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A ma thema t i ca l  re la t ion  is shown (in in tegra l  as  well as  in c r i t e r i a l  form)  for  calculat ing the 
p e r f o r m a n c e  l imi t s  of heat  pipes .  Theore t ica l  r e su l t s  a re  c o m p a r e d  with t es t  data. 

L o w - t e m p e r a t u r e  heat  p ipes  a r e  widely appl icable in heat  d iss ipat ing and the rmos ta t t i ng  sy s t ems .  
The avai lable  r e s e a r c h  data on p r o c e s s e s  which occur  in heat  p ipes  a re  l imited,  essen t ia l ly ,  to those where  
liquid me ta l s  s e rve  as  the heat  c a r r i e r .  

The gist  of all r e commenda t ions  for  ways to desc r ibe  the p r o c e s s e s  in heat  pipes is  to use  the in te -  
gra l  equation of mechan ica l  energy  balance:  

y A P  = AP'  + ~P" ~ AP,~ - AP h. (1) 

A ce r ta in  inde te rminacy  is  involved in the calcula t ion of p r e s s u r e  l o s se s  during liquid flow through a 
porous  s t ruc tu re ,  owing to the use  of the pe rmeab i l i t y  coeff icient  K in the Darcy  fo rmula  and to the t en t a -  
t ive choice of the design length (the veloci ty  of liquid and that of vapo r  change in the evapora t ion  zone and 
in the condensat ion zone), which is  e spec ia l ly  significant  in the case  of heat  p ipes  with a re la t ive ly  short  
adiabat ic  segment .  The e r r o r  in the calculat ion of the cap i l l a ry  potential  (APa) accord ing  to the Laplace 
fo rmula  is  due to some a r b i t r a r i n e s s  in defining the cu rva tu re  radi i  r e of the evapo ra to r  segment  and r c 
of the condenser  segment .  Some authors  [4, 5] suggest  that  
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F o r  this reason ,  a d i rec t  expe r imen ta l  ver i f ica t ion  of the fundamental  in tegra l  re la t ion  (1) for  heat  pipes 
under  va r ious  opera t ing  conditions was deemed both n e c e s s a r y  and useful .  

A p e r f o r m a n c e  ana lys i s  of l o w - t e m p e r a t u r e  heat  p ipes  [1, 2, 6] has  revea led ,  along with " h y d r o -  
dynamic locking" (a l imi t  on power ,  accord ing  to Eq. (1)), a lso a l imi t  imposed  by "locking" in the cap i l -  
l a ry  s t ruc tu re .  Other  power  l imi t ing  ef fec ts  which a re  typical  of heat  p ipes  with liquid meta l  (gasodynamtc 
locking, separa t ion  of the Iiquid by a vapor  s t r e a m ,  etc.  ) may,  as a rule ,  be d i s r ega rded  in the case  of 
l o w - t e m p e r a t u r e  heat  pipes .  

Apparent ly ,  the fundamental  equation for  l o w - t e m p e r a t u r e  heat  p ipes  mus t  allow for  both l imi t ing  
fac to rs .  We assume ,  then, that: 

1. The pipe begins to s t e a m  when the liquid inside the s t ruc tu re  boils ,  and this occu r s  at a definite 
t e m p e r a t u r e  di f ference between the pipe wall and the vapor  (ATlim). 

2. The heat  is  t r a n s m i t t e d  through the s t ruc tu re  by equivalent  conduction (~eq)- 

3. The opera t ing  t e m p e r a t u r e  range and the power  of the heat  pipe a re  given. 

We now develop Eq. (1) in t e r m s  of D a r c y ' s  Law for  the flow of liquid through a cap i l l a ry  s t ruc tu re  
and we a s sume  the flow of vapor  to be l am i na r  so that,  with the lengths of the heat  input and output zones 
de te rmined  f r o m  the conditions of heat  t r a n s f e r ,  we obtain a f t e r  a few t r ans fo rma t ions :  
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Fig. 1. Schematic diagram of the tes t  apparatus:  1 
heat pipe; 2) heater ;  3) ca lo r imete r ;  4) stand; 5) mod-  
el K-50 ins t rument  assembly;  6) l abora tory  au to t rans-  
fo rmers ;  7) voltage stabi l izer;  8) potent iometer;  9) 
Dewar flask; 10) switch; 11) thermocouples  in the 
sheath of a heat pipe; 12) thermocouples  in the vapor  
channel of a heat  pipe; 13) differential  thermocouple  
(inlet--outlet for  cooling water); 14) p r e s su re  tank; 
15) thermosta t ;  16) automatic ins t rument  for  m e a s u r -  
ing the flow rate;  17) pump; 18) the rmos ta t  c i rcui t  
for  the cooling water;  19) m e r c u r y  the rmomete r ;  20) 
plumb. 

TABLE 1. Charac ter i s t ic  Di-  
mensions 

Criterial Characteristic dimension group 

W e  

Re" 
Qa" 
Re' 
Qa' 

V~ 
dv 

VR- 

/0 

where 

a cos 0 1 
- -  -~- - - -  ~,' sin q) 
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[ 32v'.' j_ v' 

• [ d~n(1--x) 4 Hd~ [1--(1 --x)el 

Q 
�9 o 

Atrcd~n 

9 

26c a Cc e3 
x = - - - - ;  c - -  ; H =  

din dw 16(1-- o) 

Equation (2) combines the two basic l imitat ions on the per fo rmance  of l ow- tempera tu re  heat pipes and is 
subject to exper imenta l  ver i f icat ion.  

With the aid of some ve ry  simple algebraic  t ransformat ions ,  Eq. (2) can easi ly  be reduced to the 
c r i t e r i a l  fo rm*  

where 

(2) 

We cos 0 8Re" 9" Re' -~- 0,25sinq~ > - - -  + 0 , 2 5 - -  ; (3) 
1 + 0,5 (B e ,-1- Bc) Ga" p' Ga' 

�9 Q l l n ( 1 - - x ) ]  Be = Q [ l n ( l - - x )  l Bc = 
2~.~q A/e/0 ' 2~eqAtc/0 

It is quite evident that complexes  B e and B c r ep resen t  the ra t ios  of evapora to r  length and condenser  
length, respect ive ly ,  to the t r anspor t  distance (adiabatic segment).  It must  be noted that the c r i t e r i a l  
groups in Eq. (3) have been r e f e r r e d  to different  cha rac te r i s t i c  dimensions (Table 1). These  different  
choices  a re  dictated by the contributions of var ious  independent p r o c e s s e s  (evaporation, condensation,  
t r anspor t  of liquid, etc.  ) to the operat ing mechanism of a heat pipe, making it feasible  to analyze the s im-  
i lar i ty  of pipes on the basis  of analogies between component p roces ses .  

*This c r i t e r i a l  fo rm is valid for  heat pipes with l 0 ~ O. 
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TABLE 2. 

Pipe 
No. 

Charac te r i s t i cs  of the Tested Heat P ipes  

Sheath Wick 
material material 

Copper Brass 

Copper Copper 

Heat ~ E ~, i . �9 = 
carrier .~ E ~ .~ ~ '~ ~ "o 

Ethyl I 0,185 0,10 alcohol 0 20 1,8 
Ethyl 1 ' 

alcohol0,10 0,25 0,10 1,2 
/ 

1,6 1,5 

13,9 0,74 

a,m 
r,,.~ !10 s ]  n 

7,0 10,03,5 

5,5 8,06 

Formal ly ,  however,  it is not difficult to introduce a single charac te r i s t i c  dimension. Equation (3) 
will then be augmented with appropria te  geometr ica l  ra t ios .  

With the aid of Eq. (3), it becomes  possible to general ize  the tes t  data pertaining to heat pipes whose 
geomet r ies  and thermophysica l  proper t ies  differ. The cha rac te r i s t i c s  of the tes t  pipes are  l isted in Table 
2. The test  apparatus is shown schemat ical ly  in Fig. 1. The evaporator  segment of a heat pipe was heated 
with an e lec t r ic  heater  2. The power of this heater  was measured  with a model K-50 ins t rument  5. The 
heater  power was regulated smoothly through labora tory  au to t r ans fo rmers  6. The heat was collected in 
a tubular ca lo r ime te r  3. The power output was measured  at a fixed flow rate of cooling water (indicated by 
an automatic ins t rument  16 for measur ing  the flow rate) and a fixed tempera tu re  drop f rom inlet to outlet 
(indicated by a differential thermocouple  13). Fu r the rmore ,  during the experiment  were also measured  
the t empera tu re  distribution in the sheath and in the vapor channel of the heat pipe (with thermocouples  11 
and 12 respect ively)  as well as the t empera tu re  of the cooling water.  Tempera ture  fluctuations at the water 
inlet did not exceed 0.5~ 

The tes t  data pertaining to the power l imit  of heat pipe No. 1 (Table 2) are  compared  in Fig. 2 with 
calculations.  

In the experiment  we var ied  the inclination of the heat pipe to the horizontal ,  which affected the avai l -  
able hydrostat ic  head and thus accordingly also the power limit of the heat pipe. 

The power l imit  was indicated by a sharp r i se  in the t empera tu re  of the pipe wall at the endface of 
the evapora tor  segment,  which cor responded  to the condition of hydrodynamic locking. 

The power limit was calculated by solving Eq. (2) with respec t  to Q. 

It seems  that the resu l t s  of this compar i son  confi rm the suitability of the integral  relation (1) for  de- 
termining the pe r fo rmance  l imits  of low- tempera tu re  heat pipes. 

The test  data evaluated in c r i t e r ia l  form are  shown in Fig. 3. 
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Power limit of a heat pipe as a function of the 
inclination angle: 1) calculated relation; 2) test values. 

Fig. 3. Performance limits of heat pipes, in dimension- 
less coordinates: 1) heat pipe No. 1; 2) heat pipe No. 2; 
a) according to data in [7]; b) according to data in [8]. 
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In all t e s t  p ipes  the r e s i s t a n c e  to vapor  flow through the evapora to r  channel (AP") was a negligibly 
smal l  pa r t  of the total  r e s i s t ance  (ZAP). I t  is  to be noted that the design length a s s u m e d  for  the conden-  
sate t r a n s p o r t  through the s t ruc tu re  (of the re la t ive ly  shor t  adiabatic segments )  has  a l a rge  effect  on the 
data evaluation [7, 8l. F o r  this  reason ,  we cons ider  he re  the ex t r eme  cases :  

t = l  o ~ 0 . 5 ( l  e---lc); l = l  o :--I e @ l  c. 

F r o m  an ana lys i s  of calcula t ions  and t e s t  va lues ,  as shown here ,  one may  conclude that  f o rmu la s  (2) and 
(3) a r e  appropr ia te  for  the design of heat  p ipes  and for  an evaluation of the i r  e s sen t i a l  p e r f o r m a n c e  c h a r -  
ac t e r i s t i e s .  
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N O T A T I O N  

the p r e s s u r e ;  
the radius  of the men i scus  curva ture ;  
the s ize of a cell  in the wick mesh;  
the c r i t i ca l  wett ing angle; 
the pe rmeab i l i t y  coefficient;  
the t empe ra tu r e ;  
coefficient  of sur face  tension; 
the length; 

t he rm a l  conductivity; 
power;  
d iameter ;  
angle of pipe inclination; 
k inemat ic  v iscosi ty ;  
density; 
porosi ty;  
f o r m  factor ;  
thickness;  
heat  o f  evaporat ion;  
specif ic  gravi ty;  
number  of mesh  l a y e r s  in the wick. 

S u b s c r i p t s  a n d  S u p e r s c r i p t s  

a r e f e r s  to capi l lary;  
e r e f e r s  to e v a p o r a t o r  segment;  
c r e f e r s  to condenser  segment;  
l im  r e f e r s  to l imit;  
w r e f e r s  to wire;  
f r e f e r s  to wick; 
in r e f e r s  to internal;  
eq r e f e r s  to equivalent; 
o r e f e r s  to adiabat ic  segment ;  
v r e f e r s  to vapor  channel; 
out r e f e r s  to external ;  
h r e f e r s  to hydrostat ic ;  
(') r e f e r s  to liquid phase;  
(") r e f e r s  to vapor  phase .  
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