixture  and valved to the heat  pipe for  charging the hea t  
pipe with liquid. 
of the f ix ture  for  evacuating the heat  pipe o r  removing accumulated non- 
condensible gases .  

A vacuum manifold was  fixed to the heat  pipe condenser  end 

T e m p e r a t u r e s  w e r e  recorded  on a Minneapolis Honeywell S e r i e s  15 
r e c o r d e r  with 24 channels. Copper-constantan thermocouples  w e r e  used. 

The difference in t e s t s  was the p r e s s u r e  measur ing  sys t em.  In the f i r s t  
two t e s t s ,  methanol was the working fluid and p r e s s u r e s  were  measu red  with 
a Statham Model P M  131 t r ansduce r  with a 0-  to 2. 5 -ps i  d i f f e ren t i a l  p r e s s u r e  
range  (f ig .  2 2 ) .  
ent ia l  which made it p rac t ica l  for  use with a heat  pipe. 
f ive-tube manometer  was used for measur ing  p r e s s u r e s  (fig.  2 3 ) .  

This  t r ansduce r  could withstand a 2 5  psi  p r e s s u r e  differ-  
In the third t e s t ,  a 

P r e s s u r e s  in  the ini t ia l  t e s t  w e r e  m e a s u r e d  with the Statham PM 131 
t r ansduce r  through a valved manifold sys tem.  
with bubbles in the 1/16-in.  -d iam tubing connecting the p r e s s u r e  taps  in the 
heat  pipe with the t r ansduce r  manifold. 
to dr i f t  continually but slowly. Measurement  t ime,  using the manifold, was  
too long to permi t  m e a s u r e m e n t  of  a p r e s s u r e  dis t r ibut ion v,Fhile the p r e s s u r e s  
w e r e  drifting. 

Difficulty was encountered 

The p r e s s u r e s  recorded  appeared  

To d e c r e a s e  measu remen t  t ime,  the Scannivalve was  substi tuted for the 
Again, the p r e s s u r e s  w e r e  not s table  and bubbles urere visible in manifold. 

the p r e s s u r e  l ines.  
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Figure 22. Condenser Flow Test Schematic using Pressure Transducer 
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Figure 23. Condenser Flow Test Schematic using Liquid-Liquid Manometer 

A liquid-liquid manometer  was substi tuted f o r  the Scannivalve- t ransducer  
s y s t e m  and water  was used  as the working fluid. 
s u r e  taps  on the heat  pipe and the manometer  was changcd f r o m  1/16-in.  to 
1/8- in .  ID. Tetrabromoethane,  with a density of 2 .96  g / c c ,  was used  as the 
manomete r  fluid and fo rmed  a c l ea r ly  visible meniscus  with the water .  Once 
again, bubbles were  observed  in the sys t em and tubing, though the number 
was reduced. 

The tubing between the p r e s -  

A g la s s  hea t  pipe was constructed to permi t  observat ion of the pipe in 
operation. The  casing of the pipe was  18 -mm P y r e x  tubing xsith five 1 /8-in. 
ID p r e s s u r e  taps  and 2 l aye r s  of 1 0 0  m e s h  s ta in less  s tee l  s c r e e n  for  a u-ick. 
The  pipe w a s  connected to the  different ia l  manomete r  i n  the s a m e  manner  
used for  the  m e t a l  equipment. In operation. this  equipment proved m o r e  
dependable because anomolous r e su l t s  could be explained visually by a 
bubble in  the  connecting tubing o r  entrapped a t  the in te r face  between the wick- 
ing and the p r e s s u r e  orifice.  
by ra i s ing  the te t rabromoethane  level.  and those t rapped a t  the or i f ice  d i s -  
appeared  a f te r  quick evacuation of the heat  pipe. 

Bubbles in  the tubing could usually be removed 

T e s t  procedures .  
of the following steps:  
ing and leveling the hea t  pipe. 
and (4)  m e a s u r e m e n t  of p r e s s u r e s ,  t empera tu res .  and heat  input to the 
operat ing pipe, 

- The t e s t  p rocedure  f o r  the  inetal l ic  heat  pipe consis ted 
( 1 )  cleaning and a s sembly  of the heat pipe, ( 2 )  mount- 

( 3 )  assembly  of the p r e s s u r e  sensing sys tem,  
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The f i r s t  s t e p  consis ted of cleaning the wick and in te r ior  of the pipe, and 
a s  sembling the cleaned components. 
a l l  t e s t s ,  
res idue  of the s inter ing process .  
c leaner  using F r e o n  113. 
( fo r  s t a in l e s s  s t ee l )  or P a s a  J e l l  107-M ( for  nickel) .  
used with methanol.  the P a s a  J e l l  was  r in sed  out using hot, boiled, dis t i l led 
wa te r ,  and the wick was dr ied,  If it  was  to be tes ted urith water ,  the P a s a  J e l l  
was  r insed  out Xvith hot dis t i l led w a t e r ,  but the wick was  kept wet. 
in te r ior  of the pipe u7as cleaned with P a s a  J e l l  105-M, 
tvater.  and dr ied.  

The cleaning procedure  was  identical  for  

Next, they w e r e  cleaned in an ul t rasonic  
Wicks were  r insed  in  benzene to remove  the diffusion pump oi l  

The  wicks \vere then cleaned with P a s a  J e l l  105-M 
If a wick was  to be 

The 
r in sed  with dis t i l led 

Assembly  of the pipe was  accomplished by bolting the halves together 
The and mounting the pipe in  the t e s t  f ixture.  

vacuum line. filling buret te ,  and thermocouples  w e r e  attached, and the pipe 
was  ready for  connection to the p r e s s u r e  measu r ing  system. 

The pipe was  then leveled. 

In the ini t ia l  tes t ,  the p r e s s u r e  t a p  l ines  w e r e  connected to the p r e s s u r e  
t r ansduce r  through a valved manifold. 
p r e s s u r e  t a p  l ines  w e r e  shut off with pinch c lamps ,  
vacuum s y s t e m  w e r e  leak-checked. When the pipe was  leak-tight,  vacuum- 
dis t i l led methanol  was injected into the pipe through the burette.  
s t ep  before  s ta r t ing  the data  run, the pipe was  wrapped in foil-backed f iber -  
g l a s s  insulation. 

After  these  connections w e r e  made. 
and the heat pipe and 

In the final 

The t e s t  was  init iated by heating the pipe with hot  water  in the cooling 
jacket  and depres s ing  the end of the condenser  0. 25 in. 
evaporator .  Using the evaporator  hea te r ,  the hea t  pipe was  then heated up to 
t e m p e r a t u r e s  of 150°F.  At each i n c r e a s e  in  power input, noncondensible 
gases  w e r e  removed when necessa ry ,  and t e m p e r a t u r e s  and liquid p r e s s u r e s  
w e r e  recorded.  

below the end of the 

The s a m e  procedure  was  followed fo r  the second t e s t  except that  the 
Scannivalve was used for  monitor ing p res su res .  
a s  the f i r s t  and second except that  the five-legged manometer  was  used a s  
the p r e s s u r e  senso r ,  and vacuum-dis t i l led water  was  the working fluid. 

The third t e s t  was the s a m e  

The t e s t  p rocedure  f o r  the g l a s s  pipe was s imi l a r  to that for the me ta l  
pipe. 
manometer  sect ion with no manometer  fluid present .  
m e t e r  was fi t ted with a pinch c l a m p  on the tygon tubing and a sma l l  s ide-  
connection for excess  fluid outlet. 
fluid was  admit ted to the manometer  one leg a t  a t ime  by opening the appro-  
pr ia te  fluid outlet  and re leas ing  excess  dis t i l led water .  
justed to have the men i scus  a t  a known position re la t ive  to a r e fe rence  leve l  
indication bar  which had been leveled with a s u r v e y o r ’ s  t ransi t .  
manometer  had been filled, the pinch c lamps  w e r e  left closed. 
evacuated and an appropr ia te  quantity of dis t i l led water  added, using a 
bure t te  connected to the water  inlet. 
power. 
the length of the pipe in  operation. A s  dissolved gases  w e r e  r e l eased  from 
the  dis t i l led water ,  they w e r e  concentrated a t  the condenser  end of the pipe 

When the pipe was  level,  boiled dis t i l led wa te r  was  added to the 
Each  leg of the mano-  

With all pinch c lamps  closed, manometer  

A l l  l egs  w e r e  ad-  

Once the 
The pipe was  

Pipe operat ion was  s t a r t ed  a t  low 
Ten thermocouples  a r r anged  along the length of the pipe indicated 
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where  the  vacuum connection w a s  located. When accumulation of gas  was 
indicated by a t e m p e r a t u r e  d r o p  in  tha t  end of t he  condenser ,  gas  was r e -  
moved as r equ i r ed  by opening the  vacuum connection, br ief ly  bringing the 
en t i r e  pipe to i so the rma l  operation. At th i s  point, the evapora tor  section 
was  r a i s e d  to 0. 25 in. above the condenser  section, the pinch c lamps  w e r e  
removed,  and the equipment w a s  in  operation. Data were  taken by record ing  
the operat ing t e m p e r a t u r e  of the pipe, the power input, and the heights of the 
liquid in the five manometer  legs  r e l a t ive  to  the re fe rence  bar ,  
change in power o r  operat ing condition, a t  l e a s t  15 minutes  w e r e  allowed for  
equi l ibr ium opera t ion  before  da ta  w e r e  recorded .  

After each 

T e s t  r e su l t s .  - The t e s t  r e su l t s  w e r e  e r r a t i c  and reproducibi l i ty  f o r  
ident ical  runs  was  poor. P r e s s u r e s  at the five locations in the condenser  and 
the t empera tu re  a t  thermocouple  locations indicated in f igure  21 w e r e  
recorded  a s  a function of heat  input. 
in f igure  24. 
heat input g r e a t e r  than 20 W. 
i n c r e a s e s .  
of flow f o r  the s a m e  t e s t  conditions shown in f igure  25. 
a function of heat  input fo r  var ious  p a r t s  of the t e s t  appara tus  is  shown in 
f igure  25. 
the condenser  sect ion is actually act ing as  an evapora tor  and supplying heat 
f r o m  the circulat ing wa te r  to  the heat  pipe. It i s  a s m a l l  amount,  however,  
and cer ta in ly  not enough to account f o r  the l a r g e  p r e s s u r e  d rop  a t  Q = 0 W .  In 
any event,  the p r e s s u r e  d rop  should be in the o ther  direct ion if the condenser  
i s  acting a s  an evapora tor .  

A typical p r e s s u r e  dis t r ibut ion is shown 
The p r e s s u r e  i n c r e a s e s  in the direct ion of flow for  values  of 

The p r e s s u r e  d r o p  d e c r e a s e s  a s  heat input 
During some  t e s t s ,  the p r e s s u r e  would d e c r e a s e  in the direct ion 

The t empera tu re  a s  

Note that for Q : 0 W ,  T e m p e r a t u r e s  i n c r e a s e  about as  expected. 

Both of t hese  e f fec ts  a r e  anomalous and incapable of explanation by any 
present ly  accepted theo r i e s  of hea t  pipe operat ion.  
s u r e  measu r ing  technique was  the sou rce  of the  e r r o r  that prevented useful 
data  f r o m  being obtained. The nonreproducibil i ty of r e s u l t s  for a given set  
of t e s t  conditions lends c redence  to this  supposition. 

It i s  suspected that the p r e s -  

Bubbles lvere  obse rved  in the p r e s s u r e  t ap  l ines  and other  pa r t s  of the 
system. Vapor bubbles in the p re s su re - sens ing  taps  and l ines  change the 
p r e s s u r e  head because of the dec reased  densi ty  of the column and. conse-  
quently.  the indicated p res su re .  
a ted in a position behveen the Xvick and the p r e s s u r e  t ap  opening. In such a 
condition, the liquid p r e s s u r e  c h a r a c t e r i s t i c  a t  that  position along the xr-ick 
could not be t r a n s f e r r e d  to the  p r e s s u r e  l ine leading to the t r ansduce r ,  
p r e s s u r e s  m e a s u r e d  a t  some  taps  could be e r roneous  xvhile p r e s s u r e s  measu red  
a t  o the r s  might be accura te .  
s imi l a r  to those shoxvn in f igure 25. 

These  bubbles could have eas i ly  agglomer - 

Thus,  

The net effect could be p r e s s u r e  dis t r ibut ions 

Compar ison  of l / K p  and R xvith Data 
of Other Exper imen te r s  

A summary  of DWDI., data  for 1 / K  and R for  var ious  \ r icks  is  contained 
in tab les  6 and 7 along with values  for ? / K p  obtained by Kunz, et al .  for 
s e v e r a l  xvicks. Table  7 a l so  contains values of 1 / K  based on equation 11 for  
compar ison  n-ith values  in table  6. P .  In a l l  c a s e s ,  data  included in the table  
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TABLE 6 
INVERSE PERMEABILITY FOR WICK MATERIALS 

FROM FORCED FLOW TESTS 

er se permeabi l i ty  
idrange value P o r o s i t y  

E x p  e rim e n  t e r ( E )  (l/Kp - l / f t 2 )  No. Wick  

8 
1 AmPorCop  210-5 DWDL 0 . 9 4 5  0 . 4 6  x 10 

( f o a m )  

8 
2 AmPorCop  220-5 DWDL 0 . 9 1 2  0 . 4 0  x 10 

( f o a m )  

8 
3 AmPorNik  210-5 DWDL 0 . 9 4 4  0 . 3 4 ~  10 

( f o a m )  

8 
4 AmPorNik  220-5 DWDL 0 .  960 0 .  25 x 10 

I f o a m )  

8 

8 

5 Copper fe l t  DWDL 0. 895 0 . 7 5  x 10 

6 Nickel  fe l t  DWDL 0 .  891 1 . 8  x 10  

7 Nickel felt 
(H1) 

8 Nickel felt 
0 3 3 )  

21.2  x 10 8 Kunz e t  al. 0.  836 
(ref. 1 0 )  

Kunz et al. 0.  689 61. 3 x 10 8 

8 9 N i c k e l  s in t e red  Kunz et al. 0. 645 3 . 4  x 10 
powder (M2) 

8 
10 Nickel s in t e red  Kunz et al. 0. 651 12.0 x 10 

200 mesh s c r e e n  
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TABLE 7 

WICK RESISTANCE FROM GRAVITY FLOW TESTS F O R  

SCREEN AND V-GROOVE WICKS AS DEFINED IN EQUATION 1 2  

(Tests with methanol)  

Re s is tance 
M i d r a n  e 

J O  Wick E x p e r i m e n t e r  value (g-1 / f t 3 )  Comment s  

7 

8 

9 

10 

11 

12 

13 

14 

One 200 m e s h  
SS s c r e e n  

Two 200 mesh SS 
s c r e e n  

One 200 mesh SS 
s c r e e n  

Two 200 mesh SS 
s c r e e n  

One 200 m e s h  SS 
s c r e e n  

One 200 mesh SS 
s c r e e n  

0.010-in. -deep 
V-groove 

0. 010-deep 
V-groove  with 
200 mesh s c r e e n  

DWDL 

DWDL 

DWDL 

DWDL 

DWDL 

DWDL 

DWDL 

DWDL 

12 4 .3  x 1 0  

P 
( 1 / K  =17x10 ) 

12 2 . 1  x 10 

P 
( 1 / K  = 16x10 ) 

12 
8 6 . 0  x 1 0  

P 
( 1 / K  = 25x10 f 

12 2 .8  x 10 

P 
( 1 / K  = 22x10 

12 14.0 x 10 
( 1 / K  = 59x10 ) 

P 

12 17 .0  x 10 
( 1 / K  = 70x10 ) 

P 

12 0 . 0 2 8  x 10 

0 . 0 3 0  x 1 0 l 2  

0 c h a m b e r  
p r e s s u r e  (gage)  
d,/t, = 0 
methanol  

0 chamber  
p r e s s u r e  (gage)  
dr / t ,  = 0 
m ethanol  

3 0 -mm methanol  
c h a m b e r  p r e s s u r e  
(gage)  dr / tw=O. 13 
methanol  

3 0- mm methanol  
c h a m b e r  p r e s s u r e  
(gage)  d,/t, =O.  07 
methanol  

80-mm methanol  
c h a m b e r  p r e s s u r e  
(gage)  d r / t w  = 0 .  28 
m e t  ha  no 1 

120-mm methanol  
c h a m b e r  p r e s s u r e  
(gage)  dr / t ,  = O .  34 
me t h a no 1 

Methanol  

Methanol  
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f r o m  the p re sen t  p rogram is that  for  which the t e s t  is thought to be mos t  valid. 
Thus,  values  for foam and fel t  a r e  f r o m  the fo rced  flow permeabi l i ty  t e s t  and 
data  f r o m  the s c r e e n s  a r e  f r o m  the gravi ty  flow t e s t  with nonwetted sidewalls.  
Data f r o m  the V-groove wicks a r e  included in the table even though these  data  
w e r e  obtained f r o m  the wet ted-wall  g rav i ty  flow t e s t ;  they should be used with 
caution. A l l  l / K p  and R values  a r e  about midway between the e x t r e m e s  of the 
range  of values.  F o r  de ta i l  design, ac tua l  values  for  a given flow should be 
used a s  depicted in  f igures  9, 10, 19, and 20. 

It i s  of i n t e r e s t  to c o m p a r e  the va lues  of permeabi l i ty  obtained for in -  
f inite men i scus  r ad ius  with the permeabi l i ty  a s  calculated by Schmidt ' s  
equation ( r e f .  12): 

3 

6. 25 V" 

dz 

where  

A P  dp = p r e s s u r e  grad ien t  = - 
dz Q 

D = 1. 5 t i m e s  the s c r e e n  w i r e  d i ame te r  

V 

P 
= liquid flow velocity averaged  over  wick 

0 

D P V o P L  1 
Re = P (z) 

The o ther  p a r a m e t e r s  a r e  defined in  the nomencla ture  l ist .  Using 
Schmidt ' s  equation, calculated va lues  of K 
m e a s u r e d  values  presented  in  f igure  19 f o p z e r o  gage p r e s s u r e  in the chamber  
above the wick. 
on data  for  s e v e r a l  l a y e r s  of s c r e e n  enclosed in an  appara tus  with no f r e e  s u r -  
face. Schmidt ' s  equation does  c o r r e l a t e  the 50 -  and 200-mesh mul t ip le - layer  
s c r e e n  t e s t s  of Kunz, e t  a l . ( re f .  lO),but it pred ic t s  a value approximately 100% 
too l a r g e  fo r  the 100-mesh  s c r e e n  tes t .  

a r e  about twice a s  l a r g e  a s  the  

This  i s  not su rp r i s ing  because Schmidt ' s  equation i s  based 

Another in te res t ing  compar ison  m a y  be m a d e  between the 200 m e s h  
s c r e e n  values  of Kunz and those  of the  p re sen t  work. The value of 1 / K  for 
many l a y e r s  of s in t e red  200 m e s h  s c r e e n  ( tab le  6 )  is l e s s  than the value% fo r  
e i ther  one o r  two l a y e r s  of 200 m e s h  s c r e e n  ( t ab le  7 )  obtained during the 
p re sen t  program. Thus,  an  extrapolation, based on a s sumed  constancy of 
1 / K  a s  the number of l a y e r s  i s  i nc reased ,  is not valid,  and the reasoning 
f o r  bresent ing wick r e s i s t a n c e  i n  t e r m s  of R r a t h e r  than 1 /K is justif ied.  

P 

S u m m a r y  and Conclusions 

T h e  permeabi l i t i es  of va r ious  metal foam, m e t a l  felt,  and s c r e e n  wicks 
(1) forced  flow test ing,  ( 2 )  gravi ty  flow w e r e  m e a s u r e d  by t h r e e  techniques: 

testing, and ( 3 )  m e a s u r e m e n t  of condenser  p r e s s u r e  d r o p  a t  a known hea t  
input for  a n  opera t ing  hea t  pipe. 
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Forced  flow permeabi l i ty  tes t s .  - The fo rced  flow permeabi l i ty  t e s t  
proved to be a re la t ive ly  easy  method of obtaining reproducible  permeabi l i ty  
resu l t s .  
of the wick in contact with containing wal ls ;  and wa te r  was  flowed through the 
wick. 
A s  flow increased ,  i nve r se  permeabi l i t i es  calculated f r o m  the  m e a s u r e d  pro-  
pe r t i e s  w e r e  observed  to inc rease ,  indicating that a Darcy ' sLaw co r re l a t ion  is 
not en t i re ly  val id  for  t hese  wicks throughout the  range  of flows tested.  V lues  

1. 8 x l o 8  for  the felts .  

A wick was  put in a closed container with a l l  but the end s u r f a c e s  

The flow and the p r e s s u r e  d r o p  along the  flow length w e r e  measured .  

of l / K p  ranged f r o m  0 .25  x l o 8  to 0.46 x l o 8  for  the foams  and 0. 75  x 10 8 to 

Gravi ty  flow permeabi l i ty  t e s t s .  - A device fo r  tes t ing a wick with a 
f r e e  su r face  was  constructed and tested.  The flow was  induced by t i l t ing the 
apparatus .  Resul t s  w e r e  e r r a t i c  unti l  it was  d iscovered  tha t  a fldw fille; was  
forming  in the corner  of the sidewall  enclosing the  wick; 
fluid bypass of the wick, and resu l tan t  calculated inve r se  permeabi l i t i es  w e r e  
too low. 
substance that prevented flow f i l le t s  f r o m  forming. 
was  used f o r  tes t ing  one and two l a y e r s  of 200 m e s h  screen .  
found to have a higher r e s i s t ance  to fluid flow than mult iple  l a y e r s  of s in te red  
s c r e e n  tes ted  by Kunz et al. ( ref .  10). 

this  r e su l t ed  in  a 

The device was  modified by coating the sidewalls with a nonwetting 
The modified appara tus  

These  wicks w e r e  

The gravi ty  flow device was  a l s o  used f o r  tes t ing the effect  of men i scus  
depth on wick res i s tance .  
m e s h  s c r  en  as  defined by equation(12)was observed  to i n c r e a s e  f r o m  
4. 3 x 10 to 17. 0 x 1 0 l 2  a s  the r a t io  of men i scus  r eces s ion  depth to wick 
thickness  inc reased  f r o m  0 to 0. 34. 

F o r  example,  the r e s i s t ance  of one l aye r  of 100 

15 

Condenser  flow permeabi l i ty  tes t s .  - The de termina t ion  of wick p e r m e -  
abil i ty by the m e a s u r e m e n t  of p r e s s u r e s  and hea t  inputs in an  operat ing hea t  
pipe was  bese t  by difficult ies because of problems assoc ia ted  with the p r e s s u r e  
measu r ing  system. 
in the region of p r e s s u r e  taps  caused anomalous r e su l t s .  

Generat ion of bubbles and their  subsequent agglomerat ion 

EVAPORATOR HEAT FLUX TESTS 

The purpose of these  t e s t s  was  to de te rmine  heat  t r ans fe r  r a t e s  in wicks 
supplied with fluids via a tube a r t e r y  and to be t t e r  understand the heat  t r a n s -  
f e r  p rocess .  

A tube a r t e r y  has  not been used  i n  previous fundamental  wick heat  t r a n s -  
f e r  s tud ies ;  its use  i s  unique to the DWDL tes t s .  A tube a r t e r y  provides  a 
low-res i s tance  path for  re turn ing  the working fluid f r o m  the condenser  s e c -  
tion of a heat  pipe to the evapora tor  section. Theoret ical ly ,  u s e  of a n  a r t -  
e r y  provides  a means  fo r  increas ing  the fluid flow and evapora tor  heat  flux 
f o r  a given wick capi l la ry  p r e s s u r e  head. P rac t i ca l ly ,  however, flow i n  the 
a r t e r y  can be eas i ly  reduced o r  stopped if bubbles accumulate .  Consequent- 
ly, the max imum heat  flux that can be at ta ined i n  a given wick can be reduced 
by imprope r  use  of a n  a r t e r y .  These  t e s t s  demonst ra te  that  with the type of 
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a r t e r y  used,  vapor accumulation is a problem that contr ibutes  to reduction 
of the max imum heat  flux a wick can sustain.  
to prevent  vapor accumulation was  studied during these tes ts .  

Therefore ,  the u s e  of b a r r i e r s  

The DWDL p r o g r a m  a l so  d i f fe rs  f r o m  previous wick heat  t r ans fe r  
s tudies  i n  that  the t e s t s  were  conducted a t  low saturat ion vapor p r e s s u r e s  
(e. g. 1 p s i a  for  water ) .  The max imum heat  flux a wick can sustain under 
nucleate boiling conditions m a y  be a function of the environment  p re s su re .  
I n  pool boiling without a wick, the bubble depa r tu re  d i ame te r  significantly 
i n c r e a s e s  with reduced environment  p r e s s u r e .  Consequently, if hea t  t r a n s -  
f e r  cha rac t e r i s t i c s  of the sur face  beneath the wick a r e  unaffected by the 
p re sence  of the wick, l a r g e  bubbles m a y  sp read  through the wick a t  low p r e s -  
s u r e s  and significantly affect  the max imum heat flux. This  effect was  studied 
during the tes t s .  

T e s t  Descr ipt ion 

Descr ipt ion of equipment. - The t e s t  device consis ted of the following 
components a s sembled  i n  a 4-in. P y r e x  tee  as shown in f igures  26 and 27: 
( 1 )  e l ec t r i ca l - r e s i s t ance  hea ter  block, ( 2 )  wick, (3)  a r t e r y ,  (4)  liquid 
r e s e r v o i r ,  (5)  liquid-leveling f lask,  ( 6 )  condenser ,  and (7 )  instrumentation. 
Three  fluids w e r e  used: water ,  methanol,  and butanol. 

2 A copper  hea te r  block, 1 in. x 4 in .  long, was  swaged over  a 3/4- in .  - 
diam,  5-kW e lec t r i ca l  r e s i s t ance  hea te r  with a 4-in. heated length, The 
wick was  diffusion-bonded to a 0. 025-in. - thick s ta in less  s t ee l  plate and soft- 
so ldered  to the hea ter .  
to prevent  horizontal  vapor  flow f r o m  the wick. 
thick nickel foam with a po re  d i ame te r  of l e s s  than 0. 001 in.  w e r e  located on 
the top of the wick to a c t  as vapor b a r r i e r s  between the wick and the a r t e r y .  
Two foam s t r i p s  w e r e  used  to provide enough thickness  of foam to yield in  
compress ion  and f o r m  s e a l s  with the a r t e r y  and the wick. A s  long as both 
the f o a m  and wick a r e  wetted, the foam a c t s  as a b a r r i e r  to vapor f r o m  the 
wick. This  is because  the po re  s i ze  of the foam (0. 001 in.  maximum 
d i a m e t e r )  i s  much smaller than that for  any of the wicks tes ted (i .  e. 0. 0028 
in. po re  d i ame te r  fo r  200 m e s h  sc reen ) ,  and the vapor follows the path of 
l e a s t  r e s i s t ance  (through the wick, bypassing the foam). The flow re s i s t ance  
of these nickel foam s t r i p s  i s  negligible except  in the c a s e  of some  t e s t s  with 
butanol. 
t e s t s  with butanol was  caused  by  the flow re s i s t ance  of the nickel foam s t r ip s .  

The s ides  of the wick w e r e  sealed with epoxy r e s in  
Two s t r ip s  of 0. 013-in. - 

I t  i s  possible  that the max imum hea t  f lux l imitation of some  of the 

The a r t e r y  was  a composi te  s t r u c t u r e  consis t ing of a 0. 252-in. - OD 
tube clamped to the wick and joined to a second tube by a flexible coupling. 
The second tube was connected to a liquid r e se rvo i r .  Liquid flowed f r o m  the 
a r t e r y  to the wick through a 0. 020-  x 4-in. 
b a r r i e r s  on the wick. A 1/16-in.  -d iam s t a in l e s s  s t e e l  tube was connected to 
the sealed end of the s l i t ted a r t e r y ,  pas sed  through a s e a l  in the flange, and 
was  connected to a vacuum s y s t e m  to act as a pump-out tube during charging 
of the a r t e r y  with liquid. 

s l i t  in contact with the vapor 
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SUPPORT FLANGE 
FOR HEATER BLOCC 

I--@ 69-352 

-COOLING WATER C - 
_. 
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RESE R VOI R 
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I N  LEVELING 
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Figure 26. Evaporator Heat Flux Test Device 
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69-370 

DOUBLE LAYER OF 
VERY SMALL SLOTTED 

ARTERY\ / CLAMP 
ARTERY \ 

ARTERY 

WICK\ 

PORE SIZE 
NICKEL FOAM ARTERY \ CLAMP\ 

5-kW-RESISTANCE 
HEATER 

\COPPER BLOCK 
SWAGED ONTO 
HEATER 

SIDE VIEW END VIEW 

Figure 27. Evaporator Heat Flux Test Device Heater Block, Wick, and Artery Assembly 

Two s y s t e m s  w e r e  used to connect the a r t e r y  to the liquid r e s e r v o i r .  
a n  O-r ing sea led  flange, and a m e t a l  

This  was  rep laced  by a g lass  tube using Latex  su rg i -  
The f i r s t  consis ted of a copper  tube, 
bellows flexible joint. 
cal tubing as the flexible joint  to the liquid r e se rvo i r .  

The liquid r e s e r v o i r  consis ted of a f la red- l ip  tube situated under  the 
condenser  to rece ive  the condensate.  The  level  in the r e s e r v o i r  was  controlled 
by a n  ex te rna l  leveling f lask connected on  the liquid side to the r e s e r v o i r ,  
and on the vapor s ide to the vapor  volume of the t e s t  device. 

The ver t ica l ly  mounted condenser  was water-cooled and wickless  to 
enable gravi ty  r e tu rn  of the condensate. 
top of the condenser  s o  that  noncondensible gases  could be  removed. 

A vacuum valve was situated at the 

Thermocouples  w e r e  at tached to the hea ter  block, wick sur face ,  a r t e r y ,  
and inner  face  of the flange holding the hea te r  block; one was  exposed only to 
the vapor in the chamber .  

The test chamber  was  a 4-in. P y r e x  pipe tee. One leg of the tee  was  
or ien ted  horizontally,  and contained the hea ter  and wick a s sembly  in a ho r i -  
zontal positron. The c r o s s  of the tee  was  ver t ica l ,  with the condenser  in the 
upper  leg and the liquid r e s e r v o i r  in the lower. 
wound with e l ec t r i ca l - r e s i s t ance  hea te r  tape to allow t empera tu re  control  of 
the  t e s t  chamber .  

The  su r face  of the tee  was  

Thermocouples  w e r e  attached to the outer  surface.  
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Exte rna l  t e s t  equipment included e l e c t r i c a l  power suppl ies ,  a t e m p e r -  
a tu re  r e c o r d e r ,  a vacuum dis t i l la t ion heat  pipe, and  a vacuum sys tem.  Two 
e l ec t r i ca l  power s o u r c e s  w e r e  used;  
Regot ran  dc  power supply and a 10-kW H a r r i s o n  Model 6483A dc  power sup-  
ply. 
and copper-constantan thermocouples  w e r e  used  to r eco rd  t empera tu res .  
vacuum disti l lat ion hea t  pipe cons is ted  of a 1000-mB f lask  with a 4-ft-long 
neck closed by a stopcock. 
vacuum pump in conjunction with two liquid-nitrogen cold t r aps .  

a 150-W Elec t ronic  Measuremen t s  

A Minneapolis-Honeywell S e r i e s  15 24-channel t empera tu re  r e c o r d e r  
The 

The vacuum s y s t e m  was  a 15 f t 3 / m i n  mechanica l  

T e s t  p rocedure .  - P r e p a r a t i o n  of the wick and tes t  device was as 
follows: (1 )  wick installation, (2 )  wick cleaning, (3) evacuation of the t e s t  
device,  (4)  vacuum disti l lat ion of the t e s t  fluid, and (5)  filling the device with 
t e s t  fluid. The wick was  bonded to a 0. 025-in. - thick s t a in l e s s  s t ee l  plate as  
desc r ibed  i n  appendix C; then, the plate was  sof t -soldered to the hea te r  
block. After  installation, the edges  of the wick w e r e  sea led  with epoxy r e s i n  
to prevent  vapor e scape  f r o m  the wick except  through the thickness  of the 
wick as i n  a hea t  pipe. When the epoxy r e s i n  had s e t ,  the wick was  cleaned 
by t reat ing with the following l iquids:  
(2)  f o r  nickel, Pasa J e l l  107-M, and ( 3 )  for  s t a in l e s s  s t ee l  and nickel, Pasa 
J e l l  107-M. F o r  t e s t s  run with wa te r ,  the wick was  left  wetted a f t e r  r insing 
with dis t i l led water .  

(1)  f o r  s t a in l e s s  s tee l ,  Pasa J e l l  105-M, 

When butanol o r  methanol  was  used  as the working fluid, the wick was  
r insed  i n  dis t i l led water ,  then in isopropyl  alcohol,  and dr ied.  After  c lean-  
ing, six thermocouples  were  spotwelded to the upper  su r face  of a s c r e e n  
wick o r  imbedded i n  the upper  su r face  of a foam o r  fe l t  wick. The wick, 
hea te r ,  and flange a s sembly  was  instal led i n  the horizontal  l eg  of the P y r e x  
tee. The a r t e r y  was  connected to the liquid r e s e r v o i r ,  a f te r  which f i n a l  
s e a l s  w e r e  made.  

P r i o r  to charging with t e s t  fluid, the device was  evacuated through a 
liquid nitrogen cold t r a p  to the l imi t  of the vacuum pump. 
a t  a minimum,  the leveling f lask  w a s  separa ted  f r o m  the t e s t  device by 
valves  and then connected to the outlet  of the vacuum disti l lat ion heat pipe. 

When p r e s s u r e  was  

The vacuum disti l lat ion hea t  pipe was used  to remove  dissolved non- 
condensable gases  f r o m  the t e s t  fluid. 
with the f lask at the bottom and the condenser  ver t ica l .  
and noncondensable gases  were  withdrawn by a vacuum pump through a l iq-  
uid nitrogen cold t rap .  When the heat  pipe opera ted  with no cold zone a t  the 
top of the condenser  (indicating that all noncondensable gases  were  removed) ,  
the hea t  pipe was  connected to the leveling f lask  and the interconnecting l ine 
was  evacuated to prevent  
ing flask.  

The fluid was placed i n  the heat  pipe 
The pipe was  heated 

contamination of the fluid during filling of the leve l -  

The leveling f lask was  filled using e i ther  of two procedures .  
to open the interconnecting valves  between the hea t  pipe and f lask,  and d i s -  
t i l l  the fluid into the flask. The second was  to open the interconnecting 
valves and r a i s e  the heat pipe. allowing the liquid to flow under  gravity. After  
a l l  liquid was  t r a n s f e r r e d ,  the f lask was  valved-off f r o m  the heat pipe and 

One was  
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the vent line was  opened to the t e s t  device. 
f lask  reached equi l ibr ium p r e s s u r e ,  the liquid was  allowed to flow f r o m  the 
leveling f lask  into the liquid r e s e r v o i r .  

When the t e s t  device and leveling 

The a r t e r y  was  charged  by  ra i s ing  the leveling f l a sk  until the a r t e r y  was  
filled and the wick saturated.  
liquid level  was  a t  the s a m e  elevation as the upper  sur face  of the wick. The 
a r t e r y  pump-out tube was  br ief ly  opened to vacuum, drawing out any trapped 
vapor bubbles. 
te sting. 

The leveling f lask was  then lowered until  the 

The evapora tor  heat  flux t e s t  device was then ready  for  

T e s t s  w e r e  conducted a t  two vapor t empera tu res  and th ree  p r e s s u r e  
heads against  which the wick pumped. 
1 5 0 ° F  as de termined  by a thermocouple located in the vapor space above the 
wick. 
the su r face  of the wick, z n d a t  1 / 2  in .  and 1 in. below the su r face  of the wick. 

T e s t  t empera tu res  w e r e  100" and 

At each  t empera tu re ,  t e s t s  w e r e  per formed with the liquid level  a t  

Under each  s e t  of t e s t  conditions,  all components of the device with 
the exception of the condenser  and leveling f lask  w e r e  heated to the t e s t  
t empera ture .  
to the p rope r  elevatLon. Power  was  applied to the wick hea ter  i n  small, 
uniform increments .  After  each  incrementa l  i nc rease ,  the sys t em was  
allowed to come to t h e r m a l  equilibrium. 
ne r  until burnout occur red .  
ing, a sudden excursion i n  hea t e r  block t empera tu re ,  o r  vapor blockage of 
the a r t e r y  with the vapor  proceeding f r o m  the wick. In  t e s t s  with a n  all 
m e t a l  a r t e r y ,  burnout was  infer red  f r o m  hea te r  block t empera tu res  and 
appearance  of the wick. 
or igin of bubbles i n  the a r t e r y  could be observed. 

The t e s t  p r e s s u r e  head was s e t  by moving the leveling f lask 

Power  was  increased  in this m a n -  
Burnout manifested itself by complete wick d r y -  

With the u s e  of a g l a s s  a r t e r y ,  the occurrence  and 

Heat  fluxes w e r e  de te rmined  by subtract ing the heat  l o s ses  f r o m  the 
power input to the heater .  F r o m  the measu red  t empera tu re  of the hea ter  
block, vapor ,  f langes and container  of the t e s t  device,  the heat  l o s s e s  by 
conduction, convection, and radiation were  calculated.  

During the t e s t s ,  the t empera tu re  of the t e s t  device and vapor  was  con- 
t rol led by varying the heat  input to the flanges and tee,  and by controll ing the 
water  flow around the condenser.  
observed  in  the a r t e r y  away f r o m  the wick. 
with the vacuum sys t em through the a r t e r y  pump-out tube. 

During s o m e  t e s t s ,  bubble formation was  
These  bubbles w e r e  removed 

Discus s ion of Resul ts  

Resul t s  of the evapora tor  hea t  flux tests are shown in f igures  28  through 
44. 
at var ious  liquid heads and a na r row range of sa tura t ion  p r e s s u r e s .  
r e su l t s  f o r  exper iments  1 through 8 and 123 through 128, which w e r e  f o r  a 
wick consisting of one layer of 200 m e s h  s ta in less  s t e e l  s c reen ,  a r e  not 
shown because  a n  accu ra t e  AT, could not be measured .  However, the 
maximum heat  f l u x  a t ta ined is s%own in table 8. 

Each  f igure gives the heat  f l u x  vs ATsat f o r  a pa r t i cu la r  wick and fluid 
The 
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Liquid head.-The liquid head given in the f igures  r e f e r s  to the ve r t i ca l  
dis tance ( i n  inches)  between the top of the wick and the liquid level  in the 
r e s e r v o i r .  F o r  instance,  a liquid head of -1 in. means  that the liquid level  
in the r e s e r v o i r  is 1 in.  below the top of the wick; and that the liquid m u s t  
be  pumped up through the a r t e r y  (by the wick capi l lary p r e s s u r e )  to 1 in. 
above the liquid leve l  in the r e s e r v o i r .  
p r e s s u r e ,  the liquid flow to the wick (burnout flow) should d e c r e a s e  as the 
liquid head becomes  m o r e  negative. 

For a given maximum wick capi l la ry  

Carefu l  examination of the data  revea ls  that  f o r  these t e s t s ,  under  the 
conditions imposed,  there  i s  no c l ea r  dependence of Q/A on the liquid head. 
Only the data  given in f igure 34 show a n  appa ren t  dependence on liquid head, 
However,  consider ing that no o ther  t e s t s  show this dependence, the var ia t ion 
shown in f igure  34 m a y  actual ly  be due to su r face  conditioning which i s  
d i scussed  l a t e r .  I n  these tes t s ,  the expected effect m u s t  be  masked  by m o r e  
dominant  mechan i sms  ( e .  g, bubble blockage of the wick). 
that  Costel lo  and Redecker  ( re f .  7 )  observed  no change in Q / A  with liquid 
head until  the head dec reased  below -3. 75  in .  ; they boiled ethanol i n  wicks. 

It is worth noting 

Maximum heat  flux.- The max imum heat  flux given in the f igure legends 
co r re sponds  to the value a t  which burnout occurred .  Equi l ibr ium was  never 
reached a t  these values.  The l a s t  equi l ibr ium hea t  flux obtained i n  each  ex-  
pe r imen t  i s  the highest  data  point plotted, and the actual  max imum heat flux 
l i e s  between this value and the max imum value given in the legend. I n  many  
c a s e s ,  the difference is v e r y  small s ince  s m a l l  i n c r e a s e s  in heat  flux were  
used. 

69-371 

Liquid: distilled methanol 
Wick material: 220-5 nickel foam 
Wick thickness: 0.098 in. 
Artery: SS tube and two layers of Ni foam under tube 

Experi- 
ment 

16 

Chamber Liquid Max. heat 
pressure head flux 
(psia) (in.) (Btu/hr ft2) Comments 

2.0 0 660 Wick exposed to atmosphere 
2.1 0 260 during experiments 11, 12, anc 
2.1 +0.2 2700 13 which discolored wick 
4.4 0 1200 surf ace. 
4.0 0 500 
2.6 0 100 
- 

* A repeat of experiment 9 ,2  days after experiment 9 burnout. 

I I 

AT = T~~~~~~~ -'SATURATION (OF) 

10 15 20 

Figure 28. Experimental Results for Distilled Methanol and 0.098-In. Nickel Foam 
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10 

Chamber Liquid 
pressure head 
Ipsia (in.) 

Liquid: distilled methanol 
Wick material: 220-5 nickel foam 
Wick thickness: 0.098 in. 
Artery: SS tube and two layers of Ni  foam under tube 

Max, heat 
flux 
(Btu/hr ft2) Comment 

Experi- 
ment 

69-372 

A 

I I I 
15 20 25 30 35 

14.7 1100* Chamber open to 
14.7 I i 115500 
14.7 18 000 these runs. 

1 atmosphere during 

*Burnout did not occur; experiment was terminated 
at this heat flux due to power failure 

Figure 29. Experimental Results for Distilled Methanol and 0.098-In. Nickel Foam; Tests Open to Atmosphere 

69-373 

Liquid: distilled methanol 
Wick material: 220-5 Ni foam and one layer SS screen 
Wick thickness: 0.056 in. 
Artery: SS tube and two layers of Ni foam under tube 

Experi- 
ment 

Chamber 
pressure 
(psial 

12.0 
12.0 

1000 

T 
L 

Y- 

.s . 
3 c 
m - 
ala 

I 

100 I I I I 1 
0 5 10 15 20 25 30 35 40 45 

AT = TSURFACE -TSA-WRAT~OM (OF) 

Figure 30. Experimental Results for Distilled Methanol and Nickel Foam 

Liquid 
head 
(In.) 

0 
-0.5 
-1 .o 
-0.5 
-0.5 
0 

Max. heat 
flux (Btu/ 
hr ft2) 

3100 
1700 
2300 

380 
2500 
31 00 

in chamber from ex- 
Iperiment 18 through 
lexperiment 23. 
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Wick thickness: 0 
Artery: SS tube and two layers of Ni foam under tube 
Wick thickness: 0 
Artery: SS tube and two layers of Ni foam under tube 

pressure 
(psia) 

Q 28 

Liquid 
head 
(in.) 

0 
0 
0 
-0.5 
-1 .o 

I * A repeat of experiment 24, 15 minutes after experiment 24 burnout. 

I I I I I 
10 15 20  25 30 35 

AT'TSURFACE - T ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  (OF) 

Figure 31. Experimental Results for Distilled Normal Butanol and Nickel Foam 

69-375 

1 00 
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69-376 

10 000 

-T- 

ui a 
m r  21: 
u 

1000 

d 

- b  / c 

. b+ 

2 

I I I I I 

Liquid: distilled water 
Wick material: 220-5 Ni  foam and one layer of SS screen 
Wick thickness: 0.056 in. 
Artery: SS tube and two layers of Ni  foam under tube 

Experi 
ment 

36 

38 
39 

0 37 

Chamber 
pressure 
( p i a )  

1 .o 
1 .o 
1 .o 
1 .o 

Liquid 
head 
(in.) 

0 
-0.5 
-1 .o 
-1 .o 

Max. heat 
flux 
(Btu/hr ft2) 

2700 
3500 
1200 
600 

Comments 

After experiment 37, 
wick was removed and 
chemically cleaned, then 
reinserted for experiment 38. 

Experiment 36, wick flooded 
(liq. a t  top of wick) 

Only one pt. taken for 
experiment 39, not plotted. 

- 

FILM OF WATER 0.061 IN. THICK. SEE TEXT. AVERAGE THICKNESS 

Figure 33. Experimental Results for Distilled Water and Nickel Foam 
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T 
r n z  21: 
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ula 

1 ooc 

1 oc 

Liquid: distilled water 
Wick material: 220-5 Ni foam and one layer of SS screen 
Wick thickness: 0.056 in. 
Artery: SS tube and two layers of Ni  foam under tube 

3.3 

-1 

Liquid Max. heat 
head flux 
(in.) (Btu/hr ft2) Comments 

0 
-0.5 
-1 .o 

- - 

0; 

!D ASSUMIN( 

6900 
31 00 
2000 

Wick remained sealed 
in chamber from ex- 
periment 40 through 
experiment 42. Experi- 
ment 40, Wick Wet. (Liquid 
slightly recessed into screen 
on wick.) 

69-377 

HEAT CONDUCTION THROUGH A FILM OF WATER 
0.056 IN. THICK. SEE TEXT. (AVERAGE THICKNESS OF WICK = 0.056 IN.) 

5 10 15 20 25 30 35 

Figure 34. Experimental Results for Distilled Water and Nickel Foam 
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69-378 

Liquid: distilled water 
Wick material: nickel felt 
Wick thickness: 0.050 in. 
Artery: SS tube and two layers of Ni foam under tube 

Experi- 
mental 

43 8 91. 
47 
48 
49 

Chamber 
pressure 
(psia) 

1 .o 
1 .o 
1 .o 
1 .o 
1.5 
1 .o 
2.6 

Liquid 
head 
(in.) 

0 
0 

-0.5 
-0.5 
-1 .o 
-1 .o 
-1 .o 

Max. heat 
flux 
(Btu/hr ft2) Comments 

1500 
8000 
1200 
2300 
1200 
590 

31 00 

Experimental 43, 3 
overlapping points 
not shown. 

Wick remained sealed 
in chamber from experi- 
ment 43 through experi- 
ment 49 

Only one pt. taken for 
I experiment 46, not plotted 

~ 

*A repeat of experiment 45, 120 minutes after experiment 
45 burnout 

I I I 
10 15 20 

AT =TSURFACE -TSATURAT~ON (OF) 

5 

Figure 35. Experimental Results for Distilled Water and Nickel Felt 

68 



69-379 

15 000 
18 000 
21 000 

UI 6 

Wick remained sealed 
in chamber from ex- 
periment 50 through 
exDeriment 52. 

Liquid: distilled water 
Wick material: nickel felt 
Wich thickness: 0.050 in. 
Artery: SS tube and two layers of Ni foam under tube 

Experi- 
ment 

0 50 

Chamber 
pressure 
(psia) 

Liquid 
head 
(in.) 

0 
0 
0 

Max. heat I 
flux (Btu/hr ft 2 ) ~ Comments 

- 

POROUS PLATE WITH WATER-FILLED PLANE GAPS, 
ASSUMING 1130F GAPS ARE I T 0  (%I. SEE TEXT. 

Figure 36. Experimental Results for Distilled Water and Nickel Felt 
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69-381 

10 000 

1 ooc 

1 oc 

Liquid: distilled water 
Wick material: nickel felt 
Wick thickness: 0.050 in. 
Artery: SS screen tube and two layers of 165 X 1400 mesh SS screen under tube 
Pressure: 14.7 psia 
Liquid head: 0 in. 

,I h 
I Experi- 

ment 

0 61 
A 62 

63 m 64" 

* A repea 

Max. heat 
flux Btul 
h r f t  1 1 
15 000 
19 000 
15 000 
30 000 

t of experiment 

Comments 

Chamber open to atmosphere. 
Tested out of chamber in air during 
experiments 62-64. 
Vapor bubbles accumulated in 
artery during experiments 61-64. 

63, 60 minutes after experiment 63 burnout. 

0 5 10 15 20 25 30 35 

Figure 38. Experimental Results for Distilled Water and Nickel Felt (Stainless Steel Screen Artery; 
Atmospheric Tests: Outside Chamber) 
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69-382 

10 ooc 

N, 
rnx a It 

Ulh 

1 ooc 

1 O( 

THROUGH A POROUS PLATE WITH WATER- 
FILLED PLANE GAPS, ASSUMING 1/3 OF GAPS 
ARE I T 0  (QlA). SEE TEXT. 

Liquid: distilled water 
Wick material: nickel felt 
Wick thickness: 0.050 in. 
Artery: SS tube and two layers of Ni foam under tube 
Pressure: 14.7 psia 
Liquid head: 0 in. 

Max. heat i Comments 

Chamber open to atmosphere 
for experiment 65 through experiment 68. 

67 l o  Oo0 Wick and artery replaced after experiment 64. 
68 1 88000 1 I 0 * A repeat of experiment 65,20 minutes after experiment 65 burnout 

10 15 20 25 30 

AT = TSURFACE - TSATURATION, (OF) 

Figure 39. Experimental Results for Distilled Water and 0.050-In. Nickel Felt (Tests Open to Atmosphere ) 
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69-383 

Liquid: distilled methanol 
Wick material: nickel felt 
Wick thickness: 0.050 in. 
Artery: SS tube and two layers of Ni foam under tube 

Experi- 
ment 

A 71 
0 72 
rn 73 

74" 
v 75 
V 76"" 
D 77 
0 82 
a 95 

Chamber Liquid 
pressure, head, 
(psia) (in.) 

17.0 0 
16.0 -0.5 
10.4 -1 .o 
20.4 -1 .o 
22.6 0 
19.7 0 
24.6 0 
19.2 0 
16.0 0 

Max. heat 
flux 
(Btu/hr ft2) Comments 

7700 Replaced foam strips under 
6000 artery and chemically cleaned 
3600 wick after experiment 76. 
3200 

4900 Experienced difficulty in 
4900 maintaining liquid in artery 
4700 
810 

7400 

during experiments 71, 72, and 
82. 

* A repeat of experiment 73, 5 hr. after experiment 73 burnout. 
* *  A repeat of experiment 75,2 hr. after experiment 75 burnout. 

'CALCULATED ASSUMING CONDUCTION THROUGH A 

ASSUMING 1/3 OF GAPS ARE I T 0  (:I. SEE TEXT. 
POROUS PLATE WITH WATER-FILLED PLANE GAPS, 

30 40 

Figure 40. Experimental Results for Distilled Methanol and 0.05-In. Nickel Felt 
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69-384 

f I I I I 

10 15 20 25 30 

10 ooc 

'u, 

(;j r 1ooc 

ala 

3 1' 

1 oc 
0 

I G 
e 

7 

l 
h 

A 

CALCULATED ASSUMING CONDUCTION THROUGH A 
POROUS PLATE WITH WATER-FILLED PLANE GAPS, 

Liquid: distilled normal butanol 
Wick material: nickel felt 
Wick thickness: 0.050 in. 
Artery: SS tube and two layers of Ni foam under tube 

Experi- Chamber Liquid Max. heat 
ment pressure, head, flux, 

(psia) (in.) (Btu/hr ft2) Comments 

9 96 0.8 0 6200 Burnout occurred in experi- 
3 97 0.3 -0.5 1600 ment 100 when liquid would 
B 98" 0.3 -0.5 3800 not stay in artery. 

I loo** 1 .o -1 .o 4800 
7101 0.7 -1 '0 6100 

3 99 0.7 -1 .o 2000 

7102  0.3 -0.5 1900 
* 
**  A repeat of experiment 99, 20 minutes after experiment 99 burnout. 

A repeat of experiment 97, 1 hr after experiment 97 burnout. 

AT = 'SURFACE - 'SATURATioN (OF) 

Figure 41. Experimental Results for Distilled Normal Butanol and 0.050-In. Nickel Felt 
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69-351 

I I I I I I I 
Liquid: distilled normal butanol 
Wick material: 220-5 nickel foam 
Wick thickness: 0.098 in. 
Artery: SS tube and three layers 165 X 1400 mesh SS screen under tube* 

Experi- 
ment 

119 
120  

p) 121 
0 122 

Chamber 
pressure, 
Ipsia) 

0.8 
1.4 
2.9 
1.5 
0.8 
1.3 
0.9 
0.7 - 

Liquid 
head 
(in.) 

0 
-0.5 
-0.5 
-1 .o 
0 
-0.5 
-1 .o 
-0.5 

Max. heat 
flux 
(Btu/hr ft2) 

4800 
1200 
5300 
1700 
4800 
5800 
2700 
3700 

Comments 

Vapor bubbles were detected 
in artery during experiments 
116,117,118,120,and 122. 

- I *Used two layers N i  foam under artery after experiment 119. 

Figure 44. Experimental Results for Distilled Normal Butanol and 0.098-In. Nickel Foam 
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SUMMARY O F  MAXIMUM 
O F  ONE LAYER O F  200 

1 Water  -1 .90  8 0  1200 
2 Methanol 0 76  300 
3 Methanol -0. 25 78 190 
4 Methanol -0. 5 79 75 
5 Methanol -0. 15 76 190 
6 Methanol -0. 70 76 95  
7 Methanol -1. 00 76 87 
8 Methanol -0 .40  80 22 0 

123 Butanol 0 154 1760 
124 Butanol -0. 5 150 1760 
125 Butanol - 1 .  0 152 1220 
126 Butanol 0 106 1460 
127 Butanol -0. 5 104 1470 
128 Butanol -1. 0 101 1220 

I n  expe r imen t s  61 through 68, the max imum values  given in the legend 
a r e  considerably l a r g e r  than the highest  data  points plotted because,  a t  the 
higher  fluxes,  
m e n t s ;  t he re io re ,  the higher equi l ibr ium fluxes could not be plotted. 

t e m p e r a t u r e s  exceeded the capaci ty  of the recording in s t ru -  

Table  9 s u m m a r i z e s  the range of max imum hea t  f luxes obtained with each 
combination of fluid and wick. 
these  values  a r e  cons iderably  lower  than those predicted for fluid flou within 
the wick without vapor  bubbles. 
Kp and A P c  fo r  the t e s t  wick and the manufac tu re r ' s  permeabi l i ty  data for  
nickel foam vapor  b a r r i e r  s t r ip s .  
hea t  flux of 1000 B t u / h r  ft2 was  predicted f r o m  the flow re s i s t ance  of the 
nickel foam s t r ip s .  
flow and the la ten t  heat.  

F o r  all except ce r t a in  t e s t s  with butanol. 

Fluid flow was  calculated using the m e a s u r e d  

F o r  some  t e s t s  with butanol, a max imum 

The max imum hea t  flux was  the product  of the fluid 

These  findings a g r e e  with the observa t ions  of Costello and Redecker  
( r e f .  7)  who demonst ra ted ,  by boiling ethanol i n  wicks,  that significantly r e -  
duced hea t  f luxes a r e  obtained when p rope r  venting is not allowed, They ob-  
s e r v e d  this  e f f ec t  even though s o m e  vapor  vented f r o m  the i r  wicks.  
obtained max imum heat  f luxes ranging up  to 12 000 Btu /hr - f t2- -va lues  s i m i -  
lar  to the ones  obtained i n  these  t e s t s .  

They 

The effect  of vapor blockage was  a l s o  demonst ra ted  by Kunz e t  al .  ( r e f ,  

They a l so  showed that if the wick is  thin 
10).  
higher  hea t  f luxes can be obtained, 

They observed  that with vapor  venting through the s ides  of the wicks,  

wick which fu r the r  i n c r e a s e s  
lues  of heat f luxes 

g, a condition that 
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does  not occur  in heat  pipes. 
pe r imen t s  and par t icu lar ly  in the i r  exper iments  14 and 15 where  heat  f luxes 
as high as 30 000 Btu /hr - f t2  w e r e  m e a s u r e d  at ATsat=O. These l a r g e  fluxes 
c a n  only be a r e su l t  of hea t  conduction o r  convection (if convection could 
ex i s t  in t he i r  wicks)  and this contribution must be subt rac ted  f r o m  the total  
heat  flux curve  to obtain the contribution f r o m  nucleate boiling (see,  fo r  instance,  
r e f s .  19 Heat conduction and na tura l  convection (convection under  
p rope r  condition) can  occur  in wicks as was observed  in the DWDL studies .  

This  i s  demonst ra ted  in s e v e r a l  of the i r  ex- 

and 2 0 ) .  

P r e m a t u r e  burnout i n  s o m e  of the exper iments  could have resul ted f r o m  
pa r t i a l  o r  total  vapor  blockage of the a r t e r y .  
the a r t e r y  previous to burnout in expe r imen t s  61 through 64 (fig. 3 8 ) ,  100 
(fig. 41) and 116, 117, 118, 120, and 122 (fig. 44). I n  exper iment  100 (fig. 
41), the a r t e r y  was  completely blocked and caused  burnout. 
pe r imen t s ,  bubbles probably contributed to burnout by reducing the flow 
through the a r t e r y .  

Vapor bubbles w e r e  detected in 

In  the other  ex- 

Effects due to low operat ing p r e s s u r e s . - M a x i m u m  heat  f luxes for  the 
ma jo r i ty  of the low-pres su re  expe r imen t s  a r e  l e s s  than 10 000 Btu/hr-f t2 .  
A reduction in the max imum hea t  flux with dec reas ing  p r e s s u r e  should be 
expected if vapor  blockage is the reason  fo r  burnout. It i s  a n  es tabl ished 
fac t  that  the s i ze  of vapor bubbles fo rmed  during nucleate  boiling significantly 
i n c r e a s e s  with dec reas ing  p r e s s u r e .  
the depa r tu re  d i ame te r  of vapor bubbles formed in water ,  methanol,  and n-  
butanol is given. 
re la t ion ( re f .  1 2 )  which c o r r e l a t e s  the data  for  many fluids including water  

This  effect i s  shown i n  f igure 45 where  

The cu rves  were  calculated using Cole and Shulman's c o r -  

f - 
0 
w' a 

a 
d 
n 
a 
a 

t, 
H 
5 
n 
W 
-I m 
m 
3 
m 

3 
I- 

W 
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69-388 
10.00 

- -- METHANOL 

1 .oo 

CALCULATED USING 
COLE AND SHULMAN'S 

0.10 

0 01 
0.1 1 .o 10 

SATURATION PRESSURE, P,, (PSIA) 
100 

Figure 45. Variation of the Bubble Departure Diameter with Pressure for Fluids at their Saturation Temperature 
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and methanol .  
by a fac tor  of 10 to 30 t imes  with a d e c r e a s e  i n  the p r e s s u r e  f r o m  atrnos-  
phe r i c  to the low values  used  i n  these  tes t s .  

A s  shown, the depa r tu re  d i a m e t e r s  for  these  fluids inc rease  

The  data  in f igure 45 were  obtained for pool boiling. However.  the s a m e  
effect  should occur  for  a hea t  t r a n s f e r  su r f ace  covered  by a wick: i n  this c a s e ,  
the bubbles would probably sp read  over  a l a r g e  a r e a  contiguous to  the su r face  
(as  opposed to l a r g e  bubbles r is ing through the fluid in  pool boiling). 
effect would probably occur  in the e a r l y  s t ages  of nucleate boiling and would 
cause  burnout  a t  very  low heat f luxes,  as  was  observed.  

This  

The high heat  f luxes obtained by Kunz e t  a1 ( re f .  10 )  w e r e  possibly due 
to good vapor venting. 
conducted at a tmosphe r i c  p r e s s u r e  and. perhaps ,  because the liquid was  
under  subcooled conditions, 
d i a m e t e r s  to low values  a t  2 1 2 ° F  (0. 04 to 0 .  12 in. at 2 1 2 ° F  i n  pool boiling) 
and, in addition. the d ia rne ters  would be fur ther  d e c r e a s e d  with subcooling. 
Van S t r a l e n ' s  ( r e f .  11) theory and exper iments  indicate that the d i a m e t e r s  
d e c r e a s e  accord ing  to 

resul t ing f r o m  the fact  that the i r  exper iments  w e r e  

High p r e s s u r e  would reduce the vapor bubble 

D subcool = (  AT + A T ) D  AT::: sa tu r a ti o n 

- Ts atu r ation su r face  where  AT = T' 

A T ::: T 
saturat ion - Tbulk 

F o r  instance.  f o r  AT = 1 0 ° F  and AT::: = 1 0 0 ° F  (Kunz ' s  subcooling range 
f r o m  137" to 0 ° F )  the d i ame te r  would be reduced by a factor  of 12, which, fo r  
pool boiling, would give vapor  d i a m e t e r s  on the o r d e r  of 0 ,  003 to 0. 010 in.  
T h e s e  ve ry  small bubbles would eas i ly  vent through the s ides  of the wicks 
used  by Kunz. Subcooling w a s  probably p r e s e n t  in the upper  region of their  
wicks s ince  the data  of V a n  S t ra len  ( r e f .  11 ) and Grant  and Pa t t en  ( re f .  21 1 
predic t  that  the t h e r m a l  boundary l a y e r  a t  AT::: = 1 0 0 ° F  should be around 
0. 003 in. which i s  about 1 /30  the thickness  of the wicks used  by Kunz. 

Note, however,  that these  numbers  a r e  f o r  pool boiling and can only be 
used  as t r ends  that probably occur  in boiling with wicks. 

Mode of heat  t r a n s f e r . - T h e  th ree  modes  of hea t  t r ans fe r  that should be 
cons idered  a r e :  (1 )  hea t  conduction through the wick with evaporation a t  the 
top of the wick, ( 2 )  f r e e  convection in the wick with evaporation a t  the top 
of the wick, and (3)  nucleate boiling at the heat  t r ans fe r  sur face  beneath the 
wick. 

Expe r imen t s  36 (fig. 33), and 40 and 41 (fig. 3.21, indicate that conduc- 
tion w a s  the mode of hea t  t r ans fe r  i n  these  expe r imen t s  p r i o r  to the onse t  of 
nucleate boiling (which occur red  a t  AT = 1 0 ° F  in exper iment  41 and A T  = 
2 0 ° F  in exper iment  40). The nonboiling data  in exper iment  36 a g r e e s  with 
that p red ic ted  fo r  conduction through a wa te r  f i lm 0. 061 in. thick ( the thick- 
n e s s  of the f i lm fo r  a flooded wick);  and the nonboiling da ta  i n  exper iments  

81 



40 and 41 a g r e e  with that  predicted f o r  conduction through a wa te r  f i lm 
0. 056 in. thick ( the thickness  f o r  a wet  wick in which the top of the liquid 
r ecedes  below the 200 m e s h  sc reen ) .  Apparently,  t h e r m a l  conductivity of 
the nickel  foam wick did not have a n  effect  on the conduction through the wick 
when f i l led with water .  
the reason  for  this  observat ion.  
nickel foam w e r e  too la rge  to be  accounted for  by hea t  conduction. 

The open s t r u c t u r e  of the foam (fig. 46) is probably 
Heat  f luxes f o r  methanol  and n-butanol in 

Heat  conduction was  the mode of hea t  t r a n s f e r  with water  i n  nickel f e l t  
p r i o r  to the onse t  of nucleate boiling. The nonboiling data  in f igures  36, 38, 
and 40 a g r e e  with that p red ic ted  by heat  conduction fo r  a f i lm with a n  a p p a r -  
en t  t h e r m a l  conductivity of 1. 4 B tu /h r - f t "F .  Th i s  value was calculated 
using the expres s ion  given by Jakob ( re f .  22): 

E 
t- 3k 

1 --.__ - 1 

ka kNi H2° 

where  

= apparent  t h e r m a l  conductivity 

= t h e r m a l  conductivity of N i  
ka 

kNi 

kH 0 = t h e r m a l  conductivity of H 2 0  2 
E = the wick porosi ty  

Th i s  express ion  w a s  der ived  fo r  a porous  plate  with m o r e  o r  l e s s  plane 
gaps,  a s suming  that one third of all the gaps ex tend  perpendicular  to the 
heat  flow direct ion.  
sc r ip t ion .  Values used  i n  equation (2) w e r e  k - 37 Btu /hr - f t  O F ,  k 
0. 40 B tu /h r - f t  " F ,  and E = 0. 84. 

F igu re  46 r evea l s  that the fe l t  wicks could f i t  this de- 
- - 

H2° N i  - 

The c r i t e r ion  for  the onse t  of f r e e  convection i n  a porous medium as  
given by Katto and Masuoka ( re f .  23) indicates  that  f r e e  convection could 
have occur red  with these  fluids in the nickel foam wicks but not i n  the nickel 
fe l t  wicks.  The contribution to the hea t  t r a n s f e r  bv f r e e  convection i n  a wick 
could not be calculated,  but da ta  in f igu res  31, 32, 43, and 44 indicate that 
f r e e  convectton was  probably the mode of hea t  t r a n s f e r  p r io r  to nucleate 
boiling. Expe r imen t s  114 (f ig .  43) and 115 through 122 (fig. 44) show this  
effect  ve ry  clear ly .  Heat  conduction alone cannot explain these  high values.  

Nucleate boiling o c c u r r e d  i n  all the expe r imen t s  and was  the cause 
f o r  wick burnout (the exceptions a r e  exper iment  100, and possibly t x p e r i -  
m e n t s  71, 72, and 82 i n  which burnouts  a r e  due to  vapor  blockagc i n  thc 
a r t e r y ) .  Nucleate boiling is m o s t  evident i n  exper iments  19.  31, 40. 41 ,  44,  
56, 65, 67, 68, 112,  and 113. D a t a f o r  these  expe r imen t s  c l ea r ly  show when 
nucleate boiling s t a r t s .  
the conduction o r  convection curve  and begins to r i s e  ve ry  rapidly over  a 
na r row range of AT ( s e e ,  f o r  instance.  figs, 34 and 43).  

This  o c c u r s  when the hea t  flux curve  depa r t s  f r o m  
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Figure 46. Structure of the Nickel Foam and Felt Wicks Used in the Evaporator Heat Flux Tests 
(Original Prints not Reduced for Publication) 
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The effects  of s u r f a c e  conditioning. - The hea t  flux in nucleate boiling is 
a function of AT and (N/A) ,  the number  of nucleating s i t e s  p e r  uni t  a r e a  
( re f .  2 0  ). Unfortunately, (N/A)  i s  a function of s e v e r a l  va r i ab le s  (e .  g. s u r -  
face  roughness ,  dissolved gases ,  co r ros ion ,  operat ing conditions, etc. ) which 
a r e  v e r y  difficult to control.  
effects  in 1955 and s ince  then s e v e r a l  inves t iga tors  have investigated the 
phenomenon, 

Cor ty  and Fous t  ( ref .  24) f i r s t  observed  these  

The  effects  of conditioning w e r e  a l s o  obse rved  i n  these  s tudies .  The 
h y s t e r e s i s  effect  in  which the hea t  flux foTms an  S-shaped curve  was  m o s t  
appa ren t  in expe r imen t s  40, 65, 67, and 68 (figs. 34 and 39). The effects  
of replacing slightly decomposed butanol is observed  in  exper iment  3 1 
(fig. 32), and the e f fec ts  of chemica l ly  cleaning the wick and the hea t  t r a n s -  
f e r  su r f ace  i s  observed  i n  expe r imen t  37  (fig. 3 3 ) .  

Conclusions 

Heat  flux d a t a w e r e  taken with wa te r ,  methanol ,  and n-butanol i n  nickel 
foam and nickel fe l t ,  a t  low- and high-saturat ion p r e s s u r e s .  

Resu l t s  of these  t e s t s  show that without p rope r  venting, the burnout heat 
f luxes a r e  l imited to 20  000 B tu /h r - f t2  o r  l e s s .  

With low operat ing p r e s s u r e s ,  the burnout heat  flux can be significantly 
dec reased  because  of l a rge  volumes of vapor  accumulat ing i n  the wick. 

The hea t  flux due to heat  conduction i n  nickel foam and nickel felt  with 
water  can be predicted analytically.  

Heat  t r a n s f e r  by f r e e  convection can occur  i n  nickel foam, but not i n  the 
nickel fe l t  used i n  these  t e s t s .  

Variat ions i n  hea t  flux due to sur face  conditioning were  observed.  

P r e m a t u r e  burnout  can r e s u l t  f r o m  pa r t i a l  o r  to ta l  vapor  blockage of the 
a r t e r y ;  thus,  p rope r  considerat ion m u s t  be given t o  preventing vapor  f r o m  
enter ing the  a r t e r y .  

DESIGN O F  LOW-TEMPERATURE HEAT P I P E S  

Need f o r  Low-Tempera ture  Heat  P ipes  

The hea t  pipe i s  a n  especial ly  a t t rac t ive  device f o r  u se  on space  vehicles  
The  t e m p e r a t u r e  range of because of its supe r io r  operat ion in ze ro -g  fields.  

f r o m  -100" to + 2 0 0 ' F  is cha rac t e r i s t i c  of the requi red  operat ing t e m p e r a t u r e s  
of many spacec ra f t  components.  Thus,  i n t e r e s t  in hea t  pipes which can  
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o$'erate in th i s  range has developed rapidly in recent  yea r s .  
th i s  work w a s  to develop data  that  will  be useful  in the design of heat  pipes 
fo r  low- tempera ture  applications;  th i s  pa r t  of the r epor t  indicates  the  
method of applying these  data  to  heat  pipe designs.  

The  purpose of 

Design F a c t o r s  

The  f i r s t  t a sk  which must  be undertaken is  t o  define the conditions to  be 
designed for .  Then, tradeoff study should be made  to indicate whether  a 
hea t  pipe s y s t e m  i s  mos t  des i rab le ,  o r  whether  s o m e  o ther  method of hea t  
t r a n s f e r  would be m o r e  effective. F o r  example,  t he  p rob lem of cooling a n  
earthbound sys t em,  with sufficient power avai lable ,  might wel l  u se  a pumped 
loop heat  t r a n s f e r  network instead of a hea t  pipe. 

The  design of hea t  pipes f o r  spacec ra f t  appl icat ions can be simplified 
considerably i f  p roper  considerat ion i s  given e a r l y  in the design phase.  
example,  a spin-  s tabi l ized spacec ra f t  provides  a r t i f i ca l  gravi ty  which can  
be useful  in re turning working fluid condensate  to  the  evapora tor ,  i f  the  com-  
ponents which a r e  to  be the rma l ly  controlled a r e  located in a favorable  
or ientat ion in the gravi ty  field. 

F o r  

Heat  pipes can be an  in tegra l  par t  of the spacec ra f t  s t r u c t u r e  or a sep -  
a r a t e  component that  can be eas i ly  removed.  Thus,  s t ruc tu ra l  cons idera t ions  
m a y  be important  in the hea t  pipe design.  

In o r d e r  to opt imize a hea t  pipe design, the following p a r a m e t e r s  m u s t  
be cons idered:  

- Allowable weight 
- Required t e m p e r a t u r e  uniformity 
- Maximum axia l  hea t  flux 
- Maximum rad ia l  hea t  flux 
- Operation in a gravi ty  field 

T h e s e  mus t  be considered s imultaneously because  they in te rac t  with one 
another .  
them. 

However,  some  gene ra l  comment s  m a y  be made  about each  of 

Allowable weight. - The weight avai lable  f o r  t h e r m a l  control  of a space-  
c r a f t  is usual ly  rigidly fixed. Thus,  
and wick material f r o m  a weight standpoint is v e r y  important .  
a luminum is a par t icu lar ly  a t t r ac t ive  choice f o r  container  ma te r i a l .  

ca re fu l  considerat ion of the container  
Th i s  is why 

Required t e m p e r a t u r e  uniformity.  - The d e g r e e  of t e m p e r a t u r e  cont ro l  
is important ,  f o r  it influences the select ion of the wick and container  mate- 
rials. 
during passage  of hea t  into and out of the pipe. Thus,  thin container  wal ls ,  
thin wicks,  and high t h e r m a l  conductivity m a t e r i a l s  a r e  des i r ab le  if the  
t e m p e r a t u r e  cont ro l  requi rement  is v e r y  s t r ingent .  

The  p r i m a r y  t e m p e r a t u r e  d r o p  in m o s t  heat pipe s y s t e m s  o c c u r s  
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Maximum axial heat  flux. - The max imum heat  t r a n s f e r  capabili ty of 
any hea t  pipe is fixed by the wick design, working fluid, and heat  pipe size.  
A given heat load can be  c a r r i e d  by a few l a rge  heat pipes o r  a g r e a t e r  num- 
b e r  of s m a l l e r  ones.  
later, influence this  choice. The  use  of permeabi l i ty  and capi l la ry  p r e s s u r e  
data  such  a s  w e r e  generated during the c o u r s e  of this program,  will  aid the  
des igner  i n  analyzing the  effect of axial heat  flux on ove ra l l  s y s t e m  design. 

A number  of p a r a m e t e r s ,  which wil l  be mentioned 

Maximum radia l  hea t  flux. - The s i ze  of the hea t  pipe 's  evapora tor  
If t he  rad ia l  hea t  flux region i s  a v e r y  important  design consideration. 

exceeds a ce r t a in  value, the pipe will  bu rn  out r ega rd le s s  of the magnitude 
of the to ta l  ax ia l  heat  load. 
should aid the des igner  in the considerat ion of th i s  l imitation. 

Resul ts  of evapora tor  heat flux exper iments  

Operation in a gravi ty  field. - Heat pipe operat ion may  be  aided o r  h in-  
de red  by a gravi ty  field,  depending on the hea t  pipe or ientat ion with respec t  
to  the  field.  
which a ids  operat ion i f  this i s  consis tent  with o the r  design constraints .  

Thus,  considerat ion should be  given to using the or ientat ion 

Design Aids 

Following is  a discussion of specific considerat ions that should be taken 
into account during the design of hea t  pipe sys t ems .  

Bas ic  theory  fo r  prediction of m a x i m u m  ax ia l  hea t  flux. - Even though 
seve ra l  ref inements  of Co t t e r ' s  theory  of heat  pipe operat ion have been de-  
veloped in recent  yea r s ,  mos t  of t hese  a r e  concerned with high-temperature ,  
high-vapor -ve locity hea t  pipes. 
equations ! 1)  through ( 5 )  m a y  be used  to  de t e rmine  the max imum heat f lux.  

F o  r m o  st low- tempera ture  a pplications, 

If the  vapor  flow a r e a  i s  smal l ,  the  vapor  densi ty  i s  low, o r  f o r  some  
o ther  r eason  APv  is  not negligible with respec t  toAPL, it mus t  be  included 
in  equation 1. 
fo r  calculating A P v  (ref. 2)  which should be useful. For  example,  Busse  
(ref .  2 5 )  h a s  calculated the p r e s s u r e  d r o p  in  the vapor  phase f o r  any evapora- 
tion ra te ,  r a t h e r  than f o r  the limit of v e r y  low o r  high evaporation r a t e s  
which w a s  the scope of the previous theory.  Van Andel (ref.  2 6 )  has synthe- 
s ized  B u s s e ' s  r e su l t s  and turbulent flow empi r i ca l  data into a unified rela- 
t ionship that  pred ic t s  the value of APV f o r  any value of radial  o r  ax ia l  heat 
flux. Another cor rec t ion  which should be made  to  Co t t e r ' s  theory o c c u r s  in  
the  event of l a rge  p r e s s u r e  r ecove ry  in the condenser .  
cal led at tent ion to the fact that in  such a case  the point at which liquid p r e s -  
s u r e  equals  vapor  p r e s s u r e  wil l  move back to the beginning of the condenser .  

T h e r e  have been a number  of ref inements  to C o t t e r ' s  method 

E r n s t  ( ref .  27)  has 

When equations (2) through(5) a r e  substi tuted into equation (11, the value of 
However, equations (l) through(5) neg- Q obtained is the max imum heat flux. 

lect the effect  of nucleate boiling in  the evapora tor  on max imum hea t  t r a n s f e r  
capabili ty;  thus,  they usual ly  predict  a value of m a x i m u m  axia l  heat  flux 
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higher  than a value which can  actual ly  be  achieved. 
usefu l  f o r  indicating t r e n d s  and the re la t ive  m e r i t  of va r ious  wick a 
sys t ems .  In addition, i f  the  r a d i a l  heat  flux is low (nucleate  boiling no t  
occur r ing ) ,  equations(l)through(5) should accu ra t e ly  predict  the  m a x i m u m  axial 
hea t  flux. 

However, the theory  is 

If equations(l)through(5)are combined ( APv neglected),  with Q, = 0 and 
the contact  angle,  8,  equal  to ze ro ,  the following express ion  f o r  Qmax is 
obtained: 

K p  Aw gc 
r Q  

C 

Q m a X  = 4 [ ;:g ] 

where  rc i s  the effective value of capi l la ry  radius ,  such a s  is l is ted in 
Thus,  rc includes the  effect of contact angle s ince i t  is calculated table  3 .  

f r o m  measured  va lues  of A P c  assuming 8 = 0. 

If the heat  pipe i s  operat ing in a zero-g  field,  the second t e r m  d i s -  
a p p e a r s  and the following express ion  r e su l t s :  

m a x  r Q  Q 
C 

The  express ion  contains two f a c t o r s :  one dependent on fluid proper t ies ,  
and the o ther  on p rope r t i e s  of the wicking medium. 
t ive m e r i t  of var ious  fluids f o r  hea t  pipe operat ion in a zero-g  field,  a 
quantity may be defined by: 

To de termine  the r e l a -  

fg c r h  
(FOM)O = 

" L  

This  quantity i s  plotted in f igure 47. The  second f ac to r  contains K and 
rc, which may not be independent of fluid p rope r t i e s ,  and th i s  effect m$st be 
investigated.  
nificant,but f o r  experimental ly  obtained values  presented  in table  3 ,  rc i s  
re la t ively independent of fluid. 

The value of rc is  a function of contact angle and may be s ig-  

If the heat  pipe mus t  opera te  in an  a d v e r s e  gravi ty  field,  the second 
t e r m  becomes  important ,  and a s imple express ion  which can be broken into 
two independent f a c t o r s  f o r  fluid and wick p rope r t i e s  i s  no longer obtainable.  
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However, another  f igure  of merit m a y  be  defined which is useful  in compar -  
ing the relat ive m e r i t s  of f luids f o r  operat ion in gravi ty  f ie lds .  
p rope r t i e s  in  the second term of equation (18) are 

The  fluid 

Thus,  a f igure  of m e r i t  f o r  1 g is defined a s  

Th i s  is  plotted in  f igure 48 f o r  va r ious  fluids. Since it is des i r ab le  to  

If a par t icu lar  fluid has 
make  the  second term of equation (18)as small a s  possible,  (FOM)Oshould be 
as  l a r g e  a s  possible f o r  a given value of (FOM)1. 
a higher  value of ( F 0 M ) o  and (FOM)1 than do a l te rna t ive  choices  f o r  a par t i -  
cu l a r  gravi ty  application, it would be  the des i r ab le  fluid t o  u s e  from the 
standpoint of max imum heat  t r a n s f e r  capability. 
have l a r g e r  values  of (F0M)o and ( F 0 M ) l  than al ternat ive choices,  then 
equation (171, with the  wick proper t ies  included, m u s t  b e  evaluated f o r  each  
fluid . 

However,  i f  a f luid does not 

Capi l lary p r e s s u r e  data .  - Equations (18)and (19) contain rc which m u s t  
be  de te rmined  by experiment .  
(Dc = 2 r c )  f o r  s eve ra l  wicks and fluids.  In addition, Kunz e t  al. ( re f .  10) 
and Katzoff ( re f .  14) have rc  data fo r  s e v e r a l  wicks.  
l i t t le  effect of fluid on rc. 
although Kunz did observe  an  appreciable  difference between rc for  w a t e r  and 
f o r  Freon ,  indicating a difference in  contact angle. 

Table 3 contains values  of these  data 

Our data  indicate v e r y  
Katzoff observed  essent ia l ly  the s a m e  fact,  

Pe rmeab i l i t y  data. - The o ther  exFerimental ly  de te rmined  constant 
which m u s t  be obtained f o r  use  in equation(17)is K . 
f o r  s e v e r a l  wicks  in tab les  6 and 7. 
me ta l  wicks presented in re ference  10. 
(12) r a t h e r  than 11 in the der ivat ion of equation (17). 
is to multiply R by wick thickness  in o r d e r  to obtain a n  effective value of 
1 /Kp- 

Values a r e  tabulated 
In addition, &ere  a r e  data f o r  porous 

An a l te rna t ive  approach  
Table  7 r equ i r e s  the u s e  of equation 

F o r  thin wicks, it may  be des i r ab le  to include the effect of meniscus  
r eces s ion  on the r e s i s t ance  of the  wick. The  r e s i s t ance  value will i n c r e a s e  
as a function of position when moving f r o m  condenser  to evapora tor .  
due to  a l a rge  meniscus  r eces s ion  in  the evapora tor  and the  essent ia l ly  flat 
sur face  in the condenser .  As  a first  approximation, a l i nea r  i n c r e a s e  in 
r e s i s t ance  may  be a s s u m e d ;  a n  a r i t hme t i c  ave rage  between the value f o r  
z e r o  men i scus  r eces s ion  and a value of meniscus  equal to rc may  be used. 
A value of rc f o r  the  wick in  question may  be  obtained f r o m  table  3 o r  simi- 
l a r  sources .  F o r  example,  f r o m  table  3 ,  a value f o r  rc of approximately 

Th i s  i s  
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0.0022 in. is obtained f o r  200 m e s h  s t a in l e s s  s t ee l  sc reen .  F r o m  table  4 
f o r  a meniscus  rad ius  of 0. 0022 in. f o r  a s ingle  l a y e r  of 200 m e s h  sc reen ,  a 
value of R between 14 and 17 x 1 0 l 2  f t -3  is obtained. An a r i thme t i c  ave rage  
between the va lues  f o r  infinite rad ius  and r = 0.0022 in. is approximately 
(4.4 t 15. 5 ) / 2  x 1 0 l 2  = 9.9 x 1 0 l 2  ft’3. There fo re ,  a value of R = 9. 9 
x 1 0 l 2  f t - 3  o r  l / K p  = 9 .9  x 1012 (0.0049) /12  f t - 2  would be used in equa- 
t ions  (17)or (18) to  de t e rmine  the m a x i m u m  axial hea t  f lux  f o r  a single layer  
of 200 m e s h  sc reen .  

Comparison of va r ious  wicks.  - F r o m  equation 17, it can  be seen  that  

This  quantity is shown in table10 fo r  wicks that 
in  the select ion of a wick f o r  a zero-g  application, the most  important  param- 
e t e r  
have been tes ted  on th i s  p r o g r a m  and by Kunz. 
of those t e s t ed  appea r  to  be the foam wicks t e s t ed  by DWDL and the  fe l t  
wicks t e s t ed  by Kunz et al. 

is the rat io ,  Kp./rc. 
The mos t  des i r ab le  wicks 

Maximum radia l  hea t  flux prediction. - Information contained in  the p re -  
vious sect ion wil l  pe rmi t  design of a hea t  pipe in the  absence of nucleate  
boiling. 
the effective capi l la ry  rad ius  ( for  a liquid bypass  wick configuration).  

Vapor format ion  in  the wick m a y  change i t s  permeabi l i ty  o r  even 

Data obtained during this  p r o g r a m  on max imum evaporator  hea t  f lux i s  
m o s t  applicable f o r  wicks tha t  contain a r t e r i e s .  
m u m  evaporat ive heat  f lux l imi t s  f o r  var ious  wick-fluid combinations a t  
var ious  t e m p e r a t u r e s  is shown in table 8. A range of heat f luxes i s  shown 
f o r  each  condition. 
tioning on evaporat ive heat  f lux burnout.  Evidences of the effect  of su r f ace  
conditioning observed  in these  exper iments  w e r e  changes in heat f lux due to  
chemica l  cleaning, rep lacement  of working fluid, and degassing of su r face  
cavi t ies  with t ime.  The m a x i m u m  value r e p r e s e n t s  a potentially rea l izable  
value which can be achieved with proper  wick conditioning, although the exact  
r equ i r emen t  i s  s t i l l  undefined. 

A summary  of the max i -  

This  range r e f l ec t s  the high sensi t ivi ty  of wick condi- 

Even though the data  a r e  mos t  applicable f o r  wicks using a r t e r i e s ,  a 
s i m i l a r  burnout mechanism would occur  f o r  nona r t e r i a l  wick configurat ions;  
tha t  i s ,  once incipient nucleate boiling occur s ,  the wick is suscept ible  to  
blockage. 
the  r ad ia l  hea t  f lux l imitat ion of an  i so t ropic  wick configuration. 

Thus,  the values contained in tab le  4 should give an  indication of 

Compatibil i ty information. - A c r u c i a l  considerat ion in hea t  pipe design-- 
one which may be the determining fac tor  in the select ion of fluid and con- 
t a ine r  m a t e r i a l s - - i s  the mutual compatibil i ty of t hese  ma te r i a&.  
ample,  f r o m  i ts  f igure-of -mer i t  va lues ,  wa te r  appea r s  to  be a des i r ab le  
candidate, but generat ion of H2 g a s  in the p re sence  of a luminum and s t a in l e s s  
s t e e l  h a s  been observed  by DWDL and o thers .  Additional r e s e a r c h  is nec-  
e s s a r y  on the purity o r  su r face  prepara t ion  requi red  to prevent  such react ions.  
In any event, tho rough investigations of compatibil i ty should be undertaken 
be fo re  a f inal  design i s  fixed. 

For ex- 
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TABLE 10 

COMPARISON O F  Kp/ rc  FOR VARIOUS WICKS 

(Based on tests with w a t e r )  

r f t  Kp /‘c f t  
C 

K ft2 Exper i -  
W i c k  m e n t e r  Poros i ty  p 

r 

Nickel s i n t e r e d  
powder (M2) 

Nickel s i n t e r e d  
powder (M6) 

AmPo rCop  
210-5 (foam) 

A m P o r  Cop 
220-5 (foam) 

AmPo r Nik 
210-5 (foam) 
A m P o  r Nik 
220-5  (foam) 

Copper fe l t  

Nickel felt 

Nickel f e l t  (HI )  

Nickel f e l t  (H3) 
Nickel felt (H 11) 

Nickel felt (H13) 

50 m e s h  
nickel  s c r e e n  (M7) 

100 mesh 
nicke l  screen (M8) 

200 m e s h  

Kunz 0.658 

Kunz 0.696 

DWDL 0.945 

DWDL 0.912 

DWDL 0.944 

DWDL 0.960 

DWDL 0.895 

DWDL 0.891 

Kunz 0.868 

Kunz 0.689 

Kunz 0,916 

Kunz 0.822 

Kunz 0.625 

Kunz 0.679 

Kunz 0.676 
nickel  s c r e e n  (M10) 
200 m e s h  DWDL - 
1 l a y e r  (methanol  
test) s s  s c r e e n  

2. 1 7 ~ 1 0 - ~  0 . 7 5 ~ 1 0 - ~  

2. 5 0 ~ 1 0 ‘ ~  0 . 7 9 ~ 1  0-3 

2. 9 4 ~ 1 0 ’ ~  0 . 7 5 ~ 1 0 - ~  

4, O O X ~ O - ~  0 . 7 5 ~ 1 0 - ~  

1 ~ 33x1 0 -8  0 . 7 5 ~ 1  0‘3 

0.5 5 6 ~ 1 0 - ~  0 . 5 4 ~ 1  0’3 

0. 0472x10-8<0. l 2 ~ l O - ~  

0, 0 1 6 3 ~ 1 0 ’ ~ < 8 .  ~ Z X ~ O ’ ~  
0. 588x1 0-8 0 . 3  1x1 0 - 3  

1. 25x10-8 0 . 3 6 ~ 1 0 - 3  

0. 714x10-8 i . 0 0 ~ 1 0 - 3  

0. 1 6 4 ~ 1 0 ’ ~  <O. 4 3 ~ 1 0 - ~  

0. 0 5 6 ~ 1 0 ’ ~  0 . 1 9 ~ 1 0 - ~  

1.47xlO-’ 

1. 2oX1 0-5 

2 . 8 9 ~ 1  0-5 

3 . 1 6 ~ 1 0 ‘ ~  

3 . 9 2 ~ 1  O m 5  

5 . 3 3 ~ 1  0”5  

1 . 7 7 ~ 1 0 - 5  

1 ~ 03x1 0-5 

>O. 39x1 0-5 

>O. 1 4 ~ 1 0 ’ ~  

1 . 9 0 ~ 1 0 - 5  

3 . 4 7 ~ 1 0 - 5  

0 . 7 1 ~ 1 0 ’ ~  

>O. 3 8 ~ 1 0 ’ ~  

>O. 4 0 ~ 1 0 ’ ~  

0 . 2 9 ~ 1 0 -  5 
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Considerat ions in  Designing a Heat  P ipe  

The  following is a s u m m a r y  of some  of the f a c t o r s  which m u s t  be  con- 
s ide red  in  designing a hea t  pipe. 

Selection of container  Configuration. - A decis ion  m u s t  be  made as to  
whether  a heat-pipe-fin o r  vapor  chamber  a r r a n g e m e n t  (an  evacuated cham- 
b e r  l ined with a wick and loaded with working fluid) should be used. In gen- 
e r a l ,  a vapor  chamber  is m o r e  i so the rma l  than a multiple hea t  pipe and fin 
sys tem.  
a single leak  (for  example,  a meteoro id  puncture)  can  r ende r  a vapor  cham- 
b e r  inoperat ive,  whereas  t e m p e r a t u r e  dis t r ibut ion in  a hea t  pipe s y s t e m  is 
only sl ightly degraded. The e a s e  of fabr ica t ion  of a pa r t i cu la r  configuration 
should a l s o  be  considered.  

But re l iabi l i ty  of a heat  pipe s y s t e m  is significantly g r e a t e r  because  

Selection of container  material. - F o u r  f a c t o r s  a r e  important  in the s e -  
lection of a container  ma te r i a l :  

1.  Weight 
2. T h e r m a l  conductivity 
3. Compatibil i ty with working fluid 
4. Strength 

The re la t ive  impor tance  of these  f a c t o r s  m a y  v a r y  f o r  different appli-  
cat ions.  
hea t  pipe does  not have to  a c t  a s  a s t r u c t u r a l  member ,  s t rength  would be a 
minor  considerat ion.  

For example,  i f  the  vapor  p r e s s u r e  of working fluid i s  low and the 

Selection of wick configuration. - T h e  two mos t  impor tan t  f a c t o r s  in s e -  

For  l a rge  ax ia l  heat  flux in space,  an  
lect ing a wick configuration a r e  the requi red  t h e r m a l  per formance  and the 
requi red  s tabi l i ty  in a gravi ty  field.  
a r t e r y  configuration would probably be m o s t  des i rab le .  If the heat  pipe 
m u s t  be ab le  to ope ra t e  in a gravi ty  field,  however,  an  a r t e r y  m a y  not r e f i l l  
and a n  i so t ropic  wick pipe may be the  opt imum design. The pa r t i cu la r  wick- 
ing m a t e r i a l  used will  be de te rmined  by information such a s  is contained in 
tab le  10. 

Selection of working fluid. - The select ion should be based  on information 
d i scussed  previously and summar ized  a s  follows: 

- Required heat  t r a n s f e r  per formance .  
- Required operat ion in  a grav i ty  field.  
- Compatibility. 
- Required t e m p e r a t u r e  range. 
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CONCLUSIONS AND RECOMMENDATIONS 

The  design of low- tempera ture  heat  pipes r equ i r e s  detailed data regarding 
wick permeabi l i ty ,  cap i l la ry  po re  rad ius ,  and burnout heat  flux. In addition, 
FOM data  f o r  the candidate working fluids a r e  requi red  in o r d e r  t o  se l ec t  
appropr ia te  fluids in  the t e m p e r a t u r e  range of i n t e re s t .  

Permeabi l i ty ,  effective capi l la ry  po re  radius ,  and burnout heat  f lux data  
applicable t o  low- tempera ture  heat  pipes w e r e  obtained experimental ly  fo r  a 
number  of wick-fluid combinations.  Tes t ing  techniques and procedures  which 
can be  used  to  genera te  data  appropr ia te  fo r  low- tempera ture  heat pipe design 
w e r e  developed. Phys ica l  p roper ty  data for  a l a r g e  number  of working fluids 
w a s  obtained f r o m  the l i t e r a tu re  and used  to calculate  FOM's .  

Design Data 

The  t r a n s f e r  of heat in  a heat  pipe i s  l imited by m a x i m u m  axia l  heat  flow 
and m a x i m u m  radia l  heat  flux. 
impor tan t  l imitat ion on max imum axial heat  flow i s  the capi l la ry  pumping 
limit. This  l imi t  i s  a function of fluid p rope r t i e s  and wick proper t ies .  
effect  of fluid p rope r t i e s  on max imum axial heat  flow is given by e i ther  (FOM) 
o r  (FOM)  . 
can be m a d e  by using the f igure-of -mer i t  data  plotted in  f igures  47 and 48. 

F o r  low- tempera ture  heat  pipes,  the m o s t  

The  

( F 0 M ) o  is used  f o r  a ze ro -g  application and ( F O M ) l  i s  used €o r  0 
a 1-g app  ! ication. Thus,  a compar ison  of fluids f o r  a par t icu lar  application 

The effect  of wick proper t ies  on m a x i m u m  axial heat  flow m a y  b e  a s c e r -  
tained by consider ing the ra t io  of the permeabi l i ty  t o  the effective capi l la ry  
p o r e  radius ,  Kp / rc ,  as  wel l  a s  the effective capi l la ry  pore  rad ius  i tself .  
Considerat ion of K / r c  is adequate  f o r  hea t  pipe operat ion in a ze ro -g  appli-  
cation, but both K / r C  and r c  m u s t  be  cons idered  f o r  1-g applications.  
l a r g e r  the value o?K / r C  and the s m a l l e r  the value of r c ,  the g r e a t e r  the 
m a x i m u m  heat  t r a n s g r  wil l  be.  In genera l ,  f r o m  the standpoint of K p / r c ,  
foam wicks a r e  m o s t  des i rab le ,  fe l t s  rank second, and s c r e e n s  a r e  least 
des i r ab le  f o r  the wicks tes ted in  this p rogram.  
the s m a l l e s t  value of rc  of any of the wicks tes ted .  

P The 

The  200-mesh s c r e e n  exhibited 

Exper imen t s  t o  m e a s u r e  the m a x i m u m  radia l  heat  f lux that  a wick can  
withstand before  drying out indicate tha t  wa te r  as  a working fluid wil l  with- 
stand l a r g e r  rad ia l  heat  f luxes than methanol  o r  butanol, with methanol  being 
slightly be t t e r  than butanol. In addition, felt wicks w e r e  found to  sus ta in  a 
l a r g e r  rad ia l  heat  f lux than the foam wicks.  The f e l t s  w e r e  l e s s  porous than 
the foams  and s o  had a higher effective t h e r m a l  conductivity when filled with 
the t e s t  fluid; it is  des i r ab le  to u s e  a wick which h a s  a high effective t h e r m a l  
conductivity in o r d e r  to i n c r e a s e  the m a x i m u m  rad ia l  heat  flux. 

Expe r imenta l  T e s t P rocedu r e s  

Values of r c  w e r e  obtained in  the environment  of the working fluid vapor  
Data tabulated in table 3 indicate that  t h e r e  is no significant dif- and in a i r .  

f e rence  between the data  obtained f r o m  the two t e s t  p rocedures .  
a i r ,  however,  is m u c h  s imple r .  

Test ing in 
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values .  T 

P r o b l e m s  encountered with the p r e s s u r e - s e n s i n g  equipment used  on the con- 
dense r  flow t e s t  appara tus  w e r e  never  sa t i s fac tor i ly  solved. 
permeabi l i ty  data  obtained by this  method is cons idered- too  cost ly  and of 
questionable value in heat pipe design. 

A s  a resu l t ,  

The m a x i m u m  evapora tor  f lux f o r  s e v e r a l  wicks fed by an  a r t e r y  was  
determined.  
blockage of the a r t e r y .  Thus,  a n  a r t e r y  is suscept ible  to vapor  blockage, 
and p rope r  considerat ion m u s t  be given to this  in  heat  pipe design. 
m u m  evaporat ive heat  f lux was found to  be a v e r y  sensi t ive function of the 
amount of subcooling and the operat ing t empera tu re .  
pera t ive  tha t  evaporat ive heat  f lux t e s t s  be conducted only under  the vapor of 
the fluid--not opep to  the a tmosphere .  
evapor2itivk he4t fl%k i k  a V k r y  sF.h$'itib$ fbncH8d of wick eonditi'oning. F u r t h e r  
invks;tgatiob bf ikk. effb'ct 8f condfi$/sning t imd arjkl &ick 6Gkgarfikion is requi red  
in 8r'd&r td dEkrki ihb  thE effect  OR Wrn8tit  fhik i i h i t h :  

Burnout was  caused by vapor generat ion with subsequent 

The maxi- 

There fo re ,  it i s  im- 

It was ,obse rved  that  the max imum 

An ih tegra te6 ,  t h e r m a l  management  s y s t e m  for  a spacecraf t  wil l  be made  
u p  of a va r i e ty  of Heat pipe configurat ions--each designed to  pe r fo rm a 
specif ic  t a sk  in an  optimum manner .  
c r a f t  can v a r y  considerably.  
s y s t e m s  r equ i r e  not only i s o t h e r m a l  s u r f a c e s ,  but t empera tu re  cont ro l  a s  
well .  
T h e r m a l  dis t r ibut ion of so l a r  loads general ly  r equ i r e s  heat pipes tha t  can 
ope ra t e  over  ve ry  long d is tances .  
rea l ized  if an  o rde r ly  sequence of events  is followed. 

T h e r m a l  problems f o r  a single space-  
Such scient i f ic  a r e a s  a s  optical  and e lec t ronic  

Other  s y s t e m s  such  a s  fuel  ce l l s  will  exhibit ve ry  high heat flux sources .  

The successfu l  u s e s  of heat  pipes can be 

Thk evefit3 recommended a r e  presented  in a three-phase  program:  
f i r s t  kjhase cb!rls-;;ists OF achuir ing the heat  pip& operat ing data  n e c e s s a r y  for  
u s e  in iknalytical @f.Ediekfbn df heat  pipe perfor+aAtkr 

tained in 'this PEport f8r a l imited cdi'nbihatl'dd of wikks and fluids.  

The 

Bdch data  a r e  Gssen- 

r tan t  operat ing cha rac -  
t inent to  tradeoff 

heat  t r a n s f e r  

e by the des igner .  
a t u r e  control  using i n e r t  

e design wi l l  a l so  be 
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The th i rd  and f inal  phase i s  s y s t e m s  definition and integration of the hea t  
pipe subsys tem into a given spacecraf t .  This  phase occur s  when a specific 
p r o g r a m  is identified as having a t h e r m a l  environment  tha t  is unacceptable 
by pass ive  m e a n s  without employing some control  technique. 

In summary ,  design of a fully integrated heat pipe t h e r m a l  management  
s y s t e m  f o r  space  vehicles  involves a th ree -  phase p r o g r a m  of which the ac tua l  
sys t em design is the th i rd  phase.  
the f i r s t  phase--generat ion of bas ic  low- tempera ture  heat pipe data.  

The p r o g r a m  j u s t  completed is essent ia l ly  

The second phase should be planned and init iated t o  provide design cu rves  
der ived f r o m  the fabricat ion and tes t ing of heat pipe configurations considered 
useful f o r spacec ra f t  applications . 

Donald W. Douglas Labora to r i e s ,  
McDonnell Douglas Astronaut ics  Company - Weste rn  Division, 

Richland, Washington 993 52, June 19, 1969. 
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Appendix A 

CORNER FLOW PHENOMENA IN GRAVITY FLOW TESTS 

The anomal ies  in  the values  of K obtained using the gravity-flow t e s t  
appara tus ,  a r c  a t t r ibuted to  a c o r n e r  P’ flow phenomenon which is physical ly  
observable ;  this led to the addition of nonwetting Teflon-coated walls.  
th i s  appendix, c o r n e r  flow will  be t r ea t ed  in  detail ,  and explanations of 
d i screpancies  observed  in  the data  will  be presented .  

In 

Determinat ion of Height to Which a Liquid 
Can Rise on a Wetted Wall 

Thc height t o  which a liquid wil l  r i s e  on a wet ted wal l  i s  der ived  by 
F c r r e l l  and Carncsa l e  (ref.  28). 
The diffcrt.ntia1 equation descr ibing the p r e s s u r e  a t  the liquid sur face  a t  
posit ion,  x, is  

The a s s u m e d  model  i s  depicted i n  f igure A-1. 

If a p a r a m e t e r  Y i s  defined as 

69-394 

I 
X 

Figure A- I .  Model for Calculating Rise Height on a Wetted Wall 
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the  different ia l  cquation becomes  

2 d2  y /dx  

(dy /dx)  ] 2 312 2Yy = 

Let  7, = dy /ds ,  and equation (A21 bccomcxs 

7, d% 
2 3 1 2  2Yy dy = 

[l - 7' 3 
Equation ( A 3 )  m a y  bc intcigratcd, rccal l ing that Z = 0 a t  y = 0.  
integration yiclds 

This  

2 1 

G-7 Y Y  1 - 

(A2) 

(A3) 

Equation (A41 m a y  bc, solved fo r  %, and by r e fe r r ing  to  figurc A-1 fo r  x = 0, 
tht. following cquation m a y  bc> wri t ten:  

Equation (A5) ,  when solved fo r  y yiclds 
0' 

YO =T (A61 

The value of Y f o r  methanol  at 7 5 ° F  is 16 100 i tm2. 
1 / p  in  inches is 

Thus,  the value of 

1 - = 0. 095 in. 0- 
The var ia t ion  of y with contact angle f o r  methanol  is shown in table A-1. 

0 

Thus, f o r  a contact angle of 8 = 0, the liquid will  rise to a height of 
a lmos t  0. 100 in. ; this is  consis tent  with v isua l  observat ions.  
contact angle of 45", the  height is still about 0 .050  in. 
g raphs ,  i t  w i l l  be  shown that 0 .050  in. is a l a rge  enough r i s e  to  cause  a 
significant e r r o r .  

Even f o r  a 
In the next p a r a -  
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VARIATION O F  LIQUID RISE HEIGHT WITH 
CONTACT ANGLE FOR METHANOL 
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1 
Effect of Flow in  C o r n e r s  on Determinat ion of K 

P 

The effect  of flow in  the c o r n e r  between the wick and the adjacent  s ide-  

f o r  thin wicks.  The situation is depicted in  f igure  A-2. 

Flow can  occur  i n  e i the r  of two pa ra l l e l  pa ths :  

wal l  is  a significant sou rce  of e r r o r  in determining values of permeabi l i ty ,  
K 

P’ 
in the co rne r ,  o r  through 

the wick. 
between values  of K 

The  s i z e  of the fillet r equ i r ed  to  cause  the observed  difference 
f o r  wetted and nonwetted s idewalls  is not v e r y  la rge .  

P 
An expres s ion  f o r  t h e p r e s s u r e  drop  vs flow f o r  a c o r n e r  flow can b r  

obtained by using the gene ra l  s ta tement  of Poiseui l les  law fo r  flow in a pipe: 

(A7 1 
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69-349 

WETTED SIDEWALL 

CORNER FLOW 

Figure A-2. Corner Flow with Wetted Sidewalls 

where  

DH = hydraul ic  d i ame te r  = 4 A / P  

A = flow a r e a  

P = wetted p e r i m e t e r  

v = kinematic  v iscos i ty  

m = mass flow 

L 

A P / i  = p r e s s u r e  gradient  causing flow 

gc  = un ive r sa l  gravi ta t ional  constant  

Refer r ing  to  f igure  A-2, the values  of A and P are 

(A81 

P = 2 r  (A9 ) 

2 A = r ( l  - ~ / 4 )  = 0. 215r 

where  8 is a s sumed  to  be equal  t o  zero ,  and r is equal  t o  y Thus,  
0' 

Permeab i l i t y  is defined as 
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Combining equations (A7), (AlO), and  ( A l l ) ,  

2 

- 32 - 173 
r - -  - - K 

Pcorne r  

F o r  p a r a l l e l  flow paths ,  the ove ra l l  flow conductance wil l  be the sum of the 
individual conductances : 

- 
2(KpA)corne r ' (K P A)wick - (KpA)total  

Substituting equations (A8) and (A12) into (A13), 

r4 = 403 1KpA)total  - (KpA)wick 1 (A141 

Note that  s ince  the value of Kp f o r  the tests with wetted s idewalls  was  
based  on the a r e a  of the wick alone, (KpA)total is j u s t  the value of K p  
presented  in f igu res  17, 18, 19,  and 21, multiplied by Awick. Since d a t a  
a r e  avai lable  f o r  the s a m e  wicks tes ted in the appara tus  with wettable wal l s  
and in the modified appara tus  using nonwetting Teflon-coated wal ls ,  the 
value of r requi red  to  account f o r  the d i sc repanc ie s  in the data can be 
calculated.  

Calculat ions f o r  both the s c r e e n  and th icker  porous  m e t a l  wicks a r e  
p re sen ted  in succeeding pa rag raphs .  

Sc reen  wick. - Typical  values  of 1 /Kpwetted and 1 /Kpnonwetted may be  
obtained f r o m  f igu res  18 and 19 f o r  1 l aye r  of 200 m e s h  s c r e e n  by multiplying 
R values  by thickness .  
( l /Kp)nonwet ted  = 15 x 108 f t -2  a r e  used  with the c r o s s - s e c t i o n a l  a r e a  of the 
wick approximately 0.  0 0 5  in. 2, a value of r is obtained: 

If values  of ( l /Kp)wetted = 0. 4 x 108 f t - 2  and 

r = 0. 048 in. (A15) 

Thus,  a rad ius  of less than 1/16 in. would be  enough to  cause  the observed  
differences between the t e s t s  with wetted and nonwetted wal ls  for  a s c r e e n  
wick. 

F o a m  wick. - The gravi ty  flow t e s t s  w e r c  conducted with thc wetted wal l  
p r e s e n t ;  the forced-flow t e s t s  w e r e  cha rac t e r i s t i c  of the nonwettcd wall: 
s ince  t h e r e  was  no f r e e  su r face  present ,  and thus no fi l let  could be formed.  

The re fo re ,  if the values  of 1 /K  f r o m  table  5 f o r  AmPorCop  210-5 f o r  
both t e s t s  at a flow of 20 x l o 3  lb,/\r-ftZ a r e  subst i tuted into equation (A8) .  
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) x l o - *  1 
403 - (m - 0.46 

4 r - -  

T hc r e f o re 

r = 8. 2 5  x f t  = 0. 10 in.  

A f i l l e t  of 0.  1 in. rad ius  wil l  be  enough to  cause  the observed  d i s -  
c r epanc ie s  in the da ta ,  
approximately 1 / 8  in. on the wet ted wal l s  was  observed  fo r  some  of t he  
grav i ty  flow t e s t s .  Thus, 
the flow in the c o r n e r s  f o r  the wetted wal l  g rav i ty  flow t e s t  could cause the 
ob s e rve d d i  s c r ep  ancie s . 

As was  previous ly  mentioned, a fluid rise of 

Such a rise has  been shown t o  be reasonable .  

Instabil i ty of C o r n e r  Flow 

In  some  of the grav i ty  flow t e s t s  with wetted wal ls ,  flow actual ly  de-  
c r e a s e d  as the s lope angle increased ,  indicating a d e c r e a s e  in  permeabi l i ty .  
This  m a y  have been caused  by one of two fac tors :  
slope angle,  s o m e  gas  m a y  have been  t rapped  i n  the wick; o r  the flow a r e a  
of the f i l le t  m a y  have changed during the change of slope angle. 

during the change of 

Caution was  exe rc i sed  t o  prevent  the first fac tor  f r o m  occur r ing  by 
flooding the wick with a n  e x c e s s  of liquid before  the angle was  changed, 
although blockage could have occur red  in  spi te  of such  precaut ions.  

The second fac tor  m a y  have o c c u r r e d  even though the flow a r e a  of the 
porous  wick m a t e r i a l  did not appreciably change. 
the  f i l le t  c r o s s -  sect ional  flow area and a corresponding d e c r e a s e  in  
( K  A)total  t akes  place as the inclination angle is  increased .  
is depicted in f igure  A-3, where  yo is the height above the sur face  of the 
men i scus  as calculated e a r l i e r  i n  th i s  appendix, and r is  the rad ius  of the 
fi l let .  If yo is only a function of u, p, and contact angle 8,  r will  d e c r e a s e  
as CY i n c r e a s e s .  

A sys t ema t i c  d e c r e a s e  in  

This  si tuation P 

This  wil l  cause  a sys t ema t i c  i n c r e a s e  inl/Kp. 

This  effect, however,  does  not explain the e r r a t i c  behavior  of the p e r -  
meabi l i ty  data.  Sudden changes in  the f i l le t  c ros s - sec t iona l  area, unasso-  
c ia ted with change i n  CY, are poss ib le  and could cause  the behavior indicated 
by the data.  Such a situation is depicted i n  f i gu res  A-4 and A-5. The 
s i tuat ion depicted in f igure  A-4 has  a relat ively large-flow fillet, and the 
s table  flow will  be  given by equation ( A l l  with Pg/gc s in  a = AP/Al  and with 
the  conductances,  AKp, added f o r  pa ra l l e l  flows, 
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69-391 

DETAl L A 

Figure A-3. Flow Angle Affect 

69-392 

Figure A-4. Full Corner Meniscus 
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69-393 

Figure A-5. Receded Corner Meniscus 

But f r o m  the equation f o r  the conductance of c o r n e r  flow as a function of 
rad ius  [equations (A8) and(A1211, the following expres s ion  is obtained: 

s i n  CY 
m =  pg (Aw K P W 403 “ L  

(A18) 

As  has  been demonst ra ted ,  effective conductance fo r  the c o r n e r  flow 
m a y  be a g r e a t  dea l  l a r g e r  than  that f o r  the wick. 
un i form flow (uniform p r e s s u r e  along the wick)  m a y  be a v e r y  s t rong  
function of r .  

Thus,  the value of m f o r  

The valuc of r(xl  is a function of r, which, i n  f igure  A-3 ,  is infinity. 
The value of r ( x )  m u s t  always be l e s s  than rm, and it will i n c r e a s e  a s  thc 
dis tance f r o m  the wal l  i n c r e a s e s ;  a change f r o m  the si tuation depictcd i n  
f igure A-3 to  that  depicted in f igure  A-4 could occur  i f  the flow i s  not p rope r ly  
adjusted.  If the liquid level  is allowed to  recede  below the su r face  of the wick, 
the  fi l let  will  d r a i n  unt i l  r (x)  is again l e s s  than rm. 
var ia t ion in the values  of l / K p  fo r  the gravity-flow-wetted wal l  t e s t s  m a y  be 
explained by a var ia t ion in r (x )  as the s lope angle is  changed and the  flow is 
readjusted.  

Thus,  the t i r ra t ic  
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Appendix B 

WICK BONDING TECHNIQUES AND MANUFACTURERS 

Vacuum Sinter ing of Wick Mate r i a l s  to P la t e  Subs t ra tes  

A s e r i e s  of nickel  foam, nickel  felt ,  and copper  foam wick m a t e r i a l s  
w e r e  vacuum-s in te red  to  plate s u b s t r a t e s  to de t e rmine  t empera tu res  and a r e a  
loadings f o r  obtaining sa t i s f ac to ry  s in t e red  bonds between the two m e m b e r s .  
Nickel fe l t ,  n ickel  foam, and copper foam had apparent  dens i t ies  of 10. 970, 
5. 670, and 2. 570 respect ively.  Resul t s  of these  t e s t s  a r e  l is ted in table B-1,  
and w e r e  used  a s  a t e m p e r a t u r e - a r e a  loading guide fo r  s inter ing wicks used  
in the grav i ty  flow permeabi l i ty  and evapora tor  heat f lux t e s t s .  

~ 

TABLE B - 1  
VACUUM SINTERING TESTS 

Bulk 
Area  densi ty  S in te red  

d a t e r  ia l  Subs t ra te  ( p s i )  (T) (minutes) ( 70) s t rength  

100 m e s h  Sta in less  1. 19 2250 3 0  0 Wick bulk 
s ta inle  s s s t ee l  
s t ee l  s c r e e n  
!OO m e s h  Sta in less  1. 19 2 2 5 0  30 0 Wick bulk 
stainle s s s t ee l  
steel s c r e e n  
\Ji foam Sta in less  0. 124 2200 1 0  3 >Wick bulk 

loading T e m p  T i m e  i n c r e a s e  bond 

s t ee l  

‘Ji foam Sta in less  0. 124 1975 10 2 <Wick bulk 
s t e e l  

V i  f e l t  S ta in less  0. 124 2200 1 0  2 >Wick bulk 
s t ee l  

‘Ji fe l t  Stainless  0. 124 1975 10  0 <Wick  bulk 
s t ee l  

3u f o a m  c u  0. 114 1750 10  0 > Bulk 
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The t e m p e r a t u r e s  chosen w e r e  approximately 0. 85  of the absolute mel t ing 
point for  rapid s inter ing,  and spec imens  s in te red  at these  t empera tu res - -  
2200°F for  nickel  and 1750°F f o r  copper--develo.ped s t rong s in te red  bonds to  
the base  plates .  
s in te red  a t  1975" f 25°F. The area loadings and t i m e s  w e r e  kept constant 
and the resu l tan t  s in te red  bonds with the base  plates  w e r e  sa t i s fac tory  but 
l e s s  than the bulk s t rength  of the wick materials. 

One spec imen of nickel  foam and one of nickel fe l t  w e r e  

The following list identifies the manufac tu re r s  of porous m e t a l s  used  f o r  
the DWDL tests. 

Meta l  foams:  

A s t r o  Met  Assoc ia tes ,  Inc. 
95 B a r r o n  Drive 
Cincinnati, Ohio 4521 5 

Clevite Corporat ion 
Aerospace  Division 
540 E. 105 
Cleveland, Ohio 44108 

Genera l  E lec t r i c  Co. 
Me tallu r g i c a1 P roduc t s  Dep t . 
Box 237, Genera l  P o s t  Office 
Detroit ,  Michigan 48238 

Union Carb ide  Corporat ion 
12900 Snow Road 
P a r m a ,  Ohio 

Meta l  fe l t s :  

A s t r o  M e t  Assoc ia tes ,  Inc. 
95 B a r r o n  Drive 
Cincinnati, Ohio 4521 5 

Huyck Meta l s  Company 
45 Woodmont Road 
Milf o r d,  Connecticut 0 6460 
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