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SUMMARY 

The behavior of g a s  occlusions in a r t e r i a l  heat pipes has  been studied 

exper imenta l ly  and theoretically. Specifically, the gas-liquid s y s t e m  prop- 

e r t i e s ,  solubility and diffusivity, have been m e a s u r e d  f r o m  - 50" t o  100°C 

f o r  hel ium and a rgon  in  ammonia,  Freon-21 (CHCIZF), and methanol. 

P r o p e r t i e s  values obtained were  then used t o  exper imenta l ly  t e s t  models  

f o r  gas  venting f r o m  a heat  pipe a r t e r y  under  i so the rmal  conditions (i. e., 

no-heat flow), although the models,  a s  developed, a r e  a l s o  applicable to  heat  

pipes opera ted  a t  power, with s o m e  minor  modifications. P r e l i m i n a r y  cal-  

culations indicated a r t e r i a l  bubbles in a stagnant pipe requi re  f r o m  minutes 

t o  days  t o  collapse and vent. 

It  has been found experimental ly that a gas  bubble ent rapped within an  a r t e r y  

s t r u c t u r e  has a ve ry  long l i fet ime i n  many credible  situations. This  l i fet ime 

has  an  approximately inverse  exponential dependence on t e m p e r ~ t u r e ,  and i s  

genera l ly  considerably longer f o r  helium than f o r  argon.  The models  postu- 

lated fo r  venting under  s ta t ic  conditions were  in genera l  quantitative ag reement  

with exper imenta l  data. F a c t o r s  of p r i m a r y  importance in governing bubble 

stabi l i ty a r e  a r t e r y  d iameter ,  a r t e r y  wall thickness, noncondensible g a s  pa r t i a l  

p r e s s u r e ,  and the proper ty  group aD ( the Ostwald solubility coefficient multi- 

plied by the gas/ l iquid diffusivity). The solubility-diffusivity product i s  unique 

f o r  e a c h  gasf l iquid  sys tem,  and changes exponentially with t empera tu re .  

As a resul t  of these investigations, s e v e r a l  suggest ions have been made con- 

cerning design and performance of a r t e r i a l  heat pipes to  minimize fa i lu res  o r  

performance l imi ts  at t r ibutable to a r t e r i a l  g a s  occlusions.  



Sect ion 1 

INTRODUCTION 

With the advent  of high p e r f o r m a n c e  hea t  p ipes  ut i l iz ing bypass  fluid flow 

avenues  f o r  condensa te  r e t u r n  to  t he  evapora to r ,  the  inf luence of bubbles  on the  

p e r f o r m a n c e  of s u c h  p a s s a g e s  has  become  a n  impor t an t  cons idera t ion .  T h e  

a r t e r i a l  r e t u r n  p a s s a g e  c a n  b e  a s ing le  a r t e r y ,  a n  a r t e r y  f i l l ed  with c a p i l l a r y  

tubes,  a s c r e e n  cove red  grooved  pipe, a n  annu la r  pas sage ,  o r  a highly redundant  

c e n t r a l  compos i t e  r e t u r n  wick. Of these ,  the  s ing le  a r t e r y  is t h e  configurat ion 

m o s t  suscep t ib l e  t o  t he  inf luence of bubbles .  I t  h a s  been  suspec ted  f o r  s o m e  

t i m e  that  c e r t a i n  types  of a r t e r i a l  hea t  pipe mal funct ions  a r e  a t t r i bu tab le  t o  

pa r t i a l  o r  to ta l  blockageof  the a r t e r y  with noncondensible  gas .  T h e s e  m a l -  

funct ions a r e  man i f e s t ed  by  v e r y  low in i t ia l  burnout  powers  a t  a l l  hea t  pipe 

elevat ions,  whi le  hea t  t r a n s p o r t  can  often b e  i n c r e a s - d  t o  app rox ima te ly  the  

c o r r e c t  Level by  allowing the  hea t  pipe t o  r e m a i n  id l e  f o r  s e v e r a l  days .  T h i s  

type  of behavior  i s  poss ib le  wi th  a noncondensible  g a s  occlusion in  the  a r t e r y ,  

b e c a u s e  the  g a s  can  i n t e r f e r e  with cap i l l a ry  pumping, and i s o t h e r m a l  condit ions 

allow the  g a s  t o  diffuse f r o m  the  a r t e r y ,  eventual ly  col lapsing the  bubble. In  

hea t  pipes with a wal l  cove red  by s c r e e n  o r  o t h e r  f i ne -po re  covering,  t h e r e  i s  

a s i m i l a r  potent ial  f o r  gas  f i l m s  to  f o r m ,  i n c r e a s i n g  AT and caus ing  p r e m a t u r e  

burnout.  

T h i s  p r o g r a m  w a s  d i r ec t ed  toward  genera t ing  informat ion  which p e r m i t s  a 

quant i ta t ive a p p r o a c h  to  solving the  problem of bubbles .  In  pa r t i cu l a r ,  the 

under ly ing  phi losophy of t h i s  p r o g r a m  is the  ama lgamat ion  of expe r imen ta l  da t a  

with ana ly t ica l  model ing,  each  influencing the  o the r ,  t o  yield a comprehens ive  

unders tanding  of the  mechan i sms  of bubble genera t ion ,  t r a n s p o r t ,  and l i fe  cyc le .  

T h i s  r e p o r t  d i s c u s s e s  venting of arterial  bubbles  u n d e r  s tagnant  conditions.  

Sec t ion  2 p r e s e n t s  theore t icz l  a s p e c t s  of g a s  bubble dissolut ion,  Sect ion 3 

d e s c r i b e s  expe r imen ta l  appa ra tus ,  and Sec t ion  4 c o m p a r e s  t heo re t i ca l  va lues  

wi th  expe r imen ta l  da t a  f o r  phys ica l  p r o p e r t i e s  and g a s  venting t imes .  



I t  has been shown that the physical proper t ies ,  solubility and diffusivity, a r e  of 

p r i m a r y  impor tance  in  venting gas  occlusions.  A n  appara tus  was  built to  

m e a s u r e  t h e s e  p roper t i e s  f o r  gas l l iquid  s y s t e m s  f r o m  -50" to  100°C. P r e -  

l iminary  invest igat ions indicated significant d i f ferences  in these  p roper t i e s  fo r  

var ious  gasf f lu id  combinations, and the  gasf f lu id  combinations se lec ted  f o r  

experimentat ion ref lec t  at tendant  pe r fo rmance / re l i ab i l i ty  t radeoffs .  P r o p e r t y  
4 

data obtained w e r e  utilized to  s imula te  an a r t e r i a l  heat  pipe environment in  

an  a p p a r a t c s  in which a n  a r t e r y  i s  charged with a known amount of gas ,  and the 

col lapse  of the g a s  occlusion i s  then observed a s  a function of time. Venting 

c h a r a c t e r i s t i c s  genera l ly  agreed with theory,  and ini t ial  e s t ima tes  of long bubble 

l i fe t imes  f o r  quite-low impur i ty  levels  w e r e  confirmed. 

Symbols used  in this r epor t  a r e  a s  follows. 

C 
3 

concentrat ion (g -moles lcm ) 

'a s t a  i c  gas  concentration in  sphere ,  neglecting s u r f a c e  tension (g -moles /  5 c m  

C 
3 

solu te  concentrat ion in bubble in te r io r  ( g - m o l e s / c m  ) 
g 

3 
'i 

ini t ial  concentrat ion of gas  solute in  solvent ( g - m o l e s / c m  ) 

C 
3 sa tura t ion  concentrat ion f o r  solute gas  in solvent  (g-molest 'cm ) 

S 

3 
Cy concentrat ion at tr ibutable to  su r face  tension p r e s s u r e  (g-moles /c in  ) 

3 
Ca gas  concentrat ion in vapor space  ( g - m o l e s / c m  ) 

D 2 diffusion coefficient ( c m  / s e c )  

L ini t ial  bubble cylindrical  length ( c m )  
0 

'r P rand t l  number (Cpp/K) 

2 
Py sur face  tension p r e s s u r e  = 2 Y  /R ( d y n e s / c m  ) 

2 
pa par t ia l  p r e s s u r e  of noncondensible gas  in vapor space  ( d y n e s l c m  ) 

R inter fac ia l  radius ( c m )  

R fluid tube ( a r t e r y )  radius  ( cm)  
a 

R 
e 

tube-flow Reynolds number (PDV/p) 

R ini t ial  bubble radius  ( c m )  
0 

Sc Schmidt  number ( v  ID) 



c r i t i ca l  t empera tu re  

fluid sa tura t ion  f rac t ion  (Ci /Cs)  

radial  m e a s u r e  ( c m )  

dissolution t ime  f r o m  R = F.o ( s e c )  

total t ime  to vent a bubble of initial radius  R ( s e c )  
0 

2 
dimensionless  t ime  (Dt /RO)  

a r t e r i a l  wall  thickness (cm) 

Ostwald coefficient, so lu te  concentrat ion in liquid phase/concentrat ion 
in gaseous  phase 

s u r f a c e  tension (dynes / c m )  

ra t io  of s u r f a c e  tension p r e s s u r e  to the s u m  of s ta t ic  p r e s s u r e s  

( C S  - Ci)lCg 

cor rec t ion  fac to r  to  quas i -s ta t ionary  model  vent time 
2 

Kinematic v iscos i ty  ( c m  I s e c )  

a r t e r i a l -wa l l  t r a n s m i s s i o n  fac tor  
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Sect ion  2 

THEORETICAL ANALYSIS O F  ARTERIAL BUBBLE DISSOLUTION 

The  appl icat ion of expe r imen ta l  da ta  obtained in th i s  p r o g r a m  depends  on  

valid model ing of the  phys ica l  p r o c e s s e s  o c c u r r i n g  within a  heat  pipe.  T h i s  

s ec t i on  d i s c u s s e s  t he  t heo re t i ca l  a s p e c t s  of a r t e r i a l  bubble vent ing,  in 

p a r t i c u l a r ,  the  i n t e r r e l a t i onsh ips  of d i f fus ion  and so lubi l i ty ,  and a r t e  r ia l  

geome t ry .  T h e  ideal ized s i tuat ion of a  s p h e r i c a l  bubble in a n  infinite med ia  

i s  d i s c u s s e d ,  followed by a n  ana lys i s  of  a r t e r i a l  g a s  d i sso lu t ion .  T h e  infinite 

media  solut ion i s  s ignif icant  because  t h e  e x p e r i m e n t a l  method of d i f fus iv i ty  

m e a s u r e m e n t  i n  th i s  p r o g r a m  r e l i e s  on a n  a c c u r a t e  r e p r e s e n t a t i o n  of th i s  

co l l apse  phenomena. 

2. 1 BUBBLE DISSOLUTION IN AN INFINITE MECIUM 

If a  s p h e r i c a l  bubble  of g a s ,  with ins tan taneous  d i a m e t e r  R, i s  d i sso lv ing  in 

a n  inf ini te  fluid med ium,  t h e  t ime-dependent  r a d i a l  concen t r a t i on  f ie ld  i s  

given by the  diffusion equat ion in s p h e r i c a l  coo rd ina t e s  about  t he  c e n t e r  of 

the g a s  bubble a s  

The  veloci ty  t e r m  involving dR/d t ,  not usual ly  included,  is n e c e s s a r y  t o  account  

f o r  t he  inward-moving f luid a s  the  bubble  d i s s o l v e s ,  i. e . ,  the  n e c e s s a r y  

inclus5on to  re f lec t .  t he  moving boundary.  

Govern ing  boundary condi t ions a r e  

C ( r ,  t )  = C 
g 

C ( R ,  t )  = QC = C 
f3 a 



Equation 6 imp l i e s  bubble s i z e  change  r e s u l t s  so le ly  f r o m  diffusion a t  the  

l iquid-gas i n t e r f ace ,  a  bas i c  a s sumpt ion  of th i s  ana lys i s .  In addition, the  

concent ra t ion  of g a s  in the vapor  phase  and g a s  in the liquid phase  is a s s u m e d  

negligible c o m p a r e d  t o  the  concent ra t ion  of so lvent  in the solvent  phase  a t  a l l  

t i m e s .  Genera l ly ,  the following d imens ion le s s  v a r i a b l e s  a r e  introduced.  

with t h e s e  v a r i a b l e s ,  Equation 1 i s  given a s  

This  governing d i f fe ren t ia l  equation a p p e a r s  in s i m i l a r  f o r m  in R e f e r e n c e s  1, 

2 ,  and 3. The  boundary conditions a r e  then 

::c ::: : .', 
C ( r ,  O ) = O  r  ' >R." 

.'a .1, * 

C-"(R'", t".) = 1 

F o r  the r e m a i n d e r  of th i s  d i scuss ion ,  the  a s t e r i s k  s y m b o l i s m  is dropped ,  and 

un le s s  specif ical ly  noted, the d i scuss ion  conce rns  the  d imens ion le s s  solut ions.  

The  boundary condit ions,  a s  s t a t ed ,  a r e  f o r  a  situation in which the  effects  of 

s u r f a c e  tens ion  can  b e  neglected. Tha t  i s ,  i f  s u r f a c e  tension w e r e  included, 

C(R ,  t )  i n c r e a s e s  a s  the  bubble s h r i n k s ,  because  of the  p r e s s u r e  t e r m  2 Y/R. 

Discuss ion  of t h i s  s i tua t ion  is d e f e r r e d  to  p r e s e n t  the  g e n e r a l  t heo re t i ca l  base .  

A c Iosed - fo rm solut ion to  Equation 8 i s  obtainable  only f o r  bubble growth 

f r o m  z e r o  ini t ia l  s i z e  (Re fe rence  1). F o r  bubble d isso lu t ion  f r o m  s o m e  

ini t ia l  s i z e  R , e i t h e r  approximat ions  to  Equation 8 mue t  he  made ,  o r  the  
0 



second-order  nonl inear  equat ion m u s t  be  so lved  by nurneri , .al  methods.  F o r  

th i s  p r o g r a m ,  both app roaches  have been used.  The numeric.al  so lu t ion  

e n s u r e s  a c c u r a c y  of e x p e r i m e n t a l  d i f fus iv i t i es  obtained f r o m  bubble d i sso lu t ion ,  

while  useful engineer ing  re la t ionsh ips  c a n  be  obtained in c losed  f o r m  if 

c e r t a i n  app rox ima t ions  a r e  made .  T h e s e  s h o r t - c u t  so lu t ions  fo r  the  mos t  

p a r t ,  a r e  sufficiently a c c u r a t e  tn c h a r a c t e r i z e  a r t e r i a l  bubble  d i sso lu t ion .  

Poss ib ly  t he  m o s t  of ten used app rox ima t ion  to  Equat ion 8 is that  in which 

the m a s s  t r a n s p o r t  t e r m  i s  neglected.  At e a c h  point in d i sso lu t ion ,  the  bubble  

is a s s u m e d  to  b e  in equ i l i b r ium with t he  diffusion prof i le  c h a r a c t e r i s t i c  of 

a  s p h e r e  of that  s i z e .  The  quas i - s t eady  s t a t e  d i f f e r en t i a l  equat ion i s  

By anology with the  solut ion to t he  hea t  equat ion in s p h e r i c a l  coo rd ina t e s  

( R e f e r e n c e  4 ) ,  Equat ion 12 b e c o m e s  

If i a e  co l l apse  r a t e  is  v e r y  s low,  it ha s  been  postulated that  t he  t e r m  

1 / ( ~ t )  'I2 can  b e  d i s r e g a r d e d ,  b e c a u s e  it con t r ibu t e s  only to  t he  ini t ia l  

d i sso lu t ion  phase .  If th i s  t e r m  i s  d i s r e g a r d e d ,  t he  to ta l  d i m e n s i o n l e s s  t i m e  

f o r  a  s p h e r i c a l  bubble to  d i s a p p e a r  ( t h e  vent  t i m e )  in a n  infinite med ia  i s  

o r  in d imens ioned  v a r i a b l e s ,  - 

w h e r e  f i s  the  pe rcen t  s a tu ra t i on  of the  solut ion in which the  s p h e r e  is  

dissolving.  If t he  t -vm l / ( n t ) l I 2  is  included, t h e  c o m p l e t e  solut ion to  

Equat ion 14 is 

In a  nurrlerical so lu t ion  of the  exac t  d i f f e r en t i a l  Equat ion 8, Duda and V r e n t a s  

( R e f e r e n c e  6 )  p re sen t ed  a c o r r e c t i o n  f a c t o r  t o  t h e  vent  t i m e  a s  given by 

Equat ion 15, s o  tha t  

T = -  
tv 2 P  



The cor rec t ion  fac tor  i s  shown in F i g u r e  2 - 1  a s  a function of P. Also presented 
t 

i s  the co r rec t ion  fac tor  T , when Equation 17 i s  considered exact.  This  

express ion,  in fact,  underes t imates  t r u e  vent time. Inclusion of the moving 

boundary impedes dissolution on this bas is .  

F o r  diffusivity measurements ,  i t  is c r i t i c a l  that the exact radia l  t ime  profi le  

be known, and a computer  code was developed to solve Equation 8 by a n  

implici t  method in which s y s t e m s  of l inea r  a lgebra ic  equations a r e  solved 

by Gauss ian  elimination. A detailed d iscuss ion of the  ~ e c h n i q u e  i s  presented 

in Reference  7 .  F o r  P 5 1, ,400 t ime  s t e p s  w e r e  general ly adequate to d e s c r i b e  

the dissolution phenomena, along with 150 dimensionless  r ad ia l  s t eps  in 

9 - s p a c e ,  a s  d iscussed in Reference  6. F i g u r e  2-2 stiows a compar ison 

between tabulated numeri,:al r e su l t s  f r o m  Rzference  6 and resu l t s  f r o m  this  

study. The compar ison i s  very  good. Also included a r e  1:quation 15 and 18 

fo r  comparison.  Equation 15 i s  a poor approximation to  the exact solution; 

E q u ~ t i o n  18 is c o r r e c t  on vent t ime,  but e r r s  on the radia l  t ime-dependent 

profile. Both equations become bet ter  approximations a s  P goes to ze ro ,  

a s  indicated in F i g u r e  2-1. In the  following anzlys is ,  although the model  i s  

possibly too s imple ,  the method used in developing Equation 15 is used 

for  th ree  reasons .  F i r s t ,  the gasl l iquid s y s t e m s  under c ~ n s i d e r a t i o n  

general ly have s m a l l  P ,  making the approximations m o r e  reasonable;  second,  

knowing the  venting t imes  to within a fac tor  of two is general ly adequate, and 

th i rd ,  the equations resulting allow inspection of c losed-form express ions  

which a r e  useful in understanding tradeoffs  between performance and relizbility. 

2 . 2  BUBBLE DISSOLUTION WITH SURFACE TENSION 

Analysis of bubble dissolution in surface-tension-dominated s y s t e m s  has been 

reported in the  l i t e ra tu re  to a much l e s s e r  extent than has the c a s e  of a constant  

interfacial  concentration. Equation 8, which governs,  is  s t i l l  valid, but the 

boundary conditions mus t  be stated differently. A new dimensionless  

pa ramete r ,  h , e x p r e s s e s  the s i z e  of s u r f a c e  tension p r e s s u r e  re la t ive  to the  

srlmmed s ta t ic  p r e s s u r e s  on the sphere ,  a s  - 



f igwe 2-1. Canctiolr Fraw for VQIt Tim 



P i s  that p r e s s a r e  a t  the  bubble position if the  bubble radius of c u r v a t u r e  
a 

w e r e  infinite. The  s u m  P includes, fo r  example,  gravity head, p e i the r  a ~ g h '  
positive o r  negative, A PSATs the  vapor  p r e s s u r e  differential  between the  

bubble s i t e  and the  genera l  fluid surface ,  and Pa, the  p a r ~ i a l  p r e s s u r e  of 

gas  ahove the  liquid phase. All a r e  a s sumed  constant  in valce. The boundary 

c o  3ditions 9 .  10, 11, and 12 a r e  then 

C ( r .  0 )  = 0 r >R (29)  

Again, the total  d i f ferent ia l  equation cannot b e  solved formal ly  with condition 

(23). If, a s  in Section 2, 1, the  convective t e r m  is d i s rega rded .  the  qua:i- 

s teady-s ta te  differential  equation for  col lapse  r a t e  replacing Equation 14 i s  

where  G = 1 - Ci/oCa 

Equati2n 25 is formal ly  integrable if the  t e r m  l / (n t )  'I2 i s  d is regarded.  With 

th is  modification, which para l le ls  the  p rocess  of Section 2. 1, d imensionless  

vent t i m e  is 

where  S = G / d  

Two c a s e s  a r e  of par t icular  importance. In the  l imi t  of a completely s u r f a c e -  

tension dominated bubble where  6 --=, the  d imensionless  vent t ime  is 

- 1 - - 
tv 3 *  (27) 

and fo r  diffusion into a sa tura ted  solution, w h e r e  C - 0, 



T h e s e  equations a r e  c losed- fo rm es t ima tes  for  non-isothertna:, but s tagnant ,  

dissclut ion col lapse  of  a spher i ca l  bubble into a n  infinite body of fluid. 

Allowance has been made for  s u r f a c e  t ens  ion, par t ia l  p r e s s u r e  of noncondens ible h 

gas  in the vapor space ,  gravity head,  etc. 

2.3 APPLICABILITY OF INFINITE MEDIA SOLUTIONS 

In g e ~ e r a l  t e r m s ,  the  infinite media solut ions f o r  vent t i m e  a r e  mos t  applicable 

if the  bubhle radius i s  l e s s  than 1 /10 :he s m a l l e s t  cha rac te r i s t i c  radia l  

rlirnension of the enc losure  in which it is  contained. F o r  example ,  if the  

bubble is In at-! R radius  a r t e r y ,  then the  maximum bubble radius i s  approxi-  
a 

mately 0. 1 R . This  "rule-of-thurrt':~" r e su l t s  f r o m  numer ica l  ana lys i s  of 
a 

the concentrat ion fielrl about a bubble, which showed that mos t  of the  non-zero 

concentrat ion field i s  within 5 to 10 rad i i  of the  surface.  F i g u r e s  2-3 and 2-4 

show the locus of s e v e r a l  concen t ra t io l~s  a s  a function of :ime for  = 0.01 * 
and 1. 0. The p r o f ~ l e  c = 1 i s  a t  the  bubble interface,  and t h e r e f c r e  a l s o  

shows the bubble radius  a s  a function of t ime.  A s  f a r  a s  so lu te  penetrat ion 

is concerned,  most  of the  initial bubble m a s s  i s  distr ibuted within 5 to 10 

radii  of the  bubble fo r  the * range chosen. This  range  i s  typical of a n  

impuri ty gas bubble venting, but i s  not typical  of venting in a n  i so the rmal  gas-  

controlled heat pipe where  * can b e  very  smal l .  Under flow co~ldi t ions ,  the 

s m a l l  diffusive penetration means  that  most  of the  significant so lu te  i s  removed 

within a few radii  of the bubble, thereby relieving s o m e  of the r e s t r i c t ions  to 

modeling the dissolut ion of a spher i ca l  par t ic le  in a cyl indr ica l  tube, because  

only flow in the immedia te  vicinity of the bubble must  be considered.  

Liebermann,  (Refe rence  8) repor t s  that a spher i ca l  bubble contacting a flat 

s u r f a c e  requ i res  l / ln2  longer t i m e  to  col lapse  because  of the buildup of 

solute a t  the su r face ,  in analogy with a problem in e lec t ros ta t ics .  Th i s  f ac to r  

mus t  a l s o  be  considered,  a s  well  a s  the  fact  that a bubble residing agains t  a 

thin flclid f i lm, a s  might b e  contained in a n  a r t e r y  wall,  may vent m o r e  rapidly. 

However, f o r  purposes  of an engineering model, the  effects  of wzl ls  on the  

s t a t i c  venting of spher i ca l  bubbles i s  a co r rec t ion  beyond the scope  of this  

program,  and i s  general ly neglected. That is, a s p h e r i c a l  bubble with a 

d i a m e t e r  equal to o r  l e s s  than R , i s  a s sumed  to  vent in the t ime  given by 
a 

Equation 26. The validity of this  assumpt ion is  d i scussed  i n S e c t i o n 4 . 2 ,  

which compares  theore t ica l  and exper imenta l  col lapse  of a r t e r i a l  occlusions. 
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S e v e r a l  impor tan t  conc lus ions  c a n  be  d r a w n  f r o m  t h e s e  engineer ing  mode l s .  

when  the d i rnens ionless  t i m e  v a r i a b l e  i s  solved fo r  t h e  r e a l  vent t i m e ,  t h e  vent 

t i m e  i s  in g e n e r a l  given by 

R , (0 
t =  
v N a D  

w h e r e  N v a r i e s  f r o m  2 t o  3 and g(F) i s  a funct ion re la t ing  t h e  d i sso lu t ion  t i m e  

t o  t he  in i t i a l  so lu t e  concen t r a t i on  in t h e  solvent.  T h e  impor t ance  of t he  

proper ty  grouping O D  i s  apparen t .  A s  w i l l  be  shown in Sec t ion  4. i ,  t h e  

e x p e r i m e n t a l  solubi l i ty-diffusivi ty  product  i s  cons ide rab ly  d i f fe ren t  f o r  e a c h  

gas / l iqu id  combinat ion,  and is exponent ia l ly  dependent  o n  t e m p e r a t u r e .  

F i g u r e  2-5  shows  e a r l y  t h e o r e t i c a l  e s t i m a t e s  of t h e  f a c t o r  l / a D ,  des igna ted  

the  venting pa r a m e t e r .  C o n s i d e r a b l e  var iab i l i ty  in vent ing p a r a m e t e r  is 

apparent .  

Venting t i m e  i s  a l s o  propor t iona l  t o  t he  s q u a r e  of t h e  in i t i a l  bubble rad ius .  

Th i s  imp l i e s  that  cons ide rab ly  m o r e  s tab i l i ty  aga ins t  a r t e r i a l  occ lus ion  i s  

poss ib le , i f  t h e  a r t e r y  i s  d e c r e a s e d  in s ize .  T h i s ,  however ,  i s  pos s ib l e  only 

a t  a l o s s  in a r t e r y  performafice.  

A f ac to r  not ye t  d i s c u s s e d  i s  t he  funct ion g(F) .  F o r  t h e  condi t ion in which 

s t a t i c  g a s  p r e s s u r e  o f  the  s y s t e m  is much  l e s s  than  t h e  s u r f a c e  t ens ion  

p r e s s u r e  2Y/Ro, t h e  function g(F) i s  unity, that  i s ,  t h e r e  i s  l i t t l e  effect  of 

percent  s a t u r a t i o n  of fluid on vent ing,  and t h e  r e a l  vent  t i m e  i s  

T h i s  condition can  o c c u r  when t h e  g a s  s o u r c e  is a t r a c e  impur i t y  cf the  

s y s t e m ,  o r  P, <c i Y/Ro, and  grav i ty  head and vapor  p r e s s u r e  d i f f e r en t i a l s  

a r e  negligible.  F o r  a n  i s o t h e r m a l  a r t e r i a l  d u m p  which  ini t ia l ly  r emoved  

fiuid f r o m  a s ec t i on  of a r t e r y  Lo in length and c o m p r e s s e s  i t  t o  a bubble  o f  
2 d i a m e t e r  Ro, vent  t i m e  is given app rox ima te ly  by Equat ion 30, wi th  Ro, 

given by 
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Equat ions 30 and 3 1 r e l a t e  bubble \rent t i m e  when t h e r e  i s  a  s m a l l  impuri ty  

g a s  l eve l  P, . a n  a r t e r y  of r ad ius  R a ,  and a  pas-f luid p rope r ty  g r o u p  ( u o  11). 

If L i s  e s t ab l i shed  equa l  t o  t h e  t o t a l  a r t e r y  length,  then  tv  is the m a x i m u m  t inle 
0 

unde r  i so the rma l  condi t ions that  the  a r t e r y  could be inopera t ive  a t t r i bu t ab l e  

t o  a  t r a c e - g a s  bubble. Tab le  2 -  1  p r e s e n t s  r e p r e s e n t a t i v e  t r a c e - g a s  venting 

t i m e s  f o r  t h e  f luids  invest igated,  a s  wel l  a s  water .  

When noncondensible  g a s  { N C G )  p r e s s u r e  and o t h e r  p r e s s u r e  d i f f e r en t i a l s  

a r e  s ign i f ican t  c o m p a r e d  t o  2 Y/Ro, Equat ion 30 i s  not appl icab le .  In g e n e r a l ,  

i f  a  hea t  pipe has  been in a n  i s o t h e r m a l  condi t ion f o r  about one  hou r ,  NCG in t h e  

l iquid and v a p o r  phases  i s  in equ i l i b r ium and t h e  so lu t ion  i s  s a tu ra t ed .  T h e  

governing equa t ion  f o r  bubble  vent  t i m e  i s  then  Equat ion  28. In t e r m s  of 

d imens ioned  v a r i a b l e s ,  

T a b l e  2- 1 

VENTING O F  A T R A C E  IMPURITY GAS BUBBLE 

T e m p e r a t u r e  t v  ( s e c l  tv ( s e c )  F lu id  
( " c )  he l ium a r g o n  

- 

Ammonia 

F r e o n - 2 1  
(CHCIZF)  

Methanol 

Water 



This solution is significant. Vent t i m e  inc reases  l inearly with NCG p r e s s u r e  

with other  f ac to r s  constant.  In addition, p r e s s u r e  2Y/R i s  on the  o r d e r  of 
0 

0.01 psia f o r  organic fluids and a typical  0 .05-cm radius bubble; a  r a t h e r  

s m a l l  P can then significantly i n c r e a s e  dissolut ion t ime.  Physically, gas 
a  

concentrat ion within the bubble inc reases  l inearly with NCG p r e s s u r e ,  but 

the diffusion gradient  into the sa tu ra ted  solution remains  constant because  it 
1 

is only determined by the excess  p r e s s u r e  a t t r ibutable  to  the s u r f a c e  tension 

effect.  The  net resul t  i s  a  vent t i m e  i n c r e a s e  proport ional  to NCG p r e s s u r e .  

Substituting ac tual  values f o r  hel ium and ammonia  into Equation 31, 
2 

l /&D - 75,000 c m  / s e c  a t  20 'C (Section 4. 1). If Ro = 0.05 c m  and 

P << 2 b/ro, then tv = 1.0 minutes. If Pa = 1. 0 rnm Hg, then t  = 2 .8  minutes. 
a  v 

This  co r responds  to a  helium impurity level  of only 130 ppm in the  vapor. 

If, a s  in a  gas-control led heat pipe, the  i so the rmal  hel ium p r e s s u r e  i s  about 

equal to the vapor p r e s s u r e  of the ammonia  working fluid, then tv = 9 . 0  days.  

This  i s  a n  ext remely  long t i m e  re la t ive  to the  expected t r ans ien t s  associa ted  

with control lable heat pipe operation. It i s  possible to  d e c r e a s e  this  t ime  by 

dec reas ing  the maximum bubble s i z e  Ro, choosing a different cont ro l  gas,  

o r  using a working fluid with lower vapor p r e s s u r e .  The t i m e  requi red  f o r  

venting such gas bubbles i s  in ag reement  with exper imenta l  da ta  presented 

in Section 4. 2. 

2.4 DISSOLUTION O F  AN ELONGATED BUBBLE 

F r o m  observations in g lass  s y s t e m s ,  if a  bubble i s  present  in a n  a r t e r y ,  it is 

stat is t ical ly m o r e  likely to be elongated than any o ther  shape. Therefore ,  

the  venting of elongated a r t e r i a l  bubbles i s  of cons iderable  importance. 

Analysis of gas l o s s  f r o m  an elongated bubble cons t r ic ted  within a tubular  

a r t e r y  a s  in F igure  2-6 has resulted in the  following simplified differential  

equation in r e a l  variables.  

where  

1 = bubble instantaneous length 
I 

D = h D  



DEFINITIONS 
L = INITIAL LENGTH OF BUBBLE CYLINDRICAL SECTION 

ra = ARTERIAL RADIUS = r,, = RADIUS OF HEMISPHERICAL END-CAP 
Ar = FLU1 D F ILM THICKNESS OVER CYLINDRICAL SECTION 

ASSUMPTIONS - QUASI -STEADY-STATE (INERTIAL TERMS NEGLECTED) 
- ISOTHERMAL CONDITIONS 
- HEMISPHERICAL END CAPS 
- DIFFUSION-DUMI NATED COLLAPSE 

Figure 2-6. Arterial Bubble Modeling 

= wal l  tor tuosi ty  f ac to r  

f = C, / C o  
a 

A r  = a r t e r i a l  wa l l  th ickness  

P = end-cap  diffusion f ac to r  (-1) 

T h e  der iva t ion  of Equation 3 3  i s  included in Appendix B. The  to ta l  t i m e  fo r  a 

bubble of length 1 to  vent down to  a  s p h e r i c a l  s h a p e  i s  
0 

T h e  proper ty  grouping crD i s  aga in  impor tan t  to  venting, a s  i s  t h e  f a c t o r  ( 1-f). 

Because  of the complex  diffusion path through the  s c r e e n  fluid l a v e r ,  t he  

f ac to r  A i s  incIuded to f o r m  a n  ef fec t ive  diffusion coeff icient  D'. The  f a c t o r  

A changes  a s  the composi t ion of the  a r t e r y  wall  i s  a l t e r e d  by s c r e e n  s i z e  

change,  etc.  



T o  minirnize gas  vent  t i m e ,  it i s  d e s i r a b l e  to d e c r e a s e  Ra, A r ,  lo, and f ,  and 

i n c r e a s e  cuD. If the  bubble i s  qu i t e  e longated,  t he  length of the  bubble 

d e c r e a s e s  by a f a c t o r  of two, independent of in i t ia l  s i z e ,  in the period 

Tab le  2-2 gives half- l ives  f o r  a r e p r e s e n t a t i v e  a r t e r i a l  gas-cont ro l led  des ign  

f o r  va r ious  gas  / l iquid combinat ions a t  2 0 ° C .  It i s  a s s u m e d  that  con t ro l  g a s  

p r e s s u r e  i s  equal  to  vapor  p r e s s u r e  of the working fluid, and tha t  the  a r t e r y  

has  been  emptied in a n  i s o t h e r m a l  condition. Th i s  is a v e r y  c r e d i b l e  s i tuat ion.  

If a pipe i s  loaded and sea l ed ,  then  handled such  tha t  the e leva t ion  i s  much 

m o r e  than  1 foot f r o m  end-to-end a t  any t i m e ,  the  a r t e r y  wi l l  probably be  

emptied.  O the r  des ign  c r i t e r i a  a p p e a r  in Table  2-1. 

Bubble half- l ives  a r e  genera l ly  v e r y  long, and t h e r e f o r e ,  the  ga ls  a f f ec t s  

per formance ,  if t es t ing  i s  done  any t i m e  be fo re  t  ( a s  given by Equat ion 34) 
1 

has  elapsed.  T h e  a r t e r i a l  venting t e s t s  d e s c r i b e d  in Sect ion 4.2 

con f i rm the t i m e  n e c e s s a r y  f o r  such  a r t e r i a l  bubbles  t o  co l lapse .  

Tab le  2 - 2 

HALF-LIVES FOR ELONGATED ARTERIAL BUBBLES 
IN A GAS-CONTROLLED HEAT P I P E  AT 20°C 

Fluid tl 12 
(he l ium)  

Ammonia  

F r e o n -  2 1 
(CHC 1 2 F )  

W a t e r  

7 . 0  days  17. h r  

36. h r  9.5 h r  

Posi t ion-independent  gas  m i x t u r e  

A r t e r y  s t e m  height  = 0. 0 c m  

Noncondens i b le  g a s  p a r t i a l  p r e s s u r e  equals  vapor  p r e s s u r e  



2.5 DISSOLUTION O F  AN ARTERIAL BUBBLE IN FLOW 

It is  poss ib le  t o  obtain a  c l o s e d - f o r m  approx ima t ion  t o  d i sso lu t ion  o i  a  s m a l l  

bubble a s s o c i a t e d  wi th  low a r t e r i a l  flow. T h e  technique ,  in e s s e n c e ,  a s s u m e s  

that  the  configurat ion of a  s m a l l  bubble  aga ins t  an  a r t e r y  wal l  i s  v e r y  c l o s e  

t o  the  f low geome t ry  of a  bubble Louching a  se tn i - in f in i te  plane with a  parabol ic  

veloci ty  pro i i le  pa ra l l e l  to  the  su r f ace .  T h e  a p p r o a c h  i s  d i s c u s s e d  in m o r e  

d e t a i l  in Appendix C. T h e  vent  t i m e  f o r  a  s m a l l  bubble  in flow is given by 

w h e r e  B i s  a  flow p a r a m e t e r  given by 

and t h e  Reynolds n u m b e r  i s  t he  tube-flow va lue  f o r  t h e  a r t e r y  containing the  

bubble. 

A s  a n  example  of the  effect  of fluid flow on bubble vent t i m e ,  c o n s i d e r  a 

condi t ion w h e r e  6 >> GR,  khat i s ,  s u r f a c e  tens ion  domina t e s  o v e r  s t a t i c  

p r e s s u r e .  Equation 36 gives  the  d imens ioned  vent  t i m e  a s  

Vent  t i m e  under  t h e s e  condi t ions i s  app rox ima te ly  i nve r se ly  propor t iona l  to 

t he  f a c t o r  B and has  the  f a m i l i a r  dependences  on o t h e r  p r o p e r t i e s .  

T o  obtain a  r e p r e s e n t a t i v e  value f o r  B* l e t  Ro/Ra  = 0.25, R e  = 51 and the  
2 Schmidt  n u m b e r  = 100 (p /  = 0 . 0 1  c m 2 / s e c ,  D = crn /set). T h e  f a c t o r  

B then equa ls  1 .6  1, and the  d e c r e a s e  in bubble  l i f e t ime  a t t r i bu t ab l e  t o  flow 

i s  about  50q0, when Equat ion 38 i s  c o m p a r e d  to  Equat ion 27. T h e r e f o r e ,  

low flow c a n  s ignif icant ly  d e c r e a s e  the  t i m e  n e c e s s a r y  t o  d i s s o l v e  a  s m a l l  

g a s  inclusion,  a l though the  a r t e r i a l  p r e s s u r e  d r o p  m u s t  a l s o  b e  c o n s i d e r e d ,  

s o  that  the gas  i n t e rna l  to  the  bubble i s  a t  a  p r e s s u r e  w h e r e  d i sso lu t ion  i s  

poss ib le .  



2.6 SUMMARY 

Various  mode l s  have been  developed fo r  the  d i v e r s e  condit ions encountered  

when gas  in en t rapped  within a n  a r t e r y .  All  ca lcu la t ions  a s s u m e  the  ex i s t ence  

of a n  a r t e r i a l  gas  occlusion.  T h e  va r ious  m e a n s  by which s u c h a  gas  plug 

can  be  c r e a t e d  a r e  d i v e r s e ,  s o m e  of the  m o s t  obvious being e x c e s s i v e  

elevat ion of the  evapora to r  s ec t ion  o i  t he  pipe, burn-out of the evapora to r ,  

and shock ef fec ts  such  a s  occu r  a t  vehicle  life-off o r  payload sepa ra t ion .  

The  c r i t i c a l  f a c t o r s  de t e rmin ing  venting t i m e  f o r  s p h e r i c a l  a r t e r i a l  bubbles  

a r e  s u m m a r i z e d  by 
9 

w h e r e  Ro i s  t he  in i t ia l  bubble r ad ius ,  o D i s  t h e  solubili ty-diffusivity product ,  

N i s  a  cons tan t  -2-3 ,  and g( f ) is the  forc ing  function which s igna l s  e i t h e r  

dissolut ion o r  growth,  depending on gas  concent ra t ion  ins ide  the  bubble and 

in the outs ide fluid. Tab le  2-1  s u m m a r i z e s  venting t i m e s  f o r  s u r f a c e -  

tens  ion-dominated d isso lu t ion  of a  t r a c e  gas  impuri ty .  

Dissolut ion of an elongated bubble i s  c h a r a c t e r i z e d  by a  half- l i fe ,  i. e . ,  

the t ime  needed to  co l l apse  the bubble to  112 i t s  o r ig ina l  s i z e  (Equat ion 35). 

Var ious  ha l f - l ives  a r e  given in  Tab le  2-2. T h e  f a c t o r s  d i s c u s s e d  fo r  s p h e r i c a l  

bubbles a r e  of impor t ance  in the  venting of e longated bubbles and,  in addition, 

vent  t i m e  depends  on a r t e r i a l  wal l  th ickness .  

Low f low in the  a r t e r y  c a n  significantly a s s i s t  d i sso lu t ion  and s h o r t e n  bubble 

l i fe t ime,  and a  flow p a r a m e t e r  quantifying th i s  a s s i s t a n c e  i s  identified 

(Eqllation 37) .  

Poss ib ly  the  m o s t  c r i t i c a l  finding of th i s  ana lys i s  i s  the  ex t r eme ly  long 

t i m e s  n e c e s s a r y  to  vent gas  occ lus ions  when t h e s e  o c c u r  in gas-cont ro l led  

hear pipes.  T h i s  r e su l t s  f r o m  the  l a r g e  quantity of g a s  in  any one  bubble, 

and the insignif icant  s u r f a c e  tension dr iv ing  f o r c e  caus ing  d isso lu t ion .  

Expe r imen ta l  da t a  presented  in  Sect ion 4.2 c o n f i r m  t h e  long calculatecq cen t  

t imes .  



Section 3 

EXPERIMENTAL APPARATUS 

The experimental  phase of this p rogram was oriented towards collecting proper ty  

data and using that data in a n  a r t e r i a l  s imula tor  to  produce valid working models  

of gas dissolution f r o m  within heat  pipe a r t e r i e s .  T o  achieve that goal, a n  

appara tus  was constructed to m e a s u r e  the solubility and diffusivity of g a s e s  in  

liquids over a wide t empera tu re  range,  and a r t e r i a l  s imula to r s  w e r e  constructed 

to obse rve  the venting of gas occlusions f r o m  sc reened  a r t e r i e s  under  s ta t ic  

conditions. 

3 .  1 SOLUBILITY-DIFFUSIVITY APPARATUS 

An appara tus  h a s  been constructed t o  m e a s u r e  both solubility and diffusivity of 

gases  in liquids. Construction m a t e r i a l s  a r e  principal ly Type 304 and 316 

s ta in less  steel,  with a l imited number  of Teflon seals .  A l l  m a t e r i a l s  a r e  

general ly compatible with methanol,  F reon-2  1, and ammonia,  the  f luids used 

in th is  program.  T h e r m a l  and p r e s s u r e - l i m i t s  on th is  appara tus  a r e  shown in  

Table 3-1, along with other  per t inent  physical  cha rac te r i s t i c s .  

So1;lbility i s  m e a s u r e d  in t e r m s  of the Ostwald coefficient. The  Ostwald coeffi- 

cient of a gas  in a liquid i s  experimental ly de termined by the i so the rmal  mixing 

of a known amount of gas  and a known amotlnt of liquid in a fixed two-phase 

volume. After s o m e  t ime  and agitation, the liquid becomes gas-sa tura ted  and 

an  equil ibrium between the m o l a r  concentrat ion of gas  in the liquid and vapor 

phases i s  attained. Bas ic  a r r a n g e m e n t  of the appara tus  is shown in F i g u r e  3-1. 

A test-fluid p r e s s u r e  vesse l  of about 500 cc  i s  a r ranged  within a l a r g e  i so the rmal  

vapor chamber.  Ex te rna l  to  the fluid chamber ,  a coil of tubing with careful ly  

measured  volume i s  p ressu r i zed  to  about 40 psia with the t e s t  noncondensible 

gas. Fluid i s  introduced to  the chamber  and the low-pressure  s ide  of the p r e s -  

s u r e  differential t ransducer .  The low-pressure  s ide  is valved off, then fluid 

and the complete gas  charge  a r e  allowed to f i l l  the remainder  of the  p r e s s u r e  

chamber  3 ~ ~ h  that  the gas-vap?r/ l iquid in ter face  is a t  the top of the r e f e r e n c e  

ret icule.  The ret icule s e r v e s  t o  es tabl i sh  the fluid charge  and the new g a s  



Table  3-1 

sOLUBILITY/DIFFUSION APPARATUS THERMOPHYSICAL CHARACTERISTICS 

- . -- .. - 
Charac te r i s t i c  Limitat ion 

Mate r i a l s  compatibility Type 304 and 3 16 s t a in less - s t ee l  construction. 
Two Teflon sea l s .  Stz.irAless-steel bellows valves.  
Cas t - i ron  observation por t  piece. 

Operating t empera tu re  -100" to  121°C. Low tempera tu ra  l imited a t  p r e -  
range sen t  to  -50°C by Runa-N s e a l s  stiffening and 

cracking. High t e m ~ e r a t u r e  l imited b y  w a r r a n t y  
specif icat ions on p r e s s u r e  t ransducer .  

Operating p r e s s u r e  range  0 t o  300 p i g .  Magnetica!ly coupled pump ra ted  
ac 300 psig. P r e s s u r e  t r ansducer  ra ted  a t  1000 
psig l ine  q r e s s u r e .  Observation por t  window 
ra ted  a t  1000 psig. 

T r a n s d u c e r s  

P u m p  loop 

P r e s s u r e  vesse l  

Bubble genera tor  

Copper-constantan and chromel-a lumel  thermo-  
couples. P r e s s u r e  t r ansducer  i s  Validyne va r i -  
able  re luc tance  0 t o  50 psld ;*ange device. 
l ' r a n a d u c e r  i~ s ta in less  s t e e l  on both high and 
low p r e s s u r e  s ides ;  t e m p e r a t u r e  range is -100' 
to 121°C. 

Pumped b y  variable-speed,  magnetically-coupled 
centr ifugal  pump. At max imum flow, t e s t  chamber  
fluid is changed twice p e r  minute. 300 psig p r e s -  
s u r e  rat ing;  -54" to  121°C tempera tu re  range. 

P a r r  I t ls trument Co. Model 4762. 3000 psig;  
350°C, Teflon gasket.  472 c c  volume. Type 316 
s ta in less-s tee l  body. 

0.01 c m  orif ice,  0. 1 dia bubbl: . via two-stage 
s o r t e r .  Bubbles produced by cnarging o r i f i  e 
volume f r o m  controlled gas  source .  





charge density in the vapor chamber above the reticule. The magnetically 

coupled stainless-steel pump i s  energized so that fluid is  sprayed through the 

vapor chamber, into the fluid pool, down to the bottom, and through the cycle 

as many times as  necessary to establish an equilibrium concentration of dissolved 

gas in the Liquid. Progress is monitored with the pressure differential transducer 

a s  a gradual drop in vapor chamber pressure. When the reaction has proceeded 

to equilibrium, pressure differential is noted. Because the reference side is  

pure clean fluid at the same temperature, then the pressure differential must 

result solely from noncondensible gas remaining in the vapor chamber. Know- 

ing the vapor chamber volume, fluid volume, and initial gas charge in moles, 

the amount of gas Lost to the liquid, and therefore, solubility can be calculated. 

This process i s  repeated at each temperature of interest. 

The diffusion coefficient is found by the disappearing bubble technique. Pr ior  

to the solubility studies, small gas bubbles a r e  injected to the underside of the 

reticule. The gradual dissolutio- .rf these spherical bubbles in the gas-free 

fluid is related to both solubili9 . gaslliquid diffusivity. Elimination of 

solubility from the expressions is y ossible because of experimental solubility 

values established in the solubility-phase of the experiment. Because of the 

necessity for an accurate model to relate measurements, the governing 

differential equations a re  solved by numerical methods. The technique is 

relatively new, one of the f i rs t  attempts at using the method described in 

Reference 8 in 1957. It was not until 1969 that a satisfactory numerical analysis 

method for the complete second-order equation was documented in the 

literature (Reference 3). 

The technique affords a simple, fast means of diffusivity determination, and is 

usable over a broad temperature range. Its limitations a r e  mainly sensitivity 

to vibration and diffusion cell convection currents which disturb the concentation 

field about the bubble. At higher temperatures, another problem occurs, in 

that, dissolution is  so rapid ( -  10 sec) that the effects of placing the bubble in 

position may significantly affect dissolution rates. The method, in general, 

works best when the vent time for the bubble i s  long (greater than about 100 

seconds), and fluid viscosity is high. 



The diffusivity is  obtained by a cross-plot of allapse profile such a s  Figure 2 -2  
2 

against the experimental collapse profile. The common axis used i s  (R/Ro) . 
so  that a plot of real time versus dimensionless time should yield a straight line 

2 .. 
of slope 8 ,  and the diffusivity i s  equal to Ro1(0.693p) The factor 0. 693 is in- 

cluded to allow for the contacting plane against which the bubble rests.  Figure 3-2 

presents an experimental cross-plot; Figure 3 - 3  shows a view through the appara- 

tus observation port. 

3 . 2  A R T E R L A L  S I M U L A T I O N  A P P A R A T U S  

The property data obtained with the solubility-diffusion apparatus were used to 

calculate venting t imes fo r  bubbles within a screened a r t e ry  such a s  in the 

isothermal fluidlvapor heat pipe apparatus shown in Figure 3-4. This device, 

used to observe bubble collapse under more  realistic conditions, i s  in essence 

a nonthermally pumped simulated heat pipe and artery. An injection block 

introduces gas bubbles into the artery. A sight port  is used to monitor the s ize 

of the bubble produced. Once a bubble of proper size has been created, flow is 

increased to  move the bubble into the glass observation section, then adjusted 

to an experimental flow, or  no flow. A nickel wire in the injection block can be 

heated to form a vapor bubble. This vapor bubble can then be observed in the 

same manner a s  a nonconde:lsible bubble. The glass Dewar-type observation 

a rea  is about 5 in. long; the entire isothermal environment is approximately 

12  h. long. Chamber temperature is regulated by a heaterlcooler in conjunction 

with a circumferential heat pipe; this heat pipe completely surrounds the metal 

section of the chamber. 

'. arious thermophysical characteristic: of this apparatus a r e  given in Table 3-2. 

Perhaps the most important is  the limitation of internal pressure to 30 psia 

because of the glass envelope. This limits fluid selection somewhat, a s  well 

a s  temperature range, because high-pressure working fluids such a s  ammonia 

cannot be used. 







Table 3-2 

PUMPED ARTERY TI-IERMOPHYSICAI. CHARACTERISTICS 

Charac te r i s t i c  Limitat ion 

Mate r i a l s  compatibility Boros i l ica te  g lass  viewing z rea .  Type 304 s ta in-  
l e s s  s tee l ,  Kovar, nickel, and nickel-based b r a z e  
m e t a l s  in  contact  with fluid and vapor. Some 
Nylon, Teflon, and Buna-N seals .  S ta in less  
s t ee l  bellows valves, and copper flange gaskets .  

Operat ing t empera tu re  -50" to  200°C. Low t e m p e r a t u r e  limited by ex- 
range  pansion of Teflon sea ls .  High t e m p e r a t u r e  l imited 

by melting of so lder .  

Operating p r e s s u r e  range 0 to  15  psig. G l a s s  observat ion  envelope s t r e s s  
1 imitation. 

T ransduoers  

P u m p  loop 

F lowmete r s  

Bubble injection 

Copper-constantan and chromel-alumel the rmo-  
couples. 

Purnped by vhr iahle  speed double-acting bellows. 
15  psig p r e s s u r e  rating. 

3 T r i - F l a t  ca l ibra ted  g lass  f lowmeters  in  a pa ra l -  
lel  switched a r r a y .  Total  r ange  of a r r a y  is 0. 059 
to 107 c c l m i n  of wa te r .  Other f lcids will  have a 
s i m i l a r  range  of flow. 

0. 01 c m  or i f ice  and needle valve. Heated nickel 
w i r e  in injection block f o r  production of vapor 
bubbles. 



Section 4 

EXPERIMENTAL RESULTS 

T h e  discuss ion of experimental  data i s  divided into two par ts .  The  f i r s t  cons ide r s  

m e a s u r e m e n t s  of the solubility and diffusivity of helium and argon in  ammonia,  

Freon-21 (CHC12F), and methanol.  The  second d i s c u s s e s  exper imenta l  data 

taken of gas  occlusions venting f r o m  sc reened  a r t e r i a l  passages  with Freon-21 

and methanol.  

All f luids used fo r  the m e a s u r e m e n t s  of physical p roper ty  da ta  and venting ef fec ts  

w e r e  dist i l led to  a total noncondensible par t ia l  p r e s s u r e  of l e s s  than o r  equal 

to 10" a tmosphere ,  o r  purchased with the  requi red  cert i f ied purity. Ammonia 

was  purchased cert i f ied to  have l e s s  than 150 ppm noncondensible gas  and l e s s  

than 20 ppm wate r  impur i ty  levels ;  the methanol  was  Baker  cert i f ied spec t ro -  

photometric  quality; the Freon-21 was  purchased f r o m  E.  I. Dupont De Nemours  

& Co., Inc. Helium and argon g a s e s  w e r e  0.9999 pure. 

4.1 PHYSICAL PROPERTY DATA 

The solubility of a rgon  and hel ium in ammonia,  Freon-21,  and methanol is 

presented in  F i g u r e s  4-1, 4-2, and 4-3, and Tab le  4-1. F i g u r e  4-4 p resen t s  

solubility of a number  of gases  in w a t e r  a s  compiled by Himmelbau, (Reference  16). 

The behavior isms of the  gaslf luid combinations of this investigation a r e  s i m i l a r  

to the s a m e  spec ies  o r  l ike  d iamete r  spec ies  in water .  I n  general ,  the molecules  

with s m a l l e s t  d iamete r  a r e  influenced the m o s t  by t empera tu re .  Minima in  

solubility, exhibited by gases  in  wa te r ,  a r e  not p resen t  over  the investigated 

t empera tu re  range, o r  a r e  of s m a l l e r  s i z e  in the f luids investigated i n  th is  pro-  

g ram.  F o r  example, a rgon  in methanol  m a y  exhibit a min ima  in solubil i ty v e r s u s  

t empera tu re ,  although accuracy  of the data m a y  not w a r r a n t  such a conclusion. 

Exper imenta l  uncertainty f o r  a l l  gas l l iquid  combinations is shown in Table  4-1. 

All par t ia l  p r e s s u r e s  of noncondensible gas  a t  equil ibrium ranged f r o m  10 t o  

50 psia, and therefore ,  i t  is not expectc d that deviations f r o m  Henry ' s  law were  

encountered. Solubility theory  is d iscussed in detail  in Appendix A. 
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F@m 4-1. Solubility of Wium urd Argon in Ammonia 
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Fipure 4-3. Solubility of Helium and Argon in Methanol 



Table 4-1 

SOLUBILITY DATA SUMMARY 

Estimated 

Fluid Gas 
Temperature 0 s  twald Experimental 

( "K) Coefficient Uncertainty (%) 

Ammonia He 233 
2 53 
293 
310 

*Not available. Data from Zakarova (Reference 12). 



Figure 4-4. Solubility of Various Gases in Water 



Diffusion coefficients  f o r  the gases  and liquids in this  p rogram a r e  shown in  

F i g u r e s  4-5, 4-6, and 4-7, and Table  4-2. All w e r e  obtained by the collapsing 

bubble technique with a constant par t ia l  p r e s s u r e  of gas  in ternal  to the bubble, and 

degassed  fluid. F o r  F reon-2  1 and methano1,a pa r t i a l  p r e s s u r e  of e i ther  20 o r  40 

psia was  used f o r  a l l  measurements .  F o r  ammonia ,  a 40 psia p r e s s u r e  was  

used a t  20' and 37OC, and 145 psia a t  the lower t empera tu res .  P r e s s u r e - e f f e ~ t s  

influencing diffusion in a liquid should be  s m a l l  a t  a l l  p r e s s u r e s  in th is  invest i-  

gation. Included i n  these  r e su l t s  a r e  e s t ima tes  derived f r o m  an  empir ica l  equa- 

tion used frequently in the l i t e ra tu re .  The  Wilke-Change diffusivity equation i s  

giv-n a s  (Reference  17). 

w h e r e  

2 
Dab = diffusion coefficient, e b  ( c m  / s e c )  

Mb = solvent molecular  weight 

j = associa t ion  p a r a m e t e r  (water  = 2. 6, methanol = 1. 9, benezene = 1. 0, etc.  ) 

T = t empera tu re  ( OK) 

Pb = solvent  viscosi ty (centipoise)  
3 

Va = molal  volume of solute a t  normal  boiling point, (cm /g-mole)  

Reference  18 gives a n  empi r i ca l  relat ion between the mola l  volume V and a 
the Idennard-Jones pa ramete r  (r such that Equation 38 i s  equivalently given a s  a' 

Equation 39 has  been used with Lennard-Jones p a r a m e t e r s  f r o m  Table  A - 4  to  

calculate diffusivity es t imates .  I n  general ,  the Wilke-Chang relat ionship has  

not been consistent  with experimental  data, especia l ly  f o r  helium, because  i t  

was  derived empi r i ca l ly  f o r  the d i f fus io i~  of l a rge  solute molecules.  As d iscussed 

by Nakanis hii (Reference  19), hel ium apparent ly  exhibits quantum mechanica l  

effects,  a s  f o r  example la  higher tunneling probability because  of i t s  s m a l l  s i ze ,  

which enhances diffusion of the gas  in  solvents.  The  l ack  of actual  exper imenta l  



Figure 4-5. Diffusivity of Helium and Argon in Ammonia 



F m  4-6. Diffutivity of Helium nd Argon in F m - 2 1  
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F i  4-7. DWwhitv of Helium nd A r m  in Marhrnol 



Table 3-2 

DIFFUSIVITY DATA SUMMARY 

Diffusi vi ty  Estimated 

Flu%d Gas Temperature 2 Expe rimental 
( "K) (xla-' cm /aec) Uncertainty 

Ammonia He 227 
254 
296 
310 

Methanol He 226 
2 55 
297 
3 73 

- -- - 

*Beyond limitations of experimental apparatus. 



diffusivity data f o r  compar ison of values obtained in this  p rogram is unfortunate. 

Data presented h e r e  f o r  these  fluids with hel ium and argon may be the f i r s t  such 

data e v e r  reported.  Data reported by Zakarova (Refe rence  12) of krypton in 

methanol  is ,  however, in good agreement  with p resen t  a rgon-MeOH data when 

the s m a l l  d i f f c rence  in cr between these  two molecules  i s  considered.  Data f o r  a 
a rgon  and hel ium in  CC14 a r e  a l s o  included in F i g u r e  1-6. The  diffusivity of 

the two gases  in CC14 should be  s i m i l a r  to  the  diffusivity in  Freon-21 because  

of molecular  s imi lar i ty .  The  helium-CC1 data point is in genera l  ag reement  
4 

with hel ium-Freon-21 data. Because  the a rgon  molecule  is m u c h  l a r g e r  than 

a hel ium molecule, i t  can  be  expected that  the  Wilke-Chang fo rmula  will  reason-  

ably  predict  d i f ferences  at tr ibutable to  the physical environment about a n  a rgon  

molecule.  If the difference i n  v iscos i ty  f o r  the two f luids i s  considered in Equa- 

tion 39, then the diffusivity of argon in Freon-21 is approximate ly  9. 5 ( 1 0 ' ~ )  
2 

c m  I sec ,  a value in  genera l  ag reement  with the  exper imenta l  data. At low 

tempera tu res ,  the  diffusivity appears  t o  follow the  ra t io  T / p  f o r  the combinations 

investigated, although absolute values a r e  a t  va r i ance  with Equation 39. 

Exper imenta l  data indicate a lower diffusivity f o r  helium in ammonia  than f o r  

argon,  a t  a l l  t empera tu res .  T h e  difference is s ta t i s t ica l ly  significant- and a t  

present ,  t h e r e  is no  defect  apparent  in the  m e a s u r e m e n t  technique o r  data r e -  

duction method t o  account  f o r  this  anomaly. Additional purification of the 

ammonia  could b e  attempted, but  is not expected t o  produce a signil'icrnt change 

f r o m  these  resul t s .  If the anomaly is rea l ,  the explanation m a y  b e  the signifi- 

can t  solvent power of ammonia ;  ammonia  has  the unique abil i ty to  d issolve  

a lka l i  and a lkal ine-ear th  m e t a l s  t o  yield solutions containing solvated e lec t rons .  

With such solution power, the re  i s  possibly s o m e  e lec t ronic  in terac t ion  between 

the a rgon  and ammonia,  a p a r t  f r o m  the  Lennard-Jones interact ion in  which 

e lec t ronic  orbi ta ls  of the a rgon  molecule  a r e  per turbated  s o  a s  t o  enhance 

solubility and diffusivity. The  diffusivity of a yet l a r g e r  molecule,  such  a s  

xenoa, m a y  be of significant value. 

At about T I T c  = 0.60, a l l  experimental  diffusivity data imply  a v e r y  rapid in- 

c r e a s e  of diffusivity with tempera ture .  Whether this  is a n  a r t i f ac t  of the ex- 

per imenta l  technique o r  ref lec ts  actual  behavior of the diffusion coefficient is 

uncer ta in  a t  this  t ime.  However, a t  the c r i t i ca l  t empera tu re ,  the Lennard- 

Jones  gas-gas  diffusion coefficient w a s  calculated f o r  the  c r i t i c a l  p r e s s u r e ,  



and the implied t rends  a t  lower  t empera tu res  a r e  not inconsistent with cal-  

culated values,  which a t  the c r i t i ca l  tempera ture ,  should be considered a s  

approximate,  because of the ex t remely  high g a s  densi t ies .  An a l ternat ive  

explanation i s  a convective c u r r e n t  s e t  up by the bubble collapse,  which removes  

solute f r o m  the vicinity of the bubble. Whichever explanation is cor rec t ,  en-  

hanced dissolution a t  hiqher t empera tu res  i s  a n  exper imenta l  fact and should be 

observable in an a r t e r i a l  heat  pipe whenever a bubble r e s t s  against  a plane 

surface .  

Minimum diffusivity da ta  uncertainty i s  1070, maximum i s  about 4070. Ex- 

per imenta l  uncer ta in ty  of a l l  diffusivity m e a s u r e m e n t s  is presented  in  Table  4-2. 

The  diffusivity m e a s u r e m e n t s  a r e  inherently l e s s  accura te  than the solubility 

m e a s u r e m e n t s  because  the analyt ical  technique a s s u m e s  the  solubility i s  p rec i se ly  

known, which is not c o r r e c t .  In addition, convection c u r r e n t s  and s m a l l  vibrat ion 

levels  can d i s tu rb  the  diffusion field of the  collapsing sphere ,  increas ing the 

dissolution r a t e  and yielding a f ict i t iously high dlffusivity. Diffusivity m e a s u r e -  

men t s  by th is  technique a r e  m o r e  p r e c i s e  a t  low t e m p e r a t u r e s  when viscos i ty  

is high and convection is minimal,  and col lapse  t i m e s  a r e  long ( > l o 0  sec) .  

1 
F igures  4-8, 4-9, and 4-10 show the venting p a r a m e t e r  - OD a s  a function of 

t empera tu re  using the smoothed solubility and diffuyivity da ta  e s t ima tes .  The 

venting p a r a m e t e r  d e c r e a s e s  approximately exponentially with t empera tu re  

below T I T  r 0.60 and d e c r e a s e s  even m o r e  rapidly a t  higher t empera tu res .  
C 

In a l l  c a s e s ,  the venting p a r a m e t e r  of hel ium is significantly l a r g e r  than that  

of argon, as predicted by theory. As the s i ze  of the gas  molecule inc reases ,  

the diffusivity d e c r e a s e s  a s  about the square  of the molecular  d iamete r  

(Equation 39),  but soiubility i n c r e a s e s  exponentially with molecu la r  d iamete r ,  

the net resul t  being a decidedly higher venting p a r a m e t e r  f o r  helium than f o r  

argon, and longer  dissolution t imes  f o r  a r t e r i a l  occlusions. The venting 

p a r a m e t e r  of helium in amtr.onia a t  low tempera tu re  i s  pa r t i cu la r ly  high, be- 

cause  of v e r y  low solubility. 

Comparing hel ium and a rgon  in the th ree  fluids, the combination of hel ium and 

methanol has  the l a rges t  venting p a r a m e t e r s  f o r  a l l  t empera tu res ,  and a r g o n  

and Freon-21 have the lowest  venting p a r a m e t e r s  of all combinations to  about 

0°C. F r o m  0' to  100°C, the venting p a r a m e t e r s  of argon-methanol  and helium- 

Freon-21 a r e  quite s imi la r ,  but the argon-ammonia combination yields 
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Figure 49. Gas Venting Parameter for Helium and Argon in Freon-21 



Figure 4-10. GM Venting Paraman for Helium and Argcn in Methanol 



the  lowest  venting p a r a m e t e r  and f a s t e s t  d i sso lu t ion  r a t e .  However ,  wrhether 

o r  not the  pipe i s  cont ro l led  by a noncondensibie g a s  is a l s o  of c r i t i c a l  i m p o r t a n c e  

to  se lec t ing  a working fluid. Typica l  venting t i m e s  f o r  both a r e  shown in  

T a b l e s  2-1 and 2-2. 

4 . 2  VENTING E F F E C T S  TESTS 

I t  is d e s i r a b l e  f o r  a heat  pipe a r t e r y  t o  p r i m e  a f t e r  emptying in  the p r e s e n c e  of 

noncondensible gas .  P o s s i b l y  the  l e a s t  s e v e r e  s t ipulat ion i s  a r t e r y  p r iming  

with r o  hea t  applied, that  i s ,  with t he  hea t  pipe i s o t h e r m a l .  T o  expe r imen ta l ly  

d e t e r m i n e  the  t i m e  n e c e s s a r y  t o  effect this  ref i l l ,  a r t e r i a l  s imula t ions  w e r e  

conducted in  which known amounts  of g a s  w e r e  injected in to  a hea t  pipe a r t e r y ,  

and the co l l apse  of the occlusion obse rved  a s  a function of t ime.  T h e  f luids  

methanol  and F r e o n - 2 1  w e r e  used with the  g a s e s  hel ium and argon.  The  

t e s t  a r t e r y  was  0. 159 c m  in I .D. ,  with a wal l  composed  of two l a y e r s  

of 200-mesh  square-weave  s t a i n l e s s - s t e e l  s c r e e n .  The  a v e r a g e  wall  thick- 

n e s s  was  0.0197 c m .  The a r t e r y  had a 4 - l aye r  s t e m  of the s a m e  s c r e e n .  

The d isso lu t ion  of e longated a r t e r i a l  occ lus ions  i s  d i s c u s s e d  f i r s t ,  then  the 

dissolut ion of s p h e r i c a l  a r t e r i a l  bubbles.  Sphe r i ca l -phase  observa t ions  a r e  

appropr ia te  f o r  c h a r z c t e  r iz ing i so la ted  s p h e r i c a l  bubbles,  o r  sphe  r i c a l  bubbles  

c r e a t e d  by the  co l lapse  of e longated a r t e r i a l  bubbles.  

4. 2. 1 Dissolut ion o: Elongated A r t e r i a l  Occlus ions  

Exper imenta l ly ,  the d isso lu t ion  of elongated a r t e r i a l  g a s  occ lus ions  w a s  inves t i -  

gated by  charg ing  a n  a r t e r i a l  s i m u l a t o r  ( F i g u r e  3-4 )  with  known amounts  of non- 

coudensible  gas  and working fluid. T h e  s t r u c t u r e  w a s  ag i ta ted  t o  e n s u r e  a n  

equi l ibr ium between g a s  i n  the  liquid and vapor ,  then the  s c r e e n e d  a r t e r y  w a s  

emptied by  tipping and r e s e t  horizontal .  Col lapse  of the  elongated bubble w a s  

r eco rded  a s  a function of t ime,  t e m p e r a t u r e ,  and noncondensible  g a s  ( h e l i u m  

o r  a rgon) .  Data  p re sen ted  a r e  f o r  methanol  only. Expe r imen t s  w e r e  a l s o  r u n  

with F r e o n - 2  1, and r e s u l t s  w e r e  of the  p r o p e r  magnitude, but da t a  s c a t t e r  was  

much l e s s  with methanol.  Th i s  was  p r i m a r i l y  because  of a h igher  d P / d T  with 

F reon-21  which c r e a t e d  a v e r y  the rma l ly  s ens i t i ve  s y s t e m .  



The half-life of a n  elongated bubble i s  given by Equation 3 5. The  f a c t o r  ( I  - f ) 

i s  equivalently given by 

where  

h = a r t e r y  s t e m  height, ( cm)  
S 2 

P, = noncondensible gas  par t ia l  p r e s s u r e ,  ( d y n e s / c m  ) 
3 = fluid density, ( g / c m  ) 

The  a r t e r y  s t e m  height is m e a s u r e d  f r o m  the fluid s u r f a c e  having infinite radius  

of curvature .  Th i s  express ion s imply  i s  the  r a t io  or the driving p r e s s u r e  to  the 

s ta t ic  p r e s s u r e  within the  occlusion. F o r  example,  if the  s t e m  height is too 

grea t .  the  f ac to r  ( l - f )  will  be negative and gas  bubble will grow with t ime.  

F o r  purposes  of th is  study, the actual  par t ia l  p r e s s u r e s  of gas  used w e r e  v e r y  

low (-1 m m  Hg) to  obtain reasonable  half-lives. The t e s t  of Equation 35 w a s  

done b y  calculation of the  f ac to r  X a s  a function of t empera tu re .  That  i s ,  if 

Equatiol; 3 q  i s  ~ o l v e d  fo r  X, and exper imenta l  values a r e  substituted f o r  a l l  

other  f ac to r s ,  then the model i s  valid if A is indeed independent of t empera tu re ,  

and if the  value of the tortuoaity factor  i s  consistent  w i t h  s o m e  other  independer-t 

e s t ima to r  ol A. F i g u r e  4- 11 presents  the  f ac to r  A obtained f r o m  exper imenta l  

half-life data.  F o r  a l l  prac t ica l  purposes,  the  f a c t o r  A is a constant  with a 

value between 0.40 and 0. 50. The smal l  but definite i n c r e a s e  in  A a s  t e m p e r a -  

t u r e  d e c r e a s e s  has been identified a s  probably the r e su l t  of difficulties encoun- 

te red  in measur ing  the t r u e  fluid t empera tu re .  

Independently, the  optical attentuation f a c t o r  of a s ingle l aye r  of the s c r e e n  was  

measured  with a n  integrat ing photographic dens i tometer  t o  b e  approximate ly  

0.40. The  half-life model ,  therefore ,  appears  to  b e  c o r r e c t  in a l l  essent ia l  

aspects ,  and the methanol  temperature-dependent  venting p a r a m e t e r s  given in  

F i g u r e  4-10 a r e  a l s o  reasonable.  Apparently,a  good es t ima te  f o r  A f o r  open 

s t r u c t u r e s  such a s  screening, i s  the projected f r e e  a r e a  normal  to  diffusion, a s  

indicated by sa t i s fac tory  agreement  between the venting c h a r a c t e r i s t i c  and 

dens i tometer  measurement .  How f a r  th is  co r re la t ion  can be c a r r i e d  is not kriown. 





As an  example of half-lifes encountered, with -1 m m  Hg of hel ium in methanol 

vapor and a 0. 38-cm s tem,  half-life for  an elongated bubble i n  the 0. 159-cnl 

I. D. a r t e r y  a t  2Z°C was about 1400 sec .  Under the s a m e  conditions, 3 m m  Hg 

of a rgon  vented with approximately the s a m e  half-life, that i s ,  a 32-cm Long 

a r t e r i a l  bubble requi red  about 2 hours to  cont rac t  to  1 c m  in Length. 

F i g u r e  4- 12 shows the limiting collapse behavior of a representa t ive  argon bubble 

a s  the bubble a spec t  ra t io  approaches 1.0. F r o m  Equations 33 and 34, the f ac to r  

P describing the loss  r a t e  f r o m  the  i lemispherical  end caps m u s t  b e  se t  equal 

to  2.25 t o  d e s c r i b e  the data. Tha t  is, the loss  r a t e  f r o m  the  end caps  i s  about 

a fac to r  of 2 over  t'lat i f  the end caps  w e r e  losing m a s s  into a n  infinite media.  

Th i s  is occurr ing  because  the  fluid plug a t  each end i s  of f ini te  s ize ,  allowing 

gas  to e scape  to  the  genera l  vapor environment. The  f a c t o r  P i s  apparently 

genera l ly  g r e a t e r  than 1. 0 f o r  thin-walled ac te r i e s ,  but each a r t e r i a l  design 

has  a different  p. Possibly,  t h e r e  i s  a be t t e r  m e a n s  of allowing f o r  end-cap 

l o s s  than the  technique utilized he re ,  w h e r e  f3 must  be found empir ica l ly .  How- 

e v e r ,  because  the vent t ime  ( o f  an elongated bubble) a s  given by Equation 34 i s  

only dependent on the  logar i thm of P, a r a t h e r  poor cho:ce f o r  the p a r a m e t e r  

m a y  s t i l l  yield a reasonable e s t ima te  f o r  the vent time. F u r t h e r m o r e ,  if P 
is s e t  equal to  1.0, vent t i m e  i s  conservative fo r  a f ree-s tanding a r t e r y ,  and 

is c lose  to  ac tual  if the a r t e r y  w e r e  submerged.  

4. 2. 2 Venting uf a Spherical  Ar te r i a l  Bubble 

The m o s t  s e v e r e  t e s t  of the spher ica l  venting model  i s  t o  predict  with s o m e  

accuracy  the venting of a sphere  equal in radius  to  the a r t e r y .  T o  maximize  

the content of th is  portion of the analysis ,  a s s u m e  that the spher i ca l  bubble has 

been produced by the  collapse of an elongated bubble, s o  that the  c r i t i ca l  fac tor ,  

the total vent t i m e  of an  elongated bubble, i s  given by 

T i m e  te i s  given by Equation 34 and tS by Equation 32. 





F i g u r e  4- 13 shows the reduced  volume of a typ ica l  expe r imen ta l ly  c r e a t e d  

occlusion plotted v e r s u s  t ime ,  including the f i rd l  s p h e r i c a l  co l lapse  sequence. 
5 Reduced volume i s  bubble volume divided by 4 / 3 r R a .  The total  t ime  to  d i s so lve  

the e n t i r e  occlusion is 7100 seconds ,  including co l lapse  t ime  f o r  the s p h ~ r i c a l  

phase .  The calculated vent t ime  of the s p h e r i c a l  phase i s  1420 sec ,  and  the 

to ta l  calculated t ime i s  about  6800 s e c ,  o r  about  470 l ower  than expe r imen ta l .  

Both phases  appea r  adequately d e s c r i b e d  by theo ry  t o  allow engineer ing  ca l -  

cu la t ions  of vent t ime,  although the s p h e r i c a l  co l lapse  equat ion used  was a n  

infinite med ia  solution, and the envi ronment  of the bubble i s  f a r  f r o m  being 

infinite. However ,  even  if p had been  lef t  a t  the infinite m e d i a  value, P = 1, 

the to ta l  vent  t ime  f r o m  Equat ion 41  i s  cdlculated a s  8. 150 sec ,  a value 15% 

high, but s t i l l  c e r t a in ly  of the p r o p e r  magnitude. 







Section 5 

CONCLUSIONS 

It .c. . s  been shown both theoretical!;. and exper imenta l ly  that gas occiusions in  

a rteria: :-.eat pipes a r e  a reality. Express ions  have been developed giving the  

l i fet ime ( ~ f  an  a r t e r i a l  bubble under  d i v e r s e  conditions. and these  models have 

been confirmed experimental ly,  using diffusivity and solubility m e a s u r e ~ n e n t s  

zlade in the  initial p a r t  of this  program.  These  measurements  genera l ly  cover  

a field where  previous data  is nonexistent. However, compar ison with theory  

and with measurements  of s i m i l a r  gas-liquid s y s t e m s  confirni  most  da ta  repor ted  

i n  Section 4. 

F r o m  measurements  of solubility and diffusivity. venting p a r a m e t e r s  relevant  

t o  hea t  pipe applications have beer. derived. Under s tagnant  conditions, t r a c e  

gas  impur i t ies  may take  f rom seconds to thousands o i  seconds to vent, and. in 

heat  pipes where nonconden s ib le  g a s e s  are intentionally introduced, many days 

may be  required f o r  gas  occlusions t o  col!aps c a n d e r  par t icular ly  unfavorable 

conditions. The venting studies al low s o m e  conclusions concerning minimizat ion 

of a r t e r i a l  bubble vent time. In t e r m s  of physical proner t ies .  the ideai  fluid 

i s  one with high su r face  tension, low defisity, and low venting pa ramete r ,  i. e . ,  

i nve r se  solu3ility-diffusivity product. However, a high su r face  tension and a 

high solubility have been shown in Appendix A to  be incompatible because solu- 

bility ciecreases with su r face  tension, s o  that a fluid with high su r face  tension, 

such  a s  water ,  r equ i res  a much longer  t ime to  d issolve  a gas  occlusion than 

methanol o r  ammonia. Vent t ime d e c r e a s e s  v e r y  rapidly with t empera tu re ,  

because of increasing soiubility and diffusivity, s o  that gas  occlusions can be 

expected t o  be much m o r e  unstable z s  t empera tu res  increase .  It may  be 

feasible to  remove gas  occlusions in some c i rcums tances  by maintaining the 

heat pipe i so thermal ly  a t  an elevated t empera tu re  f o r  s o m e  period t o  take 

advantage of the lower venting p a r a m e t e r .  

The ideal  iiuid f o r  a gas-control led heat  pipe may  have another  des i rab le  

property,  and that i s  a low vapor p r e s s u r e .  A low vapor p r e s s u r e  working 

fluid r equ i res  a low par t i a l  p r e s s u r e  of noncondensible gas,  which t r ans la te s  



in to  a s h o r t e r  g a s  vent ing t i m e .  Al l  the  veqt ing t i m e s  r n e a s u r c d  in  t h i s  p r o -  

g r a m  a r e  qu i te  long,  with +he h i g h e s t  v a p o r  p r e s s u r e  m e d i a ,  a m m o n i a ,  

r e q u i r i n g  t h e  l o n g e s t  t i m e  tci ven t  a g a s  occ!usion. T h e  t i n ~ e s  a r e  a l l  suff i -  

c i e n t l y  long t h a t  r e l i a b l e  o p e r a t i o n  of a n  a r t e r i a l  g c i s - c o n ~ r o l l e d  pipe  m a y  

r e q u i r e  s o m e  dynarnic  "adjus:fnent" t o  e n s u r e  o p e r a t i o n  w i t h  g a s ,  o n e  being 

a v a p o r  p r e s s u r e  d i f f e r e n t i a l  b e t n e e n  the  g a s  o c c l u s i o n  a n d  t h e  g e n e r a l  v a p o r  

s p a c e  s o  t h a t  t h e  g a s  is in a s t a t e  of c o n ~ p r e s s i o n .  In t h a t  c a s e ,  a m m o n i a  

m a g  be a g ~ o d  work ing  fluid b e c a u s e  of a h igh d p l d t .  

In s u m m a r y ,  the  s e l e c t i o n  of a \vorkitig f luid r e q u i r e s  c o n s i d e r a t i o n  of a 

n u m b e r  of ' ac to r s ,  including o p e r a t i n g  t e m p e r a t u r e ,  o p e r a t i n g  m o d e ,  a n d  a 

t r a d e  off b e t w e e n  good c a p i l l a r y  pumpink po ten t ia l  a n d  g a s  vent ing ab i l i ty .  

In a g a s - c o n t r o l l e d  h e a t  pipe,  a n o t h e r  opt ion is cas s e l e c t i o n .  I t  i s  d e s i r a b l e  

t o  s e l e c t  a g a s  lvith a l a r g e  m o l e c u l a r  d i a m e t e r  s o  as t o  e n h a n c e  s o l u t i o n  of 

t h e  p a s  i n  the  work ing  fluid.  At l c ~  *- t e m p e r a t u r e s ,  the  e f f e c t  of g a s  s e l e c t i o n  

is v e r y  a p p a r e n t .  

S o m e  f e a t u r e s  c f  a n  a r t e r i z l  f lu id  r e t u r n  s t r u c t u r e  which  is r e s i s t a n t  t o  t h e  

i n f l i ~ e n c e  cf  bubble  p h e n o m e n a  c a n  be def ined.  T h e  d i a m e t e r  of a n  ind iv idua l  

f lu id  r e t u r n  tube  shou ld  be s m a l l  t o  e f f e c t  a s h o r t  v e n t  t i m e .  T h e  f11liJ f i l m  

be tween  the  o c c l u s i o n  and  v a p o r  s p a c e  sho3 ld  be s m a l l  t o  p r o e s c e  a r a p i d  m a s s  

l o s s ,  o r  t h e  o c c l u s i o n  shou ld  be  s u r r o u n d e d  by f lu id  flrir: t o  a c c e l e r a t e  m a s s  

t r z ins fe r .  In a g r a v i t y  f ield,  if t h e  f lu id  r e t u r n  s t r u c t u r e  is r a i s e d  on  a s t e m  

a b o k e  t h e  g e n e r a l  f lu id  l e v e l ,  t h e  s t e m  h e i g h t  m u s t  n o t  b e  s u c h  t h a t  c a p i i l a r y  

pumping p r e s s u r e  of t h e  h e m i s p h e r i c a l  c a p s  wi th in  t h e  a r t e r y  is expended  

pumping  f lu id  u p  t o  t h e  a r t e r ; ,  l e a v i n g  no  p r e s s u r e  di f fere . l t ia1  t o  c r e a t e  

d i f fus ive  f low of g a s  012: of t h e  a r t e r y .  
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Appendix A 

SCLUBlLITY THEORY 

A. 1 DEFINITION OF SOLUBILITY 

The solut ion of gas  into a liquid h a s  r ece ived  cons ide rab le  attention, both f o r  

economic  r e a s o n s  and because  many r e s e a r c h e r s  have fe l t  the d isso lu t ion  of a 

g a s  in a liquid, e spec i a l ly  the i n e r t  g a s e s ,  could give informat ion  on the 

physical  and  chemica l  s t r u c t u r e  of l iquids.  The  solubi l i ty  of a g a s  In a liquid 

i s  expe r imen ta l ly  de t e rmined  by the  i s o t h e r m a l  mixing of a known amount  of 

g a s  and a known amount  of l iquid in  a fixed two-phase volume.  A i t e r  s o m e  

t ime  and agi tat ion,  the l iquid b e z o m e s  g a s - s a t u r a t e d  and a n  equi l ibr ium between 

the amount  of g a s  in the l iquid and vapor  phases  i s  a t ta ined .  The amount  of g a s  

d isso lved  a t  cons tan t  t e m p e r a t u r e  i s  d i r e c t l y  p ropor t iona l  to  g a s  p r e s s u r e  

above the liquid, until  g a s  p r e s s u r e  i n c r e a s e s  to  -50 to 100 a t m o s p h e r e s .  In 

t h i s  d i scuss ion ,  th i s  propor t iona l i ty  cons tan t  ic e x p r e s s e d  a s  the Ostwald 

par t t t ion  coefficient a, 

where  C i s  the m o l a r  c o n c e n t r a t i ~ n  of g a s  in the liquid and Cg i s  the m o l a r  
S 

concent ra t ion  of g a s  in the  v a p o r  p?lase. Th i s  propor t iona l i ty  i s  m o r e  often 

e x p r e s s e d  by Henry ' s  law, 

The f ' s twald  coefficient o f f e r s  s e v e r a l  ma thema t i ca l  conveniences.  The  

Ostwald coefficient and H e n r y ' s  law coeff icient  Kh a r e  r e l a t ed  a s  

w h e r e  R i s  the un ive r sa l  g a s  cons tan t  in app ropr i a t e  uni ts ,  M i s  the m o l e c u l a r  

weight of the solvent,  and P i s  the solvent  m a s s  densi ty .  
P 



F o r  idea l  solut ions,  the H e n r y ' s  law cons tan t  i s  equal  t o  P the s a t u r a t e d  
sg' 

vapor  p r e s s u r e  of the "gas" component  a t  the mix tu re  t e m p e r a t u r e .  Under  

t hese  conditions,  H e n r y ' s  law i s  known a s  Raoul t ' s  law, 

Deviat ions f r o m  Raoul t ' s  l aw a r e  common,  but t h e s e  devia t ions  d e c r e a s e  as 

the component  mole  f rac t ion  approaches  x = 1, a n d / o r  compres s ib i l i t y  e f fec ts  
gP 

become negligible a t  low p a r t i a l  p r e s s u r e s  of the const i tuents .  At the o t h e r  

e x t r e m e ,  when x 50 .0  1, a n d / o r  the g a s  i s  above the c r i t i c a l  t e m p e r a t u r e ,  
g f 

then Equat ion A2 i s  appropr ia te .  F o r  t h i s  d i scuss ion ,  Raoult ' s  law i s  a spec i a l  

c a s e  of Henry ' s  law. Most  g a s e s  d i s c u s s e d  h e r e  a r e  e i t h e r  below 0.01 mole 

f rac t ion  in the l iquids presented ,  o r  above the c r i t i c a l  point, e .  g. ,  hel ium, 

a rgon,  and methane.  Converse ly ,  l iquids a r e  of 0.99 o r  m o r e  mole  f r a c t i m  

purity,  and a r e  desc r ibed  by Raoul t ' s  law. Tiqcid ammonia ,  which h a s  a 

compres s ib i l i t y  f ac to r  of abcut  0.7 a t  r o o m  t empera tu re ,  does  not s t r i c t l y  

follow these  c r i t e r i a ,  but t h i s  d o e s  not a f fec t  the ca lcu la t ions  which follow. 

A. 2 N E E D  FOR k SOLUBILITY MODEL 

The  r emova l  r a t e  of g a s  f r o m  a bubble is v e r y  dependent  upon solubi l i ty  of the 

gas / l i qu id  pa i r .  Table A-1 l i s t s  the Ostwald coeff icients  f o r  a n u m b e r  of g a s /  

liquid combinat ions,  and  shows the t r emendous  e f fec t  of both the g a s  and  liquid 

on the solubi l i ty  coefficient.  Such a wide range  in va lues  a t  a cons tan t  te rnpera-  

t u r e  imp l i e s  cor respondingly  d ivergent  t e m p e r a t u r e  coeff icients ,  a s  shown by 

the da t a  f o r  va r ious  g a s e s  in  wa te r  (Sect ion 4. 1). Although t h e r e  a r e  s o m e  

solubi l i ty  da ta  f r o m  10" t o  30°C f o r  common  liquids,  t h e r e  a r e  v e r y  l i t t l e  d a t a  

on the behavior  of gas l l i qu id  combinat ions o v e r  a n  extended t e m p e r a t u r e  r ange  

a s  might  be exper ienced  by heat  pipes f o r  e i t h e r  t e r r e s t r i a l  o r  a e r o s p a c e  

appl icat ions.  Solubili ty m e a s u r e m e n t s  f o r  a l l  potent ial  gas / f lu id  combinat ions 

a r e  des i r ab l e ,  but without s ignif icant  expendi ture  of t i m e  and effor t ,  expe r imen ta l  

da t a  f o r  the many f luids  and  g a s e s  of i q t e r e s t  cannot be der ived .  With t h i s  

l imi t a t  ion, understanding of the solgtion phenomena f r o m  a theo re t i ca l  b a s i s  i s  

justified s o  tha t  a t tent ion can  be focused  on those few gas l l i qu id  combinat ions 

which a r e  e i t h e r  unique o r  r e p r e s e n t  a broad  c l a s s  of usefu l  l iquids and gases .  



Table A- l 
EXPERIMENTAL SOLUBILITIES AT 25% FOR A NUMBER O F  GASES AND i2LUIDS 

Freon-113 

Ethyl ether  

Freon-21 

Cyclohexane 

CC14 

Benzene 

Acetone 
Chloroform 

Chlombenzene 

Ethanol 12.8 0.0319 0.0455 0.0890 0.1420 0.1930 0.1560 0.25EO - -  - - %. 2700 - -  2. 7500 5. 700 - -  
r~mmOnia 13.7 0.0316 - -  0.0722 0.0895 - -  - - 0.1460 - -  - - - - - - - - -. - - 
Glycol 14. 2 - *  - - - - 0.0153 - -  - -  0.0370 - -  - - - - 0.2350 - -  - - 
Methanol 4 4 0.0360 J. $486 0.0947 0. 1420 0.1?60 0. 1920 0.26610 0.4280 - -  - - - - 2.3400 - -  - - 
Water 23. 5 0.0697 0.0111 0.0190 0.0156 - -  0.0310 0.0343 0.0329 0.0610 0.8300 0. I220 0.0450 0.2240 - -  
~ d i u m (  ') 28. 1 3. 34 t i 0 '~ )  3 . 11 (10 -~ )  2. ~ ~ ( l o - ~ )  3. 57( 1 0 ' ~ )  0. 2730 

Table A-2 
REFERENCES FOR SOLUBILITY TABLE A- l 

I. iquid He Ne N2 Co O2 A r  CHI K r  CF4 C02 Xe CZH6 Rn - 'zF6 

Freon-113 A17 A6 A6 AI 5 A17 Ah A6 

Ethyl Ether  A 3 A 3 A3 A 5 A 3 A4 A16 

Freon-21 d l '  P 

Acetone 

Chloroform 

Chlornbcnzene 

Ethanol 

Ammonia 

Gl ye01 

Methanol 

A l l  

A4  

Water 

Sodium 

A 8 AH. 9 A (. 

A1 9 A19 



A. 3 FUNCTIONAL FORM 

The solution of a sparingly soluble gas  in a liquid can be addressed using an 

energy level diagram (Figure  A- 1). Outside the fluid, the gas has a Maxwellian 

distribution of energies in the energy levels beginning with E = 0. Then, on 

passing through the vapor-liquid interface, molecules must have a t  least  the 

energy AE to break through the fluid surface, but once through, some energy 

is given back a s  the gas molecule i s  bound into the fluid structure.  The maxi- 

mum energy returned i s  AEZ. Because both the gas  and liquid a r e  at the same 

temperature, gas molecules in the fluid s t i l l  have a Maxwellian distribution of 

energies,  but displaced on the total energy plot by the potential energy differ- 

ence AE3. If the gas  in the liquid phase i s  in numerical  equilibrium with gas  

in the vapor phase, then it follows that the respective random molecular 

currents  passing through the interface f rom each direction a r e  equal. The 

objectrve i s  to express  these currents  mathematically, and in the process,  

obtain an  expression for  the Ostwald gas  solubility coefficient. Only the 

molecular current  into the iluid is considered in detail because both cur ren ts  

a r e  s imilar ly  calculated. 

The classical  Boltzman distribution for  N part icles i s  expressed a s  

(Refe re nce 20) 

N(c)dc = 2nN 6 exp (-c/KT) dc 
( I ~ K T ) ~  

where r is the kinetic energy, 112 m e  . The incremental molecular cur ren t  

density a t  a plane perpendicular to  an a rb i t ra ry  x-axis can be expressed a s  

where N(c)dr. is the number density of molecules with energies betweer. c and 

E + d ~ ,  V i s  the component of velocity toward the interface, and d expresses  
X 

the intention to sum over solid angle to include all  possible orientations with 

respect to the interface. Physically, the interface is the vapor/liquid interface. 



, BOLTNAN ENERGY 
W R I B U T I O N  

Fin A-1. E m  Lsrrl 0- for Solution h c e ~  

The total molecular current density i s  given by 

The parenthetic tern1 i s  the x-directed velocity. The in:egration in solid angle 

i s  performed to an angle em, because there must be sufficient x-directed 

velocity to break into the fluid. The angle em i s  then 

em = arccos (@) 
The angle-integrated current density i s  



If the var iable  U i s  defined a s  U = E - Acl* the molecular  c u r r e n t  i s  

A s i m i l a r  analys is  of the molecular  c u r r e n t  f r o m  the fluid into the gas  phase gives 

Equating the molecular  cu r ren t s ,  

- 112 

exp ( - M 3 / K T )  

The Ostwald coefficient cu , is exponentially dependent on the  difference 

between the ze ro -energ ies  of the  gas and solution s ta tes ,  and proport ional  

t o  the square  root of the  r a t ios  of the  m a s s e s  in  the  g a s  and liquid phases.  

The m a s s  of a gas molecule in the gas  phase is  the usual  m a s s ,  although the  

effective m a s s  of the molecule in the  liquid can  be g r e a t e r  because  of 

in termolecular  bonds. F o r  prac t ica l  purposes,  the  s q u a r e  root ra t io  c a n  be 
I 

included in the  exponential, and a new effective energy d i f ference  A E  
3 

defined a s  

a =  exp (-AE;/KT) 

The express ion fo r  a in Equaiion A 14 i s  identical with express ions  fo r  a in 

References  A2 1 and A22, where  the f ina l  f o r m  was  approached f r o m  thermo-  

dynamic methods. 

Reference  A23 gives a s t a t i s t i ca l  mechanical  solution f o r  a fo r  a hard  s p h e r e  

fluid in the f o r m  of Equation A 13, where  the  pre-exponential fac tor  i s  defined a s  



and y i s  defined a s  the  ??ti0 of the ha rd - sphere  iluid volume to the  t r u e  volume; 

y has a value of about 112 f o r  many fluids. 

A. 4 SOLUBILITY MODELS 

It is common prac t ice  t o  s e p a r a t e  the energy difference A E  into components 
3 

A E l  and AE2 ( F i g u r e  Al ) .  Energy A E l  r e p r e s e n t s  the energy to get a m o l r -  

cule into a sui table s i t e  in the fluid, while AE2 resu l t s  f r o m  the a t t rac t ion  of 

the solute molecule by the solvent molecules. Recent  ef for ts  have centered  

around different  mathematical  models  for  A E  and AE2. Discuss ion of the  
1 

models  h e r e  emphasizes  utility in predicting solubility coefficients of var ious  

gases  and liquids over  a wide t empera tu re  range. Table  A - 3  presen t s  the 

efficiency of the various models  in co r re la t ing  and predicting solubil i t ies  of 

a number of gases  and liquids. F o r  each liquid, the  var ious  models  a r e  l eas t  

s q u a r e s  fitted to available data a's given in Tab le  A-1, f o r  2 5 " C ,  and then the  

d e g r e e  of fit is compared.  The  accuracy of each model  is presented by the 

ra t io  of the  summed s q u a r e  deviations about the model,  divided by the  summed 

square  deviations about the ave rage  value of the data for  a given fluid a t  25"C, 

subtracted f r o m  one 

L 
n =  1 

r = 1 -  m - 2 (A 16) 1 (Yn- Y )  

n= 1 
The function g(x, z )  r ep resen t s  the theore t ica l  e s t ima te  t o  the  nth data point, y n' 
A value r = 0, implies the  model  is  no be t t e r  than a s imple  ave rage  of the  

input data,  while r = 1 impl ies  a perfect  f i t  of the  data. When N = 2, r  equals 

one for  a one-pa ramete r  theory with non-zero intercept ,  r ega rd less  of the  

model. In that a s  well a s  o the r  c a s e s ,  i t  is  equally important  to compare  

model  effectiveness in predicting solubility da ta  over  the  -50' to  100°C 

tempera tu re  range of this p rogram for  methanol,  Freon-21,  and ammonia,  

with a rgon  and helium. This  compar ison i s  d iscussed la ter .  

What follows i s  a s u m m a r y  of the models  used in this comparison,  presenting 

the  essent ia l  de ta i l s  of each. Energy AE2 is calculated with Lennard-Jones 

potential p a r a m e t e r s  by mos t  invest igators ,  while the  charac ter iza t ion  of 

A E  has been m o r e  diverse.  Discussion of AE2 wil l  be  de fe r red  until the 
1 

various express ions  fo r  A E  a r e  established. 1 



Table A-3 

SOLUBILITY MODELS FITTED TO DATA 

M, Model 1 Model 2 Model 3 

Fluid gaaee 
fitted C 1 C2 1 1 C2 '2 1 C 2  3 

Freon-113 5 1.23 0.610 0,999 2.12 Q 7 2 0  0.9999 1.16 1.16 0.':99 

Ethyl e the r  7 1.37 0.727 0.983 1.97 a 790 0. 975 0.738 1 .28  0 .948 

Freon-21 2 1.54 0.655 1.00 2.28 0. 744 1. 00 0.776 1.27 1.00 

Cyclohexane 9 0.973 0.721 0.989 1.27 0.777 0.985 0 .511 1.46 0 .924 

CC1, 8 0.929 0.639 0.989 1.20 Q 682 0.983 0.443 1. 25 0. 900 

Benzene 12 1. 10 0.677 0. 983 1.63 Q 764 0. 971 0.987 1. 29 0. 931 

Acetone 10 1.43 0. 536 0. 910 2.40 0.631 0.870 1.31 0. 950 0. 851 

Chloroform 6 1.15 0.689 0.984 1.54 a 7 4 0  0.979 0.629 1.27 0.941 

Chlorobenzene 7 0.860 0.559 0.976 1.26 0.625 0.970 0.973 1.05 0 .916 

Ethanol 10 1.52 0.554 0.957 2.23 Q631 0.942 0.853 1.04 0.913 

Ammonia 4 2.84 0.353 0.851 5.11 a 4 8 9  0.357 1.51 0.644 0.500 

Methanol 9 1.36 0.404 0. 975 2.24 0.496 0. 930 1.16 0. 739 0. 918 

Water  12 1.06 0.176 0.958 1.55 a 2 2 2  0.873 1.22 0.330 0.661 
7 -- 

Average variance reduction - 
101 gas /liquid combinations 0.966 0.910 0. 894 

Definitions: 

r .  = fraction reduction in log-solubility variance for  the ith model, defined by 
1 

f (fn(on)-(CIEl + C2E2)) 
2 

C1, C2 - leas t -squares  fitting coefficients necessary to minimize variance. 

Model solubility equation f o r  a given fluid i s  then 

where E l ,  E 2  a r e  given ao 

Model l., E l  = Eq A17 Model 2, E l  = Eq A19 Model 3, E l  = A2 1 

E2 = Eq A30 E2 = Eq A30 E2 = A30 



A. 5 SURFACE TENSION MODEL 

Energy A E  was f i r s t  ir . terpreted by Uhlig in 1937 (Refe rence  23) a s  the 1 
work necessa ry  to produce, against  s u r f a c e  tension, a spher i ca l  hole in the  

fluid l a r g e  enough to fit a spher i ca l  solute module of radius r. This i s  

References  A21 and A26 a r e  m o r e  re-ent  examples  of approaches  using th is  

model  for  AE1. A defect  of thls model is that Y changes a s  r approaches  

molecular  dimensions,  s o  that,  the effect ive s u r f a c e  tension is actually a 

function of r. In addition, a srnal l  molecule can fit  between the solvent 

molecules in in ters t i ta l  positions with l e s s  energy expenditure than given 

by Equation A 17. If the fluid is considered a s  an  assemblage  of hard  s p h e r e s  

of d iamete r  vb, and the exper imenta l  number  density of fluid molecules  i s  

pb, then the in ters t i ta l  holes can  be  t r ea ted  a s  an  in ternal  la t t ice  of s m a l l  

vacant s p h e r e s  with equivalent radius r , 
0 

o 4a P b  
T; 

where  y = -g-P,, Qb 
3 

The quantity (1-y) is  the f rac t ional  f r e e  volume in a fluid with molecules of 

hard-sphere  d iamete r  ub. T h e  energy A E  is  then given by 
1 

A . 6  SCALED PARTICLF MODEL 

By the method of scaled par t ic les ,  R e i s s  e t  a l . ,  (Refe rence  23) de r ivsd  a n  

express ion for  the amount of work requi red  t o  inse r t  a s p h e r e  of z e r o  radius  

into a hard  s p h e r e  fluid, 

The radia l  coordinate in  this  analys is  i s  taken f r o m  the cen te r  of a solvent  

molecule. F o r  eolute molecule8 of non-zero s ize ,  Equation A20 was  expanded 

in a power e e r i e e  in this coordinate s y e t e m  a s  

2 A E l  ( r )  = KO + K1 r + K2 r + K3 r 3 



where r = (ua t ub)/2 and i s  the solute molecule diameter. In i h t  limit =a 
of large r, macroscopic thermodynamics is valid, making it possible to express  

the polynomial coefficients in t e rms  of known physical properties f -om the 

limits of both zero and very large r The coefficients a r e  a* 

where P is the macroscopic pressure  above the liquid- 

Experimental data indicate that Equation A20 significantly underestimates the 

work to insert  small  gas molecules into a real  fluid. However, when the 

model is corrected by least-squares fitting to  data a t  a single temperature,  

the temperat--e-dependent solubility then predicted agrees  well with some 

data. 

A. 7 SOLUTION THEORY 

Hildebrand and Scott (Reference 25) expressed ( A E  - AEZ) in t e r m s  of a 1 
differential heat of vaporization. Their  final e x ~ r e s s i o n  for solubility i s  

1 In this equation, x denotes the solubility in mole fraction, x equals the 
a a 

Raoult's Law solubility. q the partial molar volume of the solute in the solvent. 

and V the molar volume of the - 3lvent. The parameter  & for  the i t h 
b 

component is 



The  f a c t o r  6 i s  cal led a solubility pa ramete r ,  and th is  value i n ( c a 1 0 r ~ e s l c m ~ ) ~ ~ ~  

is included in Tab le  A - 1  fo r  the  fluids presented. Fluid solvency i s  ranked 

by this  solubility pa ramete r ,  and solubility of a given g a s  roughly follows the  

solubility p a r a m e t e r  of the  fluid a s  in Equation A26. 

To u s e  Equatioil A26, one vapor p r e s s u r e ,  two heats  of vaporization, and two 

m o l a r  volumes a r e  needed. In s o m e  c a s e s ,  the  l a s t  two t e r m s  contr ibute 

l i t t le  and a r e  neglected, but th is  s t i l l  r equ i res  cons iderable  property data. 

In addition, o the r  solubility models  a r e  as accura te ,  r equ i re  less property 

information, ... nd have the  s a m e  exponentiallpre-exponential format.  F o r  

t h e s e  reasons ,  th i s  model  i s  not cons iaered  further .  

A. 8 LENNARD-JONES MODEL FOR AE2 

The negative work t e r m  AE is  cus tomar i iy  desc r ibed  by the  Lennard-Jones 2 
potential. The  Lenna rd-Jones pa i r  potential ( UP) i s  

where  Q and c a r e  p a r a m e t e r s  descr ib ing the  interact ion potential of f ini te-  

s ized  non-polar molecules. If, a s  in the  c a s e  of physical  absorption,  a 

molecule i s  surrounded by s e v e r a l  o the r s ,  the  total  energy of interact ion is  

the  s-lrn of the individual interact ions of theso lu te  molecule with the  solvent  

la t t ice  molecules. Th i s  s u m  can  become a n  in tegra l  if  the  number  of mole-  

cu les  i s  known a s  a function of position with r e spec t  t o  the  so lu te  molecule. 

The  nuinber of molecules in a spher i ca l  she l l  of thickness d r  a t  a r ad ia l  

d i s t ance  r i s  given by the  r ad ia l  distr ibution function g j r )  a s  

2 
n ( r ,  r t d r )  = Pb g ( r )  4 r r d r  (A291 

The  d i s t  ribction function f i r  a Lenna rd- Jones  mix tu re  has,  however, not been 

derived,  anc, approximations mus t  b e  made. One of the  mos t  used simplif i-  

cat ions (and possibly lease exact)  i s  to  smooth  the  interact ion by giving the 

solvent continuum proper t ies  and integrating the  U P  o v a r  a l l  space  f r o m  

the  solvent-solute c loses t  approach d i s t ance  t o  infinity. 



The barred te rms  a r e  mean values of the respective parameters  because the 

interaction is not between likes. The various symbols a re  

AE2 = WP interaction energy ( e rgs )  

pb = solvent molecular density (cm-') 
- 
r = mean energy parameter = (r r )'Iz (ergs)  

a b  
rn = molecular approach parameter  = 112 ( % r ob) (cm)  

a ,  b = gas, liquid, respectively 

To account for the interaction of a polar fluid with a nonpolar (but polarizable) 

gas, the following parametric corrections a r e  suggested by Reference AZZ. 

where 

P = polarization factor 
3 

a = polarizability of non-polar molecule ( c m  ) 
B tb - fluid polarization parameter  (tabulated) 

Equation A 3 0  provides a means for  ranking various gases  in t e r m s  of solubility. 

Solubility is  exponentially dependent on the factor ra rn2I2 and this means 

of ranking the gases has been used in Table A-1. Except for the fluorinated 

hydrocarbon gases,  this factor descr ibes  relative solubility well for a given 

fluid. 

A. 9 SOLUBILITY CALCULATIONS 

The models for AE and A E  relate solubility to surface tension, heat of 1 2 
vaporization, and potential and geometrical  factors on a molecular basis. 

A s  discussed ear l ier ,  these models and the ability to  predict data a r e  presented 

in T-ble A-3. Lennard-Jones parameters  a r e  summarized in Tables A-4 and 

A-5, and a r e  principally f rom References A26 and A27. Viscosity-derived 

potential parameters  were  used because the more  appropriate second-virial 

coefficient values a r e  less abundent f rom various investigations and m o r e  



Table  A -4 

LENNARD-JONES PARAMETERS FOR GASES 

c IK(*K) 3 Gas 
q ( x l ~ - 2 4  crn 1 

-- 0 ( 8 ,  0 

He1 ium 2. 57 10.8 0.2040 

Neon 2.858 27. 5 0.393 

Nitrogen 

co 
Oxygen 

Argon 

Methane 

Krypton 

C02 4. 185 189.6 2. 590 

Xenon 4.055 229.0 4.000 

Ethane 4.380 236.0 4.330 

Radon 4.390 270.0 6.300 

Table A-5  

LENNARD-JONES PARAMETERS FOR LIQUIDS 
o ro/K ('K) 8 

Fluids s (A) t 

Freon-  113 

Ethyl Ether 

Cyclohexane 

Carbon 
Tetrachloride 

Benzene 

Acetone 

Chloroform 

C hlo ro -benzene 

Ethanol 

Methanol 3.626 482.0 0.8 
Water 2.64 10 809.0 1.2 

Sod ium 3.840 1970.0 



often of conflicting size.  T h e  Lennard-Jones p a r a m e t e r s  P and u a r e  
b 

a s sumed  t o  b e  the equivalent ha rd - sphere  d i a m e t e r s  of the solute and solvent 

molecules,  respectively. 

1 /6  F o r  the s u r f a c e  tension model,  the  equil ibrium radius  was  takea  a s  (2)  a ab' 
in accordance  with findings that the  radia l  distr ibution function of a pure  

Lennard-Jones fluid has  a peak a t  the  potential minimum, p = c/K (7.  10) 

In the  second v e r s i o n  of th is  model,  work  against  the  fluid was  assumed  to 

b e  only the  surface- tens ion work t o  en la rge  a n  in ters t i ta l  hole to the f ina l  

radius. A temperature-dependent  s u r f a c e  tension was used,  a s  suggested by 

Reference  A28. 

where  T r l  and T r 2  a r e  the  reduced t e m p e r a t u r e s  with r e spec t  to  the  c r i t i c a l  

point. F o r  the  organic  fluids, n was  s e t  equal  to  1.2. The  following values 

of n w e r e  found to  d e s c r i b e  a ( T )  best  by Equation A34 f o r  the f luids in this  

program: 

Methanol, n = 0.90 

Freon-Zl ,n=  1.22 

Ammonia, n= 1.22 

The  number density of solvent  a toms  a s  a function of t e m p e r a t u r e  was der ived 

f r o m  a general ized equation fo r  liquid density by Yen and Woods (Refe rence  A30). 

Yen and Woods a s c r i b e  a max imum e r r o r  of 2. 1% f o r  62 pure  fluids. In a 

check of equation accuracy,  the  density of F reon-21  was  calculated within 

0.25% of exper imenta l  data,  f r o m  - 4 0 '  to 53.C. 

T h e  leas t  s q u a r e s  model  csed  to c o m p a r e  the  theor ies  is based on the  na tu ra l  

logar i thm of the  solubility values,  bec: use  the  functional f o r m  of the  solubility 

i s  exponential in & E l  and AE2. A function of the f o r m  



was used to fit the data. If the reduction in variance r is 1.0, and C and C 1 2 
a r e  both 1.0. then the theory exactly descr ibes  the experimental data, and 

A andAE a r e  statistically correct .  Unfortunately, none of the models a r e  
1 2 

cor rec t  in that detail. 

All methods a r e  fairly good est imators  of solubility. The model best describing 

data a t  25'C is the Uhlig model (Reference A24) utilizing surface tension, the least 

accurate  is the scaled-particle model usiriz a complex polynominal expression. 

However, neither surface tension model predicts experimental data a s  well a s  

Model 3 over the en t i re  temperature range investigated. 

The ability of each model to predict solubility temperature-dependence was 

determined a s  follows. F o r  each fluid, the adjusting coefficients to theory. 

C1 and C2. were  calculated so  that the solubilities of helium and argon were  

given exactly a t  25OC. Then, the solubility a t  a l l  other temperatures was 

calculated asing the s a m e  coefficients in Equation AL5, that is, if the models 

a r e  fundamentally correct ,  the adjusting coefficients change little with 

temperature and experimental data is well represented by the theoretical 

estimates.  Figures A-2 and A-3 show the behavior predicted by the various 

models for  argon and helium in Freon-21 and methanol. 

The solubility of helium and argon in Freon-21 is well represented by scaled- 

particle theory, but the solubility of helium and argon in methanol is not 

described well by any of the models. In a l l  cases ,  the surface tension models 

a r e  poor estimators of solubility a s  a function of temperature. Although the 

scaled particle technique reproduced the Freon-21 data well, i t  did not 

reproduce the methanol data, and the reason for  this i s  not clear. The use-  

fulness of the various models l ies pr imari ly  i n  the domain of identifying 

important physical propel-ties, such as surface tension, which relate solution 

of a gas to other  important heat pipe character is t ics ,  such as capillary pumping 

capabilities. 

A. 10 SUMMARY 

The solubility of gases  in liquids has been presented f rom a theoretical 

standpoint, with moderate success  in predicting solubility a s  a function of 

temperature.  The agreement i s  adequate to enable identification of physical 





Figure A-3. Solubility of Wium md A?gan in Fraon-21 Gomprnd with lhamv 



proper t ies  common to  both gas  dissolution and genera l  heat  pipe performance.  

The Ostwald coefficient of a gas  i s  exponentially dependent on the solute and 

solvent molecular  radiuses ,  and a t  25'C, is  exponentially dependent on s u r f a c e  

tension. Solubility p a r a m e t e r  theory a l so  links the salubil i t ies  exponentially 

with latent  heat of vaporization, a s  shown by the  fac tor  6 in T a b l e  A - 1. 

F o r  venting gas  occlusions, i t  is  des i rab le  to  have a high solubility, and 

therefore ,  the working fluid should have low s u r f a c e  tension and low h 
fg' 

and the  cont ro l  gas ,  if any, should b e  a spec ies  with l a r g e  molecular  d iameter .  

T h e  f i r s t  requi rement  is in conflict with t h e r m a l  performance of the  heat pipe, 

and in conflict, t o  s o m e  degree ,  with the  capability f o r  venting, because  a 

high sl;r:ace tension p r e s s u r e  i s  des i rab le  to inc rease  the  concentrat ion 

g r a d i e ~ t  into the  liquid surrounding a gas  occlusion, thereby d e c  reasing vent 

t ime.  However, the  use  of a l a r g e  d iamete r  molecular  spec ies  p c  l on t ro l  

gas  has no apparent  drawbacks. 

In addition to high solubility, a l a r g e r  molecule has  a lower gas-gas  diffusivity, 

sharpening the diffusion profile in the  heat pipe condenser .  Fu the rmore ,  

t h e r e  is a n  apparent  relat ionship between molecular  d i a m e t e r  and the  t empera -  

t u r e  coefficient of solubility f o r  organic  fluids. As  shown in Section 4. 1, 

the solubility t e m p e r a t u r e  coefficient f o r  a rgon  in Fl eon-2 1 and methanol  i s  

much less than the  t empera tu re  coefficient  f o r  hel ium in F reon-21  and 

methanol.  This  difference in behavior may b e  c r i t i c a l  f o r  applicat ions where  

the  s y s t e m  suffers  l a r g e  t empera tu re  excurs ions ,  because  it i s  possible that 

the helium gas  could precipi tate  out of solution a s  gas  bubbles in a n  a r t e r i a l  

passage  o r  e lsewhere .  
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Appendix B 

DISSOLUTION OF AN ELONGATED BUBL LE 

Bubble dissolution in an a r t e r y  i s  assumed to be composed of two separable 

components, end-cap diffusion and radial  diffusion, End-cap diffusion i s  

treated a s  in Section 2.2, with the two hemispheres assumed to  be equivalent to 

one spherical  bubbie diffusing into a semi-infinite media. The initial radial 

time-dependent m a s s  loss  i s  described with a Four i e r  s e r i e s  solution, and the 

steady-state m a s s  t ransfer  i s  expressed with the familar  logarithmic expression 

fo r  diffusion through a thick-walled tube. The fluid surrounding the bubble is 

initially assumed in equilibrium with the general  gas concentration in the vapor 

space, Ca. 

The initial dissolutio~l of gas  radially i s  exactly described by a Bessel  function 

solution, but if the a r t e r i a l  wall is treated a s  a s lab of thickness Or, then the 

appropriate Four ie r  s e r i e s  solution, mathematically simpler,  i s  a good approx- 

imation to the non-s teady- s ta te  component of venting. 

If the origin of the y-coordinate system i s  fixed to  the inner wall of the a r t e r y  

and continued radially to the outer wall where  --  = Ar, then a t  t = 0, the inner 

wall, which was in equilibrium with the bulk fluid with C = Ci, i s  in  contact with 

a gas m a s s  producing a surface concentration C = C . Diffusion of gas  f r o m  the 
s 

inter ior  now occurs. T o  account f o r  the effect on diffusion of the sc reen  o r  

other porous media cornprizing the a r t e r y  wall, a n  effective diffusion coefficient 

D' i s  defined, where D1 = AD, and h i s  a so-called tortuosity factor. 

By the method of separation of variables, the one-dimensional solution to F i ck l s  

second law of diffusion is expressible a s  a Four ie r  s e r i e s  a s  



The general technique used to obtain this solution i s  discussed in Reference B1. 

The quantity ( 1 - y / ~ r )  i s  the steady-state solute distribution in a slab. If this 

component i s  neglected, the time-dependent diffusion i s  given by D ac / ay  a t  

y = 0. The steady-state diffusion solution for  concentric cylinders can be added 

to the non-steady-state component to obtain a good approximation to the exact 

radial solution, 

The total m a s s  loss f rom the elongated bubble is obtained f rom the sum of Equa- 

tion B2 over the a r e a  lo in length, and f rom the solution for  diffusion f r o m  a 

constant diameter sphere, to account fo r  end-cap loss. Translated to a decrease  

in length lo, 

where  Z i s  an abbreviation fo r  the summation given in  (BZ), C i s  the gas  concen- 
g 

tration in the gas  occlusion, Coo is the gas concentration external to the ar tery ,  

and p i s  a factor that cor rec t s  for  the semi-infinite fluid plugs each hemispherical 

end cap diffuses into. The proper value f o r  p ,  f r o m  experimental ventins data, 

i s  discussed in Section 4. 2. 

In many cases ,  the time-dependent components in the collapse equation B3 could 

be neglected, giving 

Integrated f rom I = lo to l = 9, the t ime to vent down to a spherical  bubble i~ 
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Appendix C 

DISSOLUTION :IF AN ARTERIAL BUBBLE IN FLOW 

Reference  C1 p resen t s  empi r i ca l  equations describing ave rage  uni t -surface  

conductance fo r  sphere?  and cyl inders  heated o r  cooled in liquid flow. The 

average  uni t -surface  conductance of a s p h e r e  in flow i s  v e r y  c lose  t o  the value 

obtained if the  sphere  is a s sumed  constru.cted of an infinite number of cyl indr ica l  

s t r ips ,  each s t r i p  having the uni t -area  a v e r a g e  cilnductance of a cyl inder of 

radius  R s i n  (p, where  (p i s  the polar  angle  of the sphere .  

In  this  condition, i t  i s  postulated that  a s m a l l  bubble r e s t s ,  in gravity,  a t  the 

top of the tubular a r t e r y .  If the bubble is re1at;vely smal l ,  the  flow pat tern  

seen  by the  bubble is v e r y  s i m i l a r  topologicall! :o that  s e e n  by a bubble res t ing  

agains t  a f la t  su r face  if the:.e is an appropr ia t e  parabolic  velocity profile re la t ive  

t o  that  surface .  I t  is fu r ihe r  theorized that  the  technique of dividing a s p h e r e  

into inc rementa '  s t r ips ,  and integrat ing local , ylindrical conductance is again  

appropr ia te ,  but with the parabolic  veloci ty distr ibution a l s o  fac tored  in. Both 

the cylindrical  and spher ica l  conductances a r e  sq::a:e-root dependences on 

velocity and radius s o  that,  f r o m  a p rac t i ca l  standpoint, the  s y s t e m  is s o m e -  

what forgiving of oversimplif icat ions.  T h e  the rmal  conductance obtained is 

easi!-r t ransformed t o  the m a s s  t r a n s f e r  analog. 

Pi--.:ceding a s  outlined, the  ave rage  uni t -surface  conductance f o r  a s p h e r e  i I 

a r t  :ria i parabolic  flow is approximately 

112 

KA AT + Q - ( ~ i P ( p r ~ i 3  /= [s-n CI - s in  CI r o s  e] a e , ( c l )  
R b  R a  o 

where  R e  i s  the Reynolds number  f o r  flow in  the a r t e r y ,  R is the  instantaneous b 
bubble r a d i u ~ ,  and Rb a 112 Rp. In term6 of the m a s s - t r a n s f e r  analog, 



Substitution of this expression into dissolution Equation 26, neglecting the non- 
112 s teady-s ta te te rm( l /mt)  , gives 

where B is a flow parameter given b y  

where Sc is the Schmidt number. Expression C3 can be  integrated formally, 

but the resulting equation has such a com?lex form that no insight is gained into 

the dissolution process. One simple soiution to Equation C3, where surface 

tension pressure  dominates, is discusred in Section 2. 5. Many other partial 

solutions a r e  possible, depending on sys  tern conditions. 

C1. F. Kreith, Principles of Heat Transfer,  International Textbook Co., 
Scrrtrton, Penn. (1967). 


