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Relationships are  presented for  the design of gas-cont ro l led  heat pipes with tanks of constant  
and variable volume. The theoret ical  and experimental  results  are  compared .  

The prospects  for  using gas -con t ro l l ed  heat pipes (GCHP), their operating pr inciples ,  diffe rent schemes  
for a r ranging the tank as r ega rds  noncondensing gas (NCG), recommendat ions  on construction, etc., have been eluci-  
dated in detail in the l i te ra ture .  The major i ty  of authors propose a mathematical  model that does not take 
account of diffusion t r ans fe r  in the condensation section,  i.e., assume an ideally c l ea r  boundary between the 
s t e a m - v a p o r  mixture.  Comparing the experimental  and computational results  verif ies the legi t imacy of such 
an assumption.  However,  it should be emphasized that diffusion t r ans fe r  not only "spreads"  the vapor front, 
but also contributes to the e n t r y  of the heat  c a r r i e r  into the tank with NCG [1-3]. Results of investigating 
this question are presented in [3]. A relationship obtained on the basis of the Fick law 

c~ = 1 - -  exp (-- DSc "r (1} 
C 1 

where c 1 is the s team concentra t ion at the end of the condensation section and c 2 is the s team concentrat ion in 
the tank, can be used for  an approximate es t imate  or the quantity of heat c a r r i e r  diffusing into the tank. 

Diffusion t r ans f e r  is apparent ly not the single path f o r  s team incursion into the tank. Fo r  example, v ibra-  
tion is noted in [1] as a possible cause.  Moreover ,  p re l iminary  investigations conducted by the author of the 
paper permi t  the assumption that the heat c a r r i e r  goes into the tank during the emergence  of the GCHP in the 
s ta t ionary mode. It is noted in [1-4] that the p resence  of heat  c a r r i e r  in a tank with NCG at tank t em-  
pe ra tu res  close to the s team tempera tu re  in the active zone influences the thermostat ic  charac te r i s t i cs  
of the GCHP substantially.* Taking this into account,  i t i s  expedient to cons ider  the peculiari t ies  of GCHP 
operat ion for  significant t empera ture  fluctuations in the zone of the heat fault and of the medium surrounding 

the tank. 

In the general  case ,  the p res su re  of the blocking vapor  mixture can be represented as 

P = P'  -}- PNCG " (2) 

Since the s ta r t ing  and t ransient  cha rac te r i s t i c s  of the GCHP are monotonic, the working range of the thermal  
pa rame te r s  completely enclose the s ta t ionary  modes for  the extremal  pa rame te r s .  The relationship 

Psi - -  P~ Ps2 - -  P~ (Vb --]- AVc2), (3) 
T; V~b -- T; 

where the subscr ip t  1 cor responds  to the mode with maximum pa ramete r s  and 2, to the mode with minimum 
pa rame te r s ,  is valid on the basis of s tandard assumptions for  a GCHP with a constant-volume tank. P e r f o r m -  
ing algebraic  manipulations, we obtain 

*The part ial  s team pressu re  cor responds  to the tempera ture  of the vapor mixture according to the e las t ic i ty  
curve  (if the mixture  tempera ture  at the end of the condensation section is less thaa in the tank, the partial  
s team pressu re  under the effect  of the concentrat ion gradient  will diminish to the saturat ion p ressure  at the 
end of the condensation section}. 
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T A B L E  1. C h a r a c t e r i s t i c s  of  E x p e r i m e n t a l  S p e c i m e n s  

i Name iNotation! ~ Value 

H I Length of evaporation section I le i 0,2 m 

A . . . .  . d c~ _ i T + Length of condensation sec i n _ _  

Shell diameter /- sh i 

uG ______Shell material 
i 

Diameter of capillary 

0,1 m 

(14X0,5).I0 -3 m 

E Stainless steel 

E. dcap I(13X0,65).10 -3m 

" Brass 

d w I 0,1.10 -z m 

Material of capillary 

Wire diameter of capillary 

Cell dimension of capillary 

r~orosity of capillary 

Effective heat conduction coefficient 

Heat carrier 

i 

~-eff i l,OW/m'deg 

Ethyl alcohol 
. . . . .  i 

V_ olume of rigid tank 12o 696.10-+ m s 

Tank Bellows volume I Vb-- 85.10- + m a 
for - -  - - Z - i  
NCG Bellows elongation factor 0,142 m/bar 

Air NCG 

w h e r e  

hV-c~. 
- , (4) 

A---1 

A= T~ Psi--P1 
T1 Ps2 --/5;~ (4a) 

Since  the t e m p e r a t u r e  of the v a p o r  m i x t u r e  in an unheated tank does  not  exceed  the t e m p e r a t u r e  at  the end of 
the c o n d e n s a t i o n  s e c t i o n  u n d e r  r e a l  c o n d i t i o n s ,  the r e l a t i o n s h i p  (4a) can  be r e p r e s e n t e d  as  

A=--T~. f(Tsl)_f(T~ ) (4b) 
TI f (Tsz) - -  [ (r~) 

When a hea ted  ("hot")  tank  is u sed ,  the t e m p e r a t u r e  T~ wi l l  s p e c i f y  the m a x i m u m  p a r t i a l  s t e a m  p r e s s u r e  p o s -  
s i b l e  f o r  the i - t h  m o d e .  This  f ac t  is a n a l y z e d  in g r e a t e r  d e t a i l  in [1]. 

It fo l lows  f r o m  (4) tha t  a GCHP with  a c o n s t a n t - v o l u m e  tank is  a c c e p t a b l e ,  in p r i n c i p l e ,  j u s t  f o r  A > 1. 
O t h e r w i s e ,  b e c a u s e  of the change  in p a r t i a l  s t e a m  p r e s s u r e ,  the quan t i t y  of the v a p o r  m i x t u r e  (meaning  the 
to ta l  p r e s s u r e )  in the tank  changes  i n a d m i s s i b l y ,  i . e . ,  the s a t u r a t i o n - t e m p e r a t u r e  f luc tua t ions  in the ac t ive  zone 
wi l l  e x c e e d  the a d m i s s i b l e  ones  i n d e p e n d e n t l y  of the tank d i m e n s i o n s .  T h e r e f o r e ,  the c o m p l e x  A,  due to the 
r e l a t i o n s h i p  be tween  the i n t e r v a l s  of the t e m p e r a t u r e  changes  of the v a p o r  m i x t u r e  in the t ank  and of t h e s t e a m  
in the a c t i v e  z o n e ,  c h a r a c t e r i z e s  the p o s s i b i l i t y ,  in p r i n c i p l e ,  of us ing  a GCHP with a c o n s t a n t - v o l u m e  tank un- 
de r s p e c i f i c  c o n d i t i o n s .  

L e t  us c o n s i d e r  a GCHP with  a v a r i a b l e - v o l u m e  tank .  By ana logy  with (3), we can  w r i t e  fo r  such  a s y s -  
tern 

whe re  

Psi - -  PI  P~ - -  P ;  
T~ (Vt~ ,-k 6Vb) - -  T~ - (V~ + AVcz), (5) 

Vb2 + 6Vb = Vb~. (5a) 
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Fig. I .  Graphs of the dependence t s = f(Q, t ' ,  th_ d) 
(a) and t e = f(Q, t ' ,  th_ d) (b): i) GCHP with a rigid 
tank; If) GCHP with a bellows; a) at t' = 27~ th_ d = 
27~ b) at t '  = 57~ th_ d = 42~ solid curve is the 
result of the computation; 1) experimental r e -  
sults for a GCHP with a rigid tank; 2) experimental 
results for a GCHP with a bellows. Q is measured 
in watts. 

After manipulation, 

Vb~ = _hVc2 --  A. 5Vb 
A --  i (6) 

An analysis of (6) shows that the constraint characteristic for a GCHP with a constant-volume tank does not 
exist for a GCHP with a variable-volume tank if A'OVb > AVe2 ~ This is explained by the fact that the incre- 
ment in partial steam pressure in the mixture is compensated partially by the diminution in partial pressure 
of the gas due to the increase in tank volume, and conversely. 

To obtain a computational relationship, (6) must be represented in the initial quantities. Introducing the 

parameter ~ii = Vi/Sst and performing the manipulations, we obtain 

A (ll~ + 8/~) - -  (I{2 + A/c2 ) = 0. (7) 

It should be noted that no clear s team-vapor  mixture boundary exists at the condensation section of a GCHP 
under real conditions. Taking this remark into account in the design, the condition 

lc0 > lCl (8) 

m u s t  be ma in ta ined ,  wlhere lc0 is the des ign  length of the condensa t ion  sec t ion .  Then (7) becomes  

A (l~ + 61~ + ale,) - -  (l{~ + At~ = O. (9) 

The s i m p l e s t  example  of a v a r i a b l e - v o l u m e  tank is a be l lows.  The change  in bel lows length depends on the 
p r e s s u r e  and e las t i c  p r o p e r t i e s .  T h e r e f o r e ,  we can  wri te  

n . ~ .  (io) 81g = (Psi -- Ps2)" Sbe  
" C SsI :  

~=It is e a s y  to r e a l i z e  the inequal i ty  m e n t i o n e d  s ince the tank c r o s s - s e c t i o n a l  a r e a  /vii1, as  a ru le ,  exceed  seveI . -  
alfold the c r o s s - s e c t i o n a l  a r e a  of the s t e a m  channel .  
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Assuming the heat t r ans f e r  conditions in the evaporat ion and condensation sections to be constants,# we obtain 

A/c=/c0 RQ (11) 

T s = T e --  ZQ. (12) 

Taking account of (4b) and (10)-(12), we reduce (9) to the form 

T" 2 [ (Te t - -ZQ1)- -[ (TI )  { 
T--~ " f(Te2 - -ZQ 2) - - f (T"  2) l~2 + if (Tel --ZQ~)--f(Te2 --ZQ~)] 

X Sb. c -  "Sm + /c0 
c Sst Te~ --ZQ1--Th-di/J  [ Tcz - - ~ - - T h . d 2 / J  = 0 (13) 

which can be the initial relat ionship for  the design of a GCHP with a var iable-volume tank. The function f(T), 
which es tabl ishes  the connection between the s team pressure  and tempera ture  in the saturat ion line, is selected 
as a function of the range of temperature  var ia t ion and the required accuracy .  

To ver i fy  the equations proposed,  computational and experimental  studies of a heat-pipe specimen (heat 
guide) with constant-  (rigid tank) and var iable-  (beliows) volume tanks were conducted in the Heat-  and Mass-  
T rans fe r  Labora to ry  of the Odessa Technological Institute of the Refr igerat ion Industry.  The transmitted power 
(in the 20-150-W range) was varied during the studies for limiting values of the range of temperature  variat ion 
of the zone of heat dumping and the vapor  mixture in the tank. The heat guide and tank cha rac te r i s t i c s  are pre-  
sented in Table 1. The fac tor  K = Sb. e .  n / c  is obtained for the bellows as a resul t  of pre l iminary  calibrat ion.  
The following are taken as initial pa rame te r s  for  the study: 

Q = 2 0 - 1 5 0  w ;  Psi = 1 bar; i I =57~ 

t; = 27 ~ t h . d t  = 42 ~ t h . d 2  = 27 ~ 

Fo r  the computat ions,  (13) was converted to 

T'2 Ps - -  P" l~2 .:p ( lco - RQ2 .~ - -  Th-d2 ] Tsz (14) 
RQ 

T" Ps2 - - P ;  l~z + (Ps - -  Psz) K S m  -t- ( l c ~  5'st Ts - -  Th.d) 

which was solved reIative to the steam tempera ture  in the active zone of the GCI-IP by using a graphical  inter-  
pretat ion of the e las t ic i ty  curve.  Hence, K = 0 was taken for  a GCHP with a constant-volume tank. Then 
the shell  t empera ture  at the evaporation section was determined bymeans  of (12). 

Experimental  investigations were conducted on a test  stand whose d iagram is given in [5]. The exper t -  
mental heat guide was at a 90 ~ angle to the horizontal  line. In addition, the test  stand was provided with tank 
heating sys tems  and a cooling heat c a r r i e r .  The temperature  of the vapor  mixture in the tanks was maintained 
to •176 accu racy  and the temperature  of the cooling heat c a r r i e r ,  to e2.0~ The following were measured 
during the experiment:  the t ransmit ted heat load Q, W; the t empera tu re f i e ldof thehea t -gu ide  shell;  the tempera-  
ture of the vapor  mixture in the tank t ' ,  ~ the tempera ture  of the cooling heat c a r r i e r  th-d, ~ and the tem- 
pera ture  of the environment  ten, ~ All the measurements  were conducted in the s ta t ionary mode. 

The experimental  data obtained completely verified the validity of the computational relationships pre-  
sented above. It ic important  to emphasize that no special  measures  were taken to bring the heat c a r r i e r  into 
the tank, except  f i r  the multiple s t a r t s ,  and because of diffusion a sufficient quantity of heat  c a r r i e r ,  for  ex-  
ample,  would flow into the rigid tank during severa l  months of continuous operation [according to (1)]. The a s -  
sumption of the possibil i ty of h e a t - c a r r i e r  inflow into the tank during the time of s tar t ing the GCHP is thereby 
confirmed indirectly.  

Results of the investigations are represented in the forms t s = f(Q, t ' ,  th_ d) and t e = f(Q, t ' ,  ~ -d )  in 
Fig. la ,  b. It is seen from Fig. la  that use of a bellows whose volume is approximateIy one-eighth the volume 
of a rigid tank would, other  conditions being equal, permit  a significant diminution in the range of variation of 
ts:  for  the rigid tank, 78.5-87.7~ for the bellows, 78.5-82.7~ Correspondingly, the range of variation of 
t e would be (Fig. lb) 80.0-100.4 ~ and 80.0-95.4~ 

Sin the general  case, the hea t - t r ans fe r  coefficients in the evaporation and condensation sections are variables.  
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The agreement  between the computational  and experimental  results  permits  recommendat ion of the equa- 
tions presented for  engineering methods of designing a GCHP. 

If the character is t ic  obtained for  the GCHP with a var iab le-volume tank is considered as the condition for 
a technical design, then (4a) can be used to est im ate the acceptabili ty of a GCHP with a constant tank. Since 
A < 1 in the case under considerat ion,  the GCHP with a constant-volume tank is not, in principle,  acceptable 
for  the conditions mentioned, independently of the tank size.  For  such a construct ion (other pa ramete r s  being 
equal), the tempera ture  Tsl can be determined f rom the condition A > 1 ,  

T~ 
(Ts 1) > [~ (Ts2) - -  [ (T'o)] ~ + [ (T;). (15) 

A computation using (15) permi ts  the following conclusion. Independently of the size of a constant-volume tank, 
the saturat ion tempera ture  in the active zone of the GCHP with maximum paramete r s  will not be tess than 87~ 
for  the conditions mentioned. 

Analyzing the data presented,  the deduction can be made that for significant temperature  fluctuations in 
the heat-dumping zone and the tank environment ,  a const ra in t  associated with the change in part ial  s team pres -  
sure  in the tank exis ts ,  in principle,  for  the thermos ta t  cha rac te r i s t i c s  of a GCHP with a constant-volume (un- 
de r  the condition that the heat c a r r i e r  enters  into the tank). Using a GCHP with a var iable-volume tank p e r -  
mits removal of the mentioned constra int .  

NOTATION 

P is the pressure ;  
V is the volume; 
T, t are  the tempera tures ;  
l is the length; 
S is the c ros s - sec t iona l  area;  
n is the quantity of bellow cor ruga t ions ;  
c is the bellows st iffness;  
Q is the heat flux; 
R is the thermal  res is t iv i ty  per  unit length of the condensation section; 
T is the t ime;  
D is the coefficient  of diffusion; 
Z is the thermal  res is t iv i ty  of the evaporation section. 

I n d [ c e  

e is 
c is 
st  is 
/x is 
s i s  

b 
b.e 
m 

NCG 
1 

h-d 
en 
C 

1o 

2. 

3. 

s 

the evaporat ion section;  
the condensation section; 
the s team channel;  
the par t  of the s team channel blocked by the NCG; 
the saturat ion;  

is the tank {bellows); 
is the bellows endface; 
is the mean (for the bellows)~ 
is the noncondensing gas;  
is the part ial  s team component in the tank; 
is the heat-dumping zone; 
is the environment;  
is the connecting pipe (between heat guide and tank). 
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D E G A S S I N G  D U R I N G  P R O L O N G E D  H E A T - P I P E  
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a n d  A.  D. S h n y r e v  

O P E R A T I O N  

UDC 536. 248.2 

P r o c e s s e s  of noncondensing-gas l iberation, which affect the service  life of heat pipes of the low- 
temperature  range, are examined and analyzed. A method of computing the degassing is proposed 
and a compar ison  with available exper imental  results is made. 

The l iberation of a noncondensing gas in the inner cavity of a heat pipe was detected during service  test-  
ing of low- tempera ture  heat pipes [1, 2], where this gas,  on being accumulated with the lapse of time during 
heat-pipe operat ion,  will col lect  in the condensation zone and diminish it, thus possibly resulting in failure of 
the heat pipe. 

The authors of [2] made an at tempt to find an express ion  governing the mass of gas being l iberated as a 
function of the tempera ture  by means of the results  of experimental  investigations of stainless s t e e l - w a t e r  
heat pipes. The small  quantity of experimental  points and their spread indicate the failure of these tests.  An 
Arrhenius  model [31 was used in [1] to analyze the service  tests of a stainless s t e e l - w a t e r  heat pipe. 

The mass  flow rate of hydrogen evolution m, the time t, and the temperature  are  connected by the re la -  
tionship 

m (txT) = q (t) F (T), (1) 

where F (T) is the displacement  coefficient determined from the Arrhenius equation 

Y - -  const-exp AGo (2)  
kT 

Baker  [1] establ ished a tempera ture  dependence of degass ing,  while Anderson et al. [4] studied stainless 
steel pipes; however, the resul ts  obtained have a par t icu lar  charac te r  and require  an experimental de te rmina-  
tion of the constant. 

A complex approach to degassing processes  in low-tempera ture  heat pipes is considered in this paper, 
and although an analytical examination is ca r r i ed  out for heat pipes with heat c a r r i e r s  containing hydrogen, 
such as water ,  acetone,  ammonia,  etc. ,  the method of computation proposed below can also be extended to other 
heat ca r r i e  rs .  

Many fac tors  affect the quantity of gas being l iberated in a heat pipe; the fundamental ones under the con- 
dition of maintaining vacuum cleanliness and outgassing of the working fluids a re  the following: 1) therraal  dis socia-  
tion of the working fluid; 2) chemical  dissolution of the s t ruc tura l  mater ia l  in the working fluid; 3) e l ec t ro -  
chemica l  d issocia t ion of the working fluid. 

The last  two factors  should be considered as a set, since each affects the other.  It mus t  be noted that all 
the above-mentioned p rocesses  will be observed to a g r e a t e r  or  l e s se r  degree during the operation of any heat 
pipe; hence,  each of the p rocesses  named above yields its contribution to the total quantity of noncondensing gas 
being l iberated in the heat  pipe, i.e., 
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