
express ion  (12b). As is seen  f rom the f igure,  for  the r e c e i v e r  t->10 sec the ag reement  of the re la t ions  can 
be regarded as sa t i s fac tory .  

Thus, the resu l t s  obtained above allow us to c a r r y  out an es t imate  of the speed of response  of HRMC 
from below, the i r  dynamic p rope r t i e s  with the basic thermophysica l  and geometr ic  p a r a m e t e r s  of the r e ce ive r s  
being taken into account.  

The resu l t s  obtained in the paper  can be used to calculate cooling sys tems  of gas -d i scharge  pipes, sol id-  
body act ive media,  and r egene ra to r s .  

N O T A T I O N  

HRMC, heat r e ce ive r  with a moving heat c a r r i e r ;  c, specific heat capacity of liquid heat c a r r i e r ;  v, 
volumetr ic  flow ra te  of heat c a r r i e r ;  % density of heat c a r r i e r ;  C m, heat  capacity of heat-conducting mate r i a l  
of HRMC; C l, heat capaci ty of heat c a r r i e r ;  a, coeff icient  of heat t r a n s f e r  at the heat-conducting m a t e r i a l -  
heat c a r r i e r  interface;  A, absorpt ion coefficient  of HRMC; a 2, coefficient  of the rmal  diffusivity of hea t -con-  
ducting mater ia l ;  k, coefficient  of the rmal  conductivity of the heat-conducting mater ia l ;  b, l ,  m,  length, width, 
and thickness of the heat-conducting mate r i a l  of HRMC; 8, in teract ion pa rame te r ;  p, complex variable;  T(x, t), 
U(x, t), functions descr ibing the var ia t ion of t empera tu re  of the heat c a r r i e r  and of t em p e ra tu r e  of the heat-  
conducting mate r ia l  along the d i rec t ion of propagation of the flow with t ime;  T0{t), Te{t), functions describing 
the var ia t ion of t empe ra tu r e ,  respec t ive ly ,  at the ent ry  and at the exit of HRMC; N(x, t), radiat ion power ab-  
sorbed by the r ece ive r ,  r e f e r r e d  to unit length; P(t), radiat ion power absorbed by the r ece ive r ;  T(p), U(p), 
N(p), functions T{x, t) ,  U(x, t),  N{x, t) t r an s fo rm ed  according to Laplace;  Tifp), Te(P) , P(p) t r an s fo rms  of the 
functions T0{t), Te{t), P(t), t r ans fo rmed  according to Laplace.  
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I N V E S T I G A T I O N  O F  T H E  T H E R M O P H Y S I C A L  C H A R A C T E R I S T I C S  

O F  C R Y O G E N I C  H E A T  P I P E S  W I T H  A M E T A L - F I B E R  W I C K  

M. G.  S e m e n a  a n d  A .  I.  L e v t e r o v  UDC 536.27 : 536.248.2 

Results  a re  p resen ted  of an exper imental  investigation of the maximum hea t - t ransmiss ion  
capability and the hea t - t r ans fe r  intensity cha rac te r i s t i c s  in the heat input and heat output of 
cyrogenic  heat pipes.  

The re l iabi l i ty  of efficient and compact  hea t - t r ans fe r  devices of the heat-pipe type ensure  that they a r e  
widely used in p rac t i ce  over  the whole technical ly  available t empera tu re  range,  including the cryogenic  range 
[1-4]. An analysis  of exper imenta l  and theore t ica l  investigations [1-7] shows that the p r im a ry  feature  fo r  
efficient operat ion of cryogenic  heat pipes is choice of the heat s t ruc tu re  fo r  the heat pipe, since the c h a r a c t e r -  
istic p a r a m e t e r  N = a r / v  and the the rmal  conductivity of cryogenic liquids a re  significantly lower than for  low- 
t em pe r a tu r e  liquids (water, alcohol, or  acetone).  There fore ,  me ta l - f i be rwieks  [8] can be regarded as one of 
the most  promis ing cap i l l a ry -porous  s t ruc tu res  for  heat pipes in liquid nitrogen. The technology for manu-  
fac ture  of m e t a l - f i b e r  s t ruc tu res  f rom monodiscre te  f ibers  of a specific length is such that one can reduce 
to a minimum the thermal  contact res i s tance  between the wall and the wick and can substantially increase  

Kiev Polytechnic Institute. Trans la ted  f rom Inzhenerno-Fizicheski i  Zhurnal, Vol. 35, No. 1, pp. 48-53, 
July, 1978. Original a r t ic le  submitted June 15, 1977. 
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TABLE 1. Structural  Charac ter i s t ics  of the Heat Pipes 

Characteristics 

Material of shell and wick 
Outer shell diameter d, mm 
Shell-wall thickness s, mm 
Heat-pipe length L, mm 
Heater zone length Lh, mm 
Condensation zone length Lc, mm 
Wick thickness 6 w, mm 
Porosit~ II, '7o 
Permeability K~r m z 
Effective pore size Deft, m 

No. I 

Copper 

60 
0,45 
82,0 

7 �9 10 - t :  
88 �9 10 - e  

Heat pipe 
No. 2 

IKhI8NIOT 
I0 
I 

5OO 
8O 
120 
1,0 
75 

7 �9 10-'1 
60 �9 I 0  - 6  

No. 8 

IKhI8NIOT 
38 
2,5 
I00 
5O 
4O 

1 , 3 5  
7O 

5 �9 10 -u 
50 �9 10 - s  

the thermal  conductivity of the wick, saturated with liquid ni trogen (e.g., for  a copper  wick of poros i ty  75-80~ 
keff=12-8 W/m" ~ In regard  to t ranspor t  charac te r i s t i c s  {permeability and capi l lary  head), meta l - f ibe r  
wicks a re  also interesting because of the high open porosi ty  (II=70-95%) for  low values of the effective pore  
size (Def f =20-200 #m). 

This paper  presents  some resul ts  of an experimental  investigation of thermophysica l  cha rac te r i s t i c s  
of heat pipes in nitrogen. Three  heat pipes were investigated, each having a shell of c i r c u l a r  section with a 
meta l - f ibe r  wick welded to the inner surface.  The geometr ic ,  s t ructural ,  and also some other charac te r i s t i c s  
of the tested heat pipes and wicks are  given in Table 1. 

The filling of the heat pipes with the working liquid and the investigation were ca r r i ed  out on an exper i -  
mental equipment designed along conventional lines [5]. Pa r t i cu la r  attention was paid to the accuracy  in mea-  
suring the the rmo-emf  of the thermocouples ,  and the heat-flux supplied, and to setting the inclination of the 
heat pipe. The experimental  technique was as follows. 

For  a specific amount of working liquid and a specific value of the heat-pipe inclination, the heat flux 
supplied was varied up to a value which produced a sharp increase  in the wall t empera tu re  at the ext reme 
section of the heat-supply zone. The measurements  were  made af ter  steady hea t - t r ans fe r  conditions were 
established. From these measurements  we determined the limiting heat flux Qmax and the tempera ture  fields 
as a function of the amount of filling of hea t - t r ans fe r  agent and the inclination. Heat pipes Nos. 1 and 2, which 
operated horizontally,  were filled in steps with working liquid, beginning f rom a theoret ical  value up to a 
ce r ta in  excess  of hea t - t r ans fe r  agent, for which the growth in the maximum hea t - t r ans fe r  capability of the 
heat pipes was observed to stop. The inclination of the heat pipes to the horizontal  plane was set at various 
values. For  example, for heat pipe No. 1 the range was -10~ + 10% where the + refers  to the condition 
when the evaporator  was located above the condenser .  The filling with hea t - t r ans fe r  agent during operation 
of this pipe in the inclined position was ca r r i ed  out with an excess of 0.1 g (when the design amount of heat-  
t r ans fe r  agent was ~2 = 1.2 g). 

The p r i m a r y  resul t  of the experiment was obtaining the tempera ture  distribution along the heat pipes 
for  variat ion of the heat load, the amount of liquid poured in, and the inclination of the heat pipes. The t em-  
pera tures  were measured  by 10-15 coppe r -Cons t an t an  thermocouples ,  welded to the heat-pipe surface  in 
milled channels of depth 0.5 ram. Of these,  four were located in the heat-supply zone, and the remainder  in 
the hea t - t r ans fe r  and hea t - removal  zones. Figure 1 shows a typical location of thermocouples  and the c h a r -  
ac ter i s t ic  t empera tu re  distribution at the outer  wall surface of heat pipe No. 1. At a cer ta in  value of heat 
load supplied, the tempera ture  at the ex t reme sect ion of the heater  zone increased sharply,  this being evidence 
of the onset of the hea t - t ransmiss ion-capabi l i ty  limit for the heat pipe (curve 4, points a). It is c lea r  that the 
l imiting heat flux Qmax is due to a l imit in the t ranspor t  charac te r i s t i c s  of the wick and the thermophysical  
proper t ies  of the working liquid. This is conf i rmed by comparing these conditions with conditions at the same 
load, but at an inclination of ~ = - 5  ~ (curve 4, points b). 

The onset of the limiting hea t - t r ans fe r  capacity of the heat pipes was determined f rom measurements  
of the dependence of t empera ture  at the ex t reme section of the heat supply zone on the heat-flux supply (Fig. 2). 
The point of inflection of the curve fixes the value of the limiting heat flux for  a cer ta in  filling of the heat-  
t r ans fe r  agent and a cer ta in  heat-pipe inclination. 

Values of maximum heat flux t ransmit ted by the tested heat pipes in the horizontal  posit ion with the 
design filling of hea t - t r ans fe r  agent were  est imated using the relat ion obtained from the p remises  quoted in [ 10]: 

Qmax = 4 ~r K w F w (i) 
v Deft 0,5 (L c + I.h) + L t 
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Fig. 1. Locat ion of the rmocouples  on the su r face  of heat 
pipe No. 1 and the t e m p e r a t u r e  dis t r ibut ion T, (OK) along 
the length L, ram:  ~p =0, f~ = 1.6 g| b) q~ = - 5  ~ ~ = 1.3 g; 
1) Q = 2 W ;  2) 4; 3) 6~ 4) 8 W .  
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Fig. 2. Wall t e m p e r a t u r e s  Twall  (~ at the e x t r e m e  s e c -  
t ion of the heat supply zone of heat p ipes  No. 1 as a function 
of the heat  load supplied Q (W): 1)cp= 0 ~ ~2 = 1.2 g; 2) ~ = 0 ~ 
~ = l . 6 g ;  3) ~=0~  4) 9 = - 5  ~ , ~ 2 = 1 . 3 g .  

Calculat ions using Eq. (1) showed that only for  pipe No. 3 does the m a x i m u m  heat flux differ  apprec iab ly  
f r o m  the exper imenta l  value (for heat pipe No. 1, Q t  a =1.95 W, and Q ~ a x = 2  W; fo r  No. 2 the values a r e  
3.5 W and 5 W; for  No. 3 the values a r e  72 W and 36 ~r These  d i sc repanc ies  a r e  evidently due to the fact  
that fo r  heat  pipes of l a rge  d iamete r ,  c o m m e n s u r a t e  with the height of the cap i l l a ry  r i se ,  when calculat ing 
Qmax one should take into account incomplete  sa tura t ion  of the wick with liquid in the upper  pa r t  of the heat 
pipe;  i .e. ,  in Eq. (1) one mus t  rep lace  K w and Fw by Kw =f(h) and Fw=f{h), where  h is the height, computed 
f rom the lowest  gene ra to r  of the pipe.  

F rom Fig. 2 (points 1, 2, and 3) one can see  that for  ~p =0 the l imit ing heat  flux i n c r e a s e s  with inc rease  
in the excess  of liquid a r r i v i ng  in unit ac t ive  volume of the porous  s t ruc tu re  of the wick (A~2/Vwl-I). This is 
due to a reduct ion in the length of f i l t ra t ion  of the h e a t - t r a n s f e r  agent  in the hea te r  zone. However,  he re  the 
total  t e m p e r a t u r e  drop along the hea t -p ipe  length i nc r ea se s ,  s ince the excess  of working liquid acts  as an 
additional t h e r m a l  r e s i s t ance  in the condensat ion zone, where  the wick sa tura ted  with liquid ni t rogen makes  
the ma in  contr ibut ion to the total  t he rm a l  r e s i s t a n c e  of the heat pipe.  The excess  of h e a t - t r a n s f e r  agent  is 
a l so  undes i rab le  when heat pipes opera te  agains t  g rav i ty  fo rces  9>  0 and in weight less  conditions, s ince it 
d e c r e a s e s  the a r e a  of the ac t ive  condensat ion zone. In the genera l  case ,  overf i l l ing with h e a t - t r a n s f e r  agent  
c r e a t e s  additional diff icult ies  in maintaining cryogenic  heat pipes at the conditions of the surrounding en- 
vi ronment .  
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Fig. 3. The ave rage  h e a t - t r a n s f e r  coeff icient  in the condensat ion zone of the heat p ipes ,  ~c,  W/  
m 2 �9 ~ as a function of the densi ty  of heat flux removed  qc (W/m2): 1-4) heat  pipe No. 1; 5-8) heat 

�9 -~pipe No. 2; 1)'[2 =1.6 g; go =0; 2) [2 =2.0 g, ~0 =0; 3) [2 =1.3 g, r -5~  4) [2 =1.3 g, go= -10~ 5)[2 = 
6.5 g ,  ~p=0; 6) [2 =9  g ,  go =0;  7) [2 = 6.5 g ,  go=--5~ 8) ~2 = 6 . 5  g ,  go = - - 1 0  ~ 

Fig. 4. The ave rage  h e a t - t r a n s f e r  coeff icient  in the hea t -supply  zone of the heat p ipes ,  o~ h, (W/ 
m 2 �9 ~ as a function of the heat- f lux density supplied, qh (W/m2): 1-3) heat pipe No. 1; 4 -9 )hea t  
pipe No. 2; 1) [2 =1.6 g, go =0; 2) [2 =2.0 g, go =0; 3) [2 =1.2 g, go =0; 4) [2 =6.1 g, go =0; 5) ~2 =6.5 g, 
go=0; 6) [2 =7 g, go =0; 7) [2 =9 g, go =0; 8) ~2 =6.5 g, go =-5~  9) ~2 =6.5 g, go = - 1 0  ~ I) The Kutateladze 
formula .  

F igure  3 shows the ave r age  h e a t - t r a n s f e r  coeff icient  o7 c in the condensat ion zone as a function of the 
density of heat flux removed  for  var ious  filling levels  of working liquid and var ious  inclination angles of heat  
pipes Nos. 1 and 2. In p rac t i ce ,  the ave r age  h e a t - t r a n s f e r  coeff icient  in the h e a t - r e m o v a l  zone va r i e s  in-  
significantly with i nc rea se  in the densi ty  of heat  flux removed ,  but it depends s t rongly  on the filling level  of 
h e a t - t r a n s f e r  agent  and on the inclination, which affects  the sa tura t ion  of the wick in the condensat ion zone 
and the th ickness  of the liquid l aye r  in the lower  pa r t  of the pipe sect ion.  The data obtained on ave ra g e  heat -  
t r a n s f e r  coeff icients  in the h e a t - r e m o v a l  zone a r e  in good a g r e e m e n t  with data of invest igat ions on t h e t h e r m a l  
conductivity of the housing and the effect ive t he rma l  conductivity of sa tura ted  m e t a l - f i b e r  wicks [9], if one 
takes  into account that t he r e  is constant ly  a f i lm of condensing liquid ni t rogen on the su r face  of f ibers  facing 
toward the  vapor  channel.  This is conf i rmed  by compar ing  exper imenta l  and theore t ica l  values of the coeff i -  
c ients  c~ c.  In an exper iment  for  heat pipe No. 2, c~ c =0.35 W / m  2- ~ and the theore t i ca l  value (in t e r m s  of an 
equivalent wick thickness  and its effect ive t he rma l  conductivity) is oTceq =0.55 W / m  2 �9 ~ i .e . ,  t he re  is an addi-  
tional t h e r m a l  r e s i s t a n c e  in the fo rm of a liquid f i lm on the m e t a l - f i b e r  su r face ,  and it would requi re  additional 
exper imen t s  to de t e rmine  the fi lm th ickness  accura te ly .  

A c o m p a r i s o n  of the nature  of the var ia t ion  of the ave r age  h e a t - t r a n s f e r  coefficient  as  a function of the 
densi ty of heat flux supplied (Fig. 4) with the avai lab le  data [11] on bubble boiling of ni t rogen in a l a rge  en-  
c losure ,  which have been  descr ibed  quite well  by the Kutateladze relat ion,  shows that t he r e  is a l so  bubble boi l -  
ing in the porous  wick s t ruc tu re ,  although the h e a t - r e m o v a l  intensity on the c o p p e r - f i b e r  wick is l a r g e r  than 
on a smooth sur face .  This is explained by the fact  that  m e t a l - f i b e r  wicks with a l a rge  housing t h e r m a l  con-  
ductivity due to good contact  with the hea t -supply  su r face  intensify the heat  t r a n s f e r ,  and, consequently,  the 
h e a t - r e m o v a l  p r o c e s s  with boiling p roceeds  both on the wall  of the hea t -p ipe  shell  and a lso  on the f ibers  in- 
side the porous  volume of the c o p p e r - f i b e r  wick. 

A c h a r a c t e r i s t i c  fea ture  of the heat pipes invest igated is that they can  t r a n s m i t  cons iderable  heat fluxes 
at  pos i t ive  inclination angles ,  even when working with liquids such as  ni t rogen,  because  of the high t r a n s f e r  
c h a r a c t e r i s t i c s  of the porous  s t ruc tu re  of the wick {permeabil i ty and effect ive p o r e  size) .  For  example,  heat 
pipe No. 3 t r a n s m i t t e d  a heat flux of 11 W when working against  g rav i ty  at an angle of 30 ~ 

N O T A T I O N  

u, s u r f a c e - t e n s i o n  coefficient;  r ,  latent  heat  of vaporizat ion;  u, k inemat ic  v iscosi ty ;  ?~, t h e r m a l  conduc- 
tivity; II, poros i ty ;  D, po re  size;  d, outer  d i a m e t e r  of shell;  5, th ickness;  L, length; K, pe rmeab i l i ty ;  Q, heat 
flux; T, t empe ra tu r e ;  go, angle of inclination of heat pipe; [2, m a s s  of h e a t - t r a n s f e r  agent; A[2, m a s s  of excess  

800 



of hea t - t r ans fe r  agenti F~ a rea  of c ro s s  section; V, volume; ~, hea t - removal  coefficiens q, heat-flux deuxity. 
Indices:  h, heater;  c, condensation; T, t ranspor t ;  w, wick; eft, effective; t, theory,  ex, e~cperimental; wall, wall. 
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HEAT TRANSFER IN A TOROIDAL VESSEL 

PARTLY FILLED WITH LIQUID 

Yuo A. K i r i c h e n k o  and Zh. A. Suprunova UDC 536.242 

Measurements  a r e  reported on heat t r ans f e r  for  a toroidal  vessel  part ly filled with liquid 
oxygen, nitrogen, o r  hexane for  a constant heat-flux density at the boundary. 

Long- te rm s torage  of cryogenic  liquids has made it neces sa ry  to study p rocesses  due to external heat 
leaks that occur  in vessels  filled with such liquids+ The final resul t  f rom such studies should be recommenda-  
tions on calculating the tempera ture  distr ibution and p r e s s u r e  increase  in such a vessel .  

Here we repor t  studies on the heat t r ans fe r  in a toroidal vessel  filled with liquid oxygen, nitrogen, o r  
hexane for  a constant  heat-flux density at the casing.  

The measuremen t s  were  made on two toroidal  vessels  in which the small  and large radii  of the to ro ids  
were,  respect ively,  r 1 = 0.072 m, r 2 = 0.125 m and r I = 0.096 m, r z = 0.175 m; the ma jo r  p roce s s  p a r a m e t e r s  
were  varied over  the following ranges:  heat-flux density q = 15-300 W/m2; reduced initial t empera tu re  To/ 
Tc = 0.46-0.64; and liquid filling fac tor  m = V l / V  = 0.17-0.90. The working technique has previously  been 
descr ibed [1]. 

The p rocess  occurs  in the following sequence [2, 3]. When the heat flux begins to be supplied to the 
wa l l - l iqu id  boundary, we obtain a boundary l ayer  within which the liquid moves along the heated wall upward 
to the phase interface.  The r is ing cu r ren t s  produce eddies near  the surface of the liquid, which involve down- 
ward liquid flow. The flow is closed within the body of the liquid. The t ime T, needed to produce the f i rs t  
closed cycle  has been interpreted [3] as the t ime needed to complete stage I (the internal t ransi t ional  state). 
We nowcons ide r the  details of the t empera tu re  distribution for each of the success ive  states.  Figure 1 shows 
the t empera tu re  difference between the free surface and the lower region of uniform tempera tu re  as a function 
of t ime, ~s--~o = f0"); the initial sect ion is close to linear,  while the la t ter  sect ion follows the law ~ s - $ o  ~T ~ 
which is ul t imately followed by a horizontal par t .  Figure la  shows that the rate of development of the t empe r -  
a ture  differential dec reases  as time passes .  A compar ison  has been made [4] of the t ime for  t ransi t ion f rom 
the l inear  par t  ~ s - ~  o =fff) to the ~ s - ~  o ~ ~" 0.5 par t  with the t ime "r, [3]. The relationship between these t imes 
indicates that the instant of t ransi t ion f rom the l inear  par t  of ~S--~o=f(T) to ,~S--~ o ~T ~ represents  thebound- 
a ry  between modes I and II, namely, T, .  The instant ~-,. of t ransi t ion f rom ds--,~ o ~T ~ to '~S--'~O =COnst can 
be considered as the boundary between states II and III, which cor responds  to the onset of a quasis ta t ionary 
state. 
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