
H E A T  A N D  M A S S  T R A N S F E R  I N  H E A T  

W I T H  N O N C O N D E N S I N G  G A S  

L.  L .  V a s t l ' e v  a n d  S.  V .  K o n e v  

PIPES 

UDC 536.58 

An exper imenta l  study is  descr ibed  concerning the p e r f o r m a n c e  p a r a m e t e r s  of heat  p ipes  with 
noncondensing gas.  The t e s t  r e s u l t s  a re  found to agree  c lose ly  with calculat ions.  

Heat  p ipes  with noncondensing gas,  just as conventional heat pipes ,  a r e  now widely used in industry.  

The pe r fo rmance  c h a r a c t e r i s t i c s  of a heat  pipe with noncondensing gas  der ive  f r o m  the fact  that the 
vapo r  d r ives  the noncondensing gas  toward the cold end of the pipe, where a so -ca l l ed  gas  lock then f o r m s  
as  a resul t .  Heat  p ipes  with noncondensing gas  can be used for  the rmos ta t t ing  va r ious  heat  emi t t ing  ap-  
pa r a tu s  components .  

The purpose  of th is  study was to de te rmine  how the amount and the p r o p e r t i e s  of the noncondensing 
g a s  affect  the t r a n s p o r t  of energy  and m a s s  through heat  pipes.  

I t  is  well known that,  as  vapo r  flows through a noncondensing gas,  the l a t t e r  can be t rapped in e i ther  
of th ree  modes:  turbulent ly at high ve loc i t i e s  and high p r e s s u r e s ,  v i scous ly  at low ve loc i t i es  and high 
p r e s s u r e s ,  o r  diffusively at low ve loc i t i es  and low p r e s s u r e s  [1]. 

When the heat  pipe is  s tar ted ,  liquid evapora t e s  to fo rm a v a p o r - - g a s  mix ture .  F r o m  the instant  on 
when the evapora t ion  ra te  begins  to exceed the ra te  of concent ra t ive  and t h e r m a l  diffusion, the v a p o r - - g a s  
in te r face  gradual ly  shifts  toward the condensation zone in the heat  pipe. The m o l a r  cu r r en t  of vapor  is in 
th is  case  l a r g e r  than the diffusion cur ren t .  The condition for  a shift of the v a p o r - - g a s  in te r face  is  

Q/r > - -  o Dvn~ + - - ~  v T  . 

The d isp lacement  of the v a p o r - - g a s  in te r face  is  affected by two p r o c e s s e s .  

1. As the vo lumes  of vapor  and gas  change under  equal p r e s s u r e s  in both, vapo r  begins  to condense 
on the gas f r ee  cold wick sur face .  Gas molecu les  a r e  t rapped  during the m o l a r  flow of vapor  molecu les  t o -  
ward  the condenser .  In mos t  e a s e s  the t rapping  at this  s tage may  be r ega rded  as  diffusive. The s t a r t ing  
s tage of heat  pipe operat ion ends when the t rapping becomes  v iscous ,  i . e . ,  the number  of gas  molecu les  

Fig. 1. 
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Schematic  d i ag ram of the t es t  appara tus .  
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Fig. 2. Tempera ture  profile (~ 
along the condenser  segment (cm), 
during heat dissipation by natural  
convection: 1, 3) without gas; 2, 
4) with noncondensing gas; 1, 2) 
Q = S W ;  3, 4) Q = 1 5 W .  
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Fig. 3. Tempera ture  profile (~ 
along the condenser  segment (cm), 
during heat dissipation by forced 
convection, with argon as the non-  
condensing gas: 1) Q = 17 W; 2) Q 
= 2 8 W ;  3) Q = 3 6 W ;  4) Q = 5 0 W ;  
5) Q =70  W; 6) Q =  84 W;. 7) Q 
= 100W; 8) Q = 130 W. 

in the vapor  zone becomes  insignificant so that the condensation 
rat io inc reases  fast and thus also the rate of vapor  t ranspor t .  

The preceding analysis  is co r r ec t  when applied to laminar  
vapor  flow, i . e . ,  when Re < 1000 (which is typical of heat pipes 
with nonmetall ic heat ca r r i e r s ) .  It is to be noted that the mode 
of vapor  flow through a heat pipe depends on the kind of heat 
c a r r i e r ,  on the level of t ransmi t ted  power, and on the boundary  
conditions. 

In most  common cases  the vapor  t empera tu re  is de te r -  
mined f rom boundary conditions of the third kind in the cooler  
and in the heater ,  namely:  

Tv : :  h e l e T e  KclcT,: , (2) 
Kele -:- Kele 

where 
1 

Ke : : 1 1 In d., 1 ' 
a i d ,  " 2;L d z % d  1 

1 

hc= 1 1 lnd2 1 

% d  1 2;~. d 1 %d., 

2. What fur ther  influences the displacement of the vapor  
- -gas  interface is that, on the one hand, the vapor  p r e s s u r e  un-  
der operat ing conditions is a logari thmic function of the t e m -  
pera ture  along the saturation line but, on the other hand, the 
gas volume is a l inear function of the p res su re .  

For  most  liquids the P = f(T) relation follows the empir ica l  equation according to Antoine [1]: 

B 
lgP = A 

T v @ C 

Under steady operating conditions in a heat pipe with noncondensing gas, the la t te r  is completely 
t rapped and driven into the condensation zone or  the displacement volume. 

(3) 

Inser t ing then the Antoine equation (3) into the equation of state for an ideal gas will yield the volume 
of the gas lock as a function of the tempera ture :  

mR �9 T G 
V G - ~ (4) 

A - - - -  

M. IO rv+C 

For  a heat pipe of c i r cu la r  c r o s s  section, the length of the gas lock is 

B 
mRTG T - re  -A 

L G =  4 -M:zd----~'v 10 (5) 

In this case the a rea  of the eondensation zone, assuming that L a = 0, is equal to the difference be-  
tween the total condenser  a rea  and the a rea  of the condenser  port ion filled with noneondensing gas:  
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Fig. 4. T e m p e r a t u r e  sensi t iv i ty  
cr (W/~ as  a function of the gas  
m a s s  m G (10 -~ kg) (a) and o p e r a t -  
ing t e m p e r a t u r e  T (~ as  a func-  
tion of the t r ansmi t t ed  t h e r m a l  
flux (b): 1) ml  = 1 .13 .10  -s kg; 2) 
m 2 = 3 . 6 3 " 1 0  -Skg; 3) m 3 = 6 . 8 5  
�9 1 0  - 5  kg. 

T, ~ .A 
S c = ~dv(L r - -  Lvap) - - 4  __mR ~ 10 TV+C 

Md~ 
(6) 

A s imul taneous  solution of Eqs.  (2) and (6) y ie lds  the re la t ions  T V = f(Q) and LG = f(Q). when the 
t e m p e r a t u r e  of the heat  source  in a heat  pipe mus t  be held constant,  one usual ly  adds a gas  r e s e r v o i r  I2] 
o r  a d isp lacement  volume [3]. 

Expres s ion  (5) for  the length of the heat  pipe segment  fi l led with noncondensing gas  is  

-A Vr mR'TG 1OTv "+c ~ 4 .  (7) 
M~d v ~d v 

If  one cons ide r s  a heat  pipe with noncondensing gas  and with an external  r e s e r v o i r  f i l led with non-  
condensing gas,  then the length of the cyl indr ical  d i sp lacement  volume in such a pipe is  

I t  follows f r o m  Eqs.  (7} and (8) that ,  in o rde r  to improve  the t e m p e r a t u r e  stabil i ty,  it is  n e c e s s a r y  
e i ther  to i n ~ s e  the length or  to dec rea se  the d i ame te r  of a conventional hea t  pipe and, in the case  of a 
heat  pipe with a d isp lacement  volume,  to reduce  the s ize  of the or i f ice  between that  d i sp lacement  volume 
and the wick. 

Analogous calcula t ions  can be made for  any boundary conditions; when the gas  is  f a r  f r o m  ideal,  
then Eq. (4) mus t  be der ived on the ba s i s  of the van der  Waals re la t ion.  

The tes t  appara tus  is  shown schemat ica l ly  in Fig.  1. It  included a heat  pipe made  of copper ,  12 
m m  (diameter)  x 1 m m  (wall th ickness)  and L = 300 m m  long. The wick cons is ted  of t h ree  l a y e r s  of b r a s s  
m e s h  with a vo lume V = 8.47 cm ~ and a 70% poros i ty .  The act ive liquid was 96% ethyl alcohol.  As the 
noncondenstng gas  we used  a i r  (hi = 29, m = 0.019 g) in the f i r s t  and the th i rd  t e s t  s e r i e s ,  and argon (M 
= 39.9, m = 0.027 g) in the second t e s t  s e r i e s .  The t he rma l  flux was genera ted  by means  of an e lec t r i c  
hea t e r  L e = 7 c m  long. In o rde r  to ensure  accura te  power  m e a s u r e m e n t s ,  a standby hea t e r  had been placed 
above the main  one. The heat  pipe cons is ted  of an evapo ra to r  and a condenser ,  without an adiabat ic  s eg -  
ment .  The heat  was d iss ipa ted  by na tu ra l  convection in the f i r s t  t e s t  s e r i e s  but by fo rced  convection in 
the second and the th i rd  t e s t  s e r i e s ,  in the l a t t e r  case  with an a i r  s t r e a m  at  a veloci ty  u ~ 10 m / s e c .  
Along the condenser  we had 17 copper - -cons tan tan  the rmocoup les  ca lked  into the body of the heat  pipe. 

The purpose  of the f i r s t  t e s t  s e r i e s  was to compa re  the p e r f o r m a n c e  of a heat  pipe without and with 
noncondensing gas  (air) inside i t s  condenser  segment .  The t e s t  r e su l t s  a r e  shown in Fig. 2. Curves  1 
and 3 r e p r e s e n t  the t e m p e r a t u r e  prof i le  along a heat  pipe opera t ing in the conventional mode.  Curves  2 
and 4 r e p r e s e n t  the t e m p e r a t u r e  prof i le  along a heat  pipe operat ing in the cont ro l led  mode (i. e . ,  with non-  
condensing gas  p resen t ) .  

According to Fig. 2, the t h e r m a l  r e s i s t a n c e  of the condensation zone is  much higher  in heat  p ipes  
with noncondensing gas  than in heat  p ipes  without it. The t he rma l  r e s i s t a n c e  v a r i e s  with the level  of t r a n s -  
mi t ted  power .  

In the  second t e s t  s e r i e s  we evaluated the effect  of a noncondensing gas  -- a rgon in this  case  -- on 
the t h e r m a l  r e s i s t a n c e  of a heat  pipe. Argon was se lec ted  so as  to avoid oxidation and e l ec t rochemica l  
co r ros ion ,  since the heat  pipe was to opera te  at e levated  t e m p e r a t u r e s .  The r e su l t s  of th is  t e s t  s e r i e s  
a re  shown in Fig. 3. 
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TABLE 1. R e s u l t s  of the E x p e r i m e n t a l  Study of a Heat P ipe  with 

Noncondensing Gas,  and Compar i son  with Calcula ted  Values  

Q,W r r ~ Vtest,cm3 Lest, era Lealc , cm ~, % 

130 
1 O0 
84 
70 
50 

165 
145 
I25 
107 
100 

2,81 
3,38 
4,07 
4,89 
5,24 

4,47 
6,72 
8,10 
9,73 

10,42 

4,3 
5,3 
7,0 
9,3 

12,0 

3,8 
31,1 
13,6 
4,4 

15,2 

An a n a l y s i s  of the t e s t  r e s u l t s  (Fig. 2) i nd ica t e s  that  the d is t inc t  v a p o r - - g a s  in t e r f ace  a p p e a r s  only at 

some t h r e s h o l d  power  within the 8 < Qthr < 15 W range ,  which a g r e e s  with Eq. (1). 

F o r  an a n a l y s i s  of the second t e s t  s e r i e s ,  we have ca lcu la t ed  the t e m p e r a t u r e  p r o f i l e s  for  the zone 
with noncondensing gas .  A s s u m i n g  that  the heat  is  t r a n s m i t t e d  along the phase  lock by conduction only, we 
can d e s c r i b e  the t e m p e r a t u r e  p rof i l e  by the e x p r e s s i o n  

t--= t o c h a ( x - - l )  , (9) 
chat 

where 

f 4aid ~ 
a = _ 

In o r d e r  to ve r i fy  the su i t ab i l i ty  of f o r m u l a s  (4)-(8), we have ca l cu la t ed  the volume of gas  and the 
length of the gas  lock.  

Equat ions (4) and (5) for  ethyl  alcohol  and with a gas  lock at the t e m p e r a t u r e  t = 20~ a re ,  in the In-  
t e rna t iona l  Sys tem of uni ts ,  

1700 

PG=- 0,077 �9 10 8.42- TV+230 , (10) 

1700 

VG= 21,37 �9 I0 TV+23~ --S,4-~ (11) 

Both t h e o r e t i c a l  and t e s t  data  a r e  l i s t ed  in Table  1. It is  evident  he r e  that  the e r r o r  does  not exceed  
21.1%, which i s  e n t i r e l y  p e r m i s s i b l e  under  the a s sumpt ions  made he re .  

There  is  some d ive rgence  between t h e o r e t i c a l  and t e s t  va lues .  This  i s  because  ne i the r  condensat ion 
of the diffusive vapor  s t r e a m  through the gas  lock,  nor  heat  conduction through the wick and heat  t r a n s m i s -  
sion through the gas,  nor  the effect  of the boundary condi t ions  at  the pipe end have been taken into account .  

The downward t r end  of the t e s t  curve  s egmen t s  is  expla ined  by diffusion of gas  into the vapor ,  while 
the h igher  level  of the t e s t  c u r v e s  in the gas  lock range  (Fig. 2) is  expla ined  by diffusion of vapor  into the 
gas .  It is  to be noted that  the s lope of the c u r v e s  along the ac t ive  zone depends l a r g e l y  on the r a t io  

K - :  MV (12) 
M~ 

When K >> 1, t he re  o c c u r s  t h e r m a l  diffusion of gas  into the vapor  and th i s  r e s u l t s  in l a r g e r  t e m p e r a t u r e  
d rops  a c r o s s  the ac t ive  zone. In o r d e r  to r educe  the t e m p e r a t u r e  g rad ien t  d T v / d L ,  t h e r e f o r e ,  it i s  n e c e s -  
s a r y  to se l ec t  a gas  whose m o l e c u l a r  weight i s  high. 

F o r  e s t i m a t i n g  the t h e r m a l  s t ab i l i za t ion  in con t ro l l ed  heat  p ipes ,  we need the s o - c a l l e d  coeff ic ient  
of t e m p e r a t u r e  sens i t iv i ty :  

dO (13) 

dVv 
The purpose  of the t h i rd  t e s t  s e r i e s  was to evalua te  the effect  of the gas  m a s s  in the r e s e r v o i r  on the 

t e m p e r a t u r e  s ens i t i v i t y  of a con t ro l l ed  hea t  pipe.  Here  a i r  s e r v e d  as  the noncondensing gas.  The gas  
m a s s ,  r educed  to s t a n d a r d  a t m o s p h e r e ,  was m 1 = 1.13- 10 -5 kg, m 2 = 3.63 �9 10 -5 kg, and m 3 = 6.85 �9 10 -5 kg 
r e s p e c t i v e l y .  The t e m p e r a t u r e  s ens i t i v i t y  ~ as  a function of the gas  m a s s  i s  shown in F ig .  4b. The r e l a -  
t ion T = f(Q) i s  shown in Fig .  4a. Accord ing  to the graph,  the t e m p e r a t u r e  s ens i t i v i t y  i s  an i nve r s e  func-  

t ion of the gas  m a s s  (aml = 9 W/~ am2 = 2 W/~ and am3 = 1 W / ~  r e spec t ive ly ) .  
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Thus, our experimental study has shown that heat pipes with noncondensing gas can be successfully 
used as thermal regulators and thermostatting devices. 

Q is 
r is 
p is 
D is 
D T is 
T, t is 
o~ is 
d is 
P is 
V is 
m is 
R is 
M is 
S is 
v is 
k is 

the thermal power; 
the latent heat of evaporation; 
the density; 
the concentrative diffusivity; 
the thermal diffusivity; 
the temperature; 
the heat t ransfer  coefficient; 
the diameter; 
the pressure;  
the volume; 
the mass; 
the universal gas constant; 
the molecular weight; 
the surface area; 
the velocity; 
the thermal conductivity. 

NOTATION 

S u b s c r i p t s  

e re fe r s  to evaporator; 
c refers  to condenser; 
V re fe r s  to vapor; 
G re fe r s  to gas; 
g re fe r s  to displacement volume; 
r r e fe r s  to rese rvo i r  with gas; 
p re fe rs  to pipe. 

11 
2. 
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