
PRINCIPLES FOR COMPUTING THE EFFICIENCY 

OF A SYSTEM WITH LOW-TEMPERATURE 

HEA T PIPES 
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An approach to the computation of the efficiency of a sys t em with heat pipes is d iscussed .  
Conditions a re  analyzed for the axial t ranspor t  of heat along the wall and f ramework of a 
heat pipe. A scheme to compute the the rmal  res i s tance  of a heat pipe is recommended.  
Efficiency c r i te r ia  a re  formulated.  

The computational principle var ies  depending on the indicator by which the efficiency of a sys tem 
with heat pipes is appraised.  Computation of the efficiency of a sys tem according to thermal  engineering 
indices such as the t empera tu re  drop and energy consumption is d iscussed in this paper .  In many cases 
these  indices are  governing in the solution of the question of the expediency of using heat pipes. 

It will be shown below that central  to the computation of the efficiency of a sys tem with heat pipes is 
the computation of the total thermal  res i s tance  of the heat pipe. 

Recommendat ions on the computation of the total thermal  res i s tance  of a heat pipe in the extensive 
l i te ra ture  on heat pipes a re  limited and do not include fundamental cases .  

C o m p u t a t i o n  
d 

is 

o f  H e a t - P i p e  C h a r a c t e r i s t i c s  

The general  d iagram of thermal  res i s tances  is represen ted  in Fig. 1, and its corresponding formula 

�9 1 

Ry = 1 1 + Rev+ Re' 
(i) 

If the connection between the heat pipe and the remaining sys tem elements is set up by means of the 
wall t empera tu res  on the heat supply and heat removal  sections Tev and Tc,  then 

1 1 1 
- -  = - -  § ( 2 )  

Ri Ra G +  + G 
The quantities Rev and Rc a re  determined taking account of the specific thermal  conditions between the 
heat pipe and the sys tem objects according to known recommendat ions  [2]. As a rule,  the quantity R v is 
small ,  with the exception of those cases when a vacuum is maintained in the operating heat pipe (P -< 0.1 
a T a ) .  

In these cases  Rv can be computed according to [3, 4] or  other s imi la r  recommendat ions .  The main 
t contributions to RE and R~ are  made by the quantities Rev and Re, and in a number of cases by R a. 

It is neces sa ry  to compute Rev and R c by means of the formulas  

Re~- 1 , (3) 
e v  F c ,  v 

1 

 cFc (4) 
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Fig. 1. Schematic d iagram of the thermal  res i s tances  
of a heat pipe. 

The quantity ~ ev depends essential ly on the hea t - t ranspor t  mode. In the evaporation mode 

)~ef 

which is not suitable for "thick" wicks and smal l -d iamete r  pipes. The cylindrici ty must  be taken into 
account in a known manner  in computing ~ev- There  a re  relat ively few tes t  resul ts  on ~ev in the boiling 
modes.  Existing corre la t ions  can be used only for those s t ruc tures  for which they have been obtained. 

The coefficient of heat exchange ~ c on the condensation sect ion can be determined by means of (5) 
by substituting the quantities ~ef,  6w determined for  the condensation section. 

Contradictions exist  in the recommendat ions  for  the computation of Aef [5-9]. For  mult i layer,  
r e t i cu la r  s t ruc tu res  p re s sed  to the heat-pipe wall ~ef  can be computed according to [5, 6]. For  thin- 
layered  re t icu la r  s t ruc tu res ,  as well as mult i layer  s t ruc tures  not pressed ,  [7] is preferable .  

In conformity with the terminology of [10], the quantities F~v and F c can be called the "effective" 
evapora tor  and condenser  sur faces ,  respect ive ly .  Since axial heat t ranspor t  exists,  F~v > Fev and F c 
> Fc always. The la t ter  is valid if the influence of the noncondensing gases  is not taken into account.  
Otherwise, 

F e " = F  e - -  

s h o u l d  be substituted in place of F' c in (4). 

(5) 

2MgRg . ~ (T s '4 Te.) (6) 
Ps dv dv 

The mass  of gas Mg is es t imated f rom an analysis  of the pr iming conditions or  f rom experiment .  
Therefore ,  the co r r ec t  de terminat ion of the res i s tances  R' ev and Rc requi res  taking account of the influence 
of heat t r ans fe r  on the "effective" dimensions of the evaporat ion and condensation sections in the general  
case .  

For  heat pipes with short  adiabatic zones, t h e a x i a l  heat t ranspor t  resu l t s  not only in an increase  in 
the evaporat ion and condensation surfaces ,  but also in the appearance of the res i s tance  Ra, which is com- 

! 
mensura te  with the r e s i s t ance  of the loop Rev + Rv + Rc. 

A cor rec t  es t imat ion of the role  of axial heat t ranspor t  in the general  heat-exchange process  in a 
heat tube is of substantial  value not only for  the computation of the efficiency of a cooling sys tem with heat 
pipes,  but a lso for the co r rec t  decoding of tes t  data and the computation of the hydraulic losses  in the 
heat-pipe s t ruc tu re .  

This question is examined inadequately in the l i te ra ture .  The papers  [9-11] a re  devoted to computa- 
tions of the t empera tu re  fields for unregulated heat pipes.  

Approximate  one-dimensional  models of the heat conduction in the capil lary s t ruc ture  of a heat pipe 
a re  proposed in [10, 11]. A computation of the quantities Fev and F c according to [10, 11] is impossible .  

An analytic solution for the two-dimensional  conjugate problem of fluid heat conduction and fi l trat ion 
in a heat-pipe s t ruc tu re  has been obtained in [9]. 

According to [9], the main quantity of vapor  is condensed in the initial sect ion of the condensation 
zone, which is commensura te  with the thickness of the s t ruc tu re .  Such a deduction is not verif ied by the 
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Fig. 2. Tempera tu re  field in a capi l lary heat-pipe s t ruc -  
ture  for outer sur face  boundary conditions of the f i rs t  (a) 
and third (b) kinds: 1) Qi/Q = 0.99; 2) 0.98; 3) 0.95; 4) 
0.90; 5) 0~ 6) 0.75; 7) 0.50; 8) 0.40. 

practice of heat-pipe operation. It is known that, other conditions being equal, the linear dimensions of 
the condensation section affect the operability of a heat pipe substantially. Analysis of the boundary condi- 
tions used in [9] showed the following~ 

1. The assumption about no mass condensation flux on the inner surface of the steam channel in the 
adiabatic zone contradicts physical reality. This is possible only when there is heat insulation on both the 
outside and inside of the adiabatic zone. In real heat-pipe constructions, only the outside of the adiabatic 
zone, but not the inside, can be considered heat-insulated. Hence, the corrected boundary conditions [9] 
will be 

: I ~. aPe for  V 0 l a ~ x-~.. O; 
ov 

t 

l c~x~>~0; P ~ = P s - -  ~(  1 , 1 
' Ru R,_,i 

for  g = 6 w  I c > x > O ;  T = T c ; - - - -  

k]; 

; T = T s ;  

ape - O; 
au 

= 0 ;  

OPe --  O. 
ax  

(7) 

aT aPe 
ay o~ 

for x = l  d O-<g~6. . .  . ., aT --0;  
Ox 

2, The assumption about the existence of a condensation flux in the adiabatic zone adjacent to the 
condensation sect ion and the approximately identical condensation ra te  along the length of the sect ion agree  
with the solution of the fi l trat ion equation if the distribution of menisci  is admitted along the length of the 
condensation zone. 

3. If the wick thickness is assumed substantially g r ea t e r  than the dimension of the meniscus,  then 
the problem cannot be solved as a conjugate problem, but can be solved separa te ly .  A. M. l~oizengurt 
simulated the heat-conduct ion problem with boundary conditions (7) on a plane e lec t ro in tegra tor .  Under 
actual conditions the wick thickness is substantially less than the d iameter  of the heat pipe, Roizengurt  
obtained the t empera tu re  fields in a heat-pipe wick for different 6 w / l  relat ionships by e lec t r ica l  s imula-  
tion on a plane EGDA 9/60 in tegra tor .  

One par t icu lar  case is i l lustrated in Fig. 2. It is seen that the tempera ture  distr ibution obtained on 
the boundary with the adiabatic zone in the formulat ion proposed for the constant condensation rate  agrees  
qualitatively with experiment .  The resul t s  of the e lec t r ica l  s imulation a re  represented  in Fig, 2 for the 
real izat ion of boundary conditions of the third kind on the surface  of the condensation section. The influence 
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Fig. 3. Dependence of the t empe r -  
a ture  in the adiabatic zone of a heat 
pipe and the quantity of heat  taken 
off on the geometry  of the heat 
supply and elimination sect ions :  
1) 5ef /Li  = 0.053; 2) 0.16; 3)_0.3t4; 
4) 0.58; 5) 0.89; 6) | ~- exp (--1.9 
x/Sef); 7 ) Q a / - 0 . 4 5 6 e f / L i ;  L i 
= l c or /eV. 

of the boundary conditions can be est imated qualitatively by 
means of the value of the number Bi = a 5w/;~ ef. 

Ordinarily, Bi << 1 for low- tempera ture  heat pipes; 
hence, theheat-pipe  surfaces  can be considered isothermal  on 
the evaporat ion and condensation section. For  Bi > 1 the non- 
i so thermy of t h e s u r f a c e  will influence the heat t r ans fe r .  This 
must  be taken into account, for example, according to [1]. 
P rocess ing  the e lect r ical  s imulat ion resul ts  (Fig. 3) permit ted  
general ized formulas  to be obtained to take account of the axial 
heat t r ans fe r :  

O = Ts Ta- = exp (-- 1.9 X/6ef), (8) 
T~ Tr ....... 

Qa ~- Q'0.45 6ef (9) 
l 

Replacement of the true wick thickness 5 w by the equiva- 
lent thickness 5el permi t s  taking account of the anisotropy of the 
heat t r ans fe r  along the axis and along the normal  to the wall. 
tf the axial heat conductivity X 0 is taken as re fe rence  value, 
then 

/D-T, 
6w 1/ (10) 

Formulas  (8) and (9) can be used for an approximate com-  
putation of the axial heat runoffs taking account of the influence 

" / ~ / Xow 
*eft = ] ((Sm-= ~w) 6w ~/ ~'ef 

of the wall. In this case 

_ x.Jw + ZJm 
fw+rm 

1 

6 m 1 ~w 
~ " 7 -  ~ 

~im+ ti w X m 6w+ 6m 

h, 
- .1 -  _ _  

fw ~ fm 

~'ef 

fm ~m 
fw+fm ~ f  

(11) 

(12) 

(13) 

, i 

Assuming the "effective" lengths of the evaporat ion and condensation sections teV and I c to be r e -  
fe r red  to the t rue  lengths le  and t c just as the corresponding quantities of heat, it is possible to determine 

, I 

formulas  for FeV and Fc: 
�9 r 

r v= pov[i + 0 45 I (14) 
. L d' 

6el] 115) F s  c t + 0 , 4 5  Lc j .  

Formulas  (8) and (9) a re  valid for a sufficiently long adiabatic zone. An analysis  of (8) permi t s  
es t imat ion of the length (i a)min of the adiabatic zone for which the axial heat t r ans fe r  can be neglected. 

If la  > (/a)min, then 
�9 i 

-R a )) RevT R v + R;, (16) 

and tt a cannot be computed. For  l a - (la)min, we obtain by using the principle of superposi t ion of t e m -  
pe ra tu re  fields [2] for the adiabatic zone 

6ef 

For  ia  = 0 we obtain the maximal  axial heat flux by using (17), (8), and (9): 

(qa)m.x=0 45 To) (18) 
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The minimum res i s t ance  to heat t r ans fe r  along the axis (IRa)rain 

2.2" 
(Ra)rn~ n - -  ]/Lo~, r ad o 

cor responds  to this quantity. 

Computations of (Ra)mi n by means of (19) show that in the overwhelming maior i ty  of cases 

(R~)~. >> R;~-' R~ + R~. ev~  

However, the quantity IRa can turn  out to be commensura te  with the sum Re y + Rv  + Rc for short  heat 
pipes or heat pipes working against gravi ty with a part ly drained evaporat ion surface and a thick wall. 
Approximate formulas to compute the effective axial heat conduction without taking account of the m a s s -  
t r ans f e r  p rocess  can be obtained f rom (18) and (19): 

For  la, = 0 

For  t a a 5ef 

(19) 

(20) 

~.o~j= 1.8 @ l /~-~.  (21) 

%oef= 1.8 l~ -'- ta |/~-0L-~ - T ev-- Tc (22) 
do Tev-- Tc 

to --0.5 (icy+ lo). 
Comparing the values of her computed by means of (21) and (22) with test  data 

4Q ([a ~-' [o) (23) 
L;f = ~ ,~ , ~tdo (Tev-- J c) 

we can est imate the contribution of the axial heat conduction in the genera l  hea t - t r ans fe r  mechanism in a 
heat pipe. 

Not taken into account in the IRa computations was the hea t - t r ans fe r  component associa ted with the 
t r ans f e r  of the supercooled fluid mass  over the f ramework.  Taking co r r ec t  account of this factor  is a 
complicated problem.  Hence, attention was turned to the following considerat ions .  If IRa is c0mmensu-  
r a t ewi thR~v  + IRv + IR~, then heat t r ans fe r  in the form of latent heat of phase t ransi t ion is commensura te  
with the heat t r ans fe r r ab le  by heat conduction, and the heat of the supercooled fluid will be substantially 
l ess .  Otherwise, this has no value. 

The exception a re  cases  when [ r /Cra (Tev  -- Tc)] ~ 1 (higher t empera tu re  drops and higher working 
p re s su re s ) .  

Therefore ,  by using (1)-(6), (14)-(16), (18)-(20), the thermal  res i s t ance  of  a heat pipe can be com- 
puted approximately.  

G e n e r a l  S t a t e m e n t s  on  t h e  C o m p u t a t i o n  o f  t h e  

T h e r m a l  E n g i n e e r i n g  E f f i c i e n c y  of  a S y s t e m  

w i t h  H e a t  P i p e s  

Let us introduce the concept of the c r i te r ion  of the relat ive efficiency of a cooling sys tem with heat 
pipes Kz. The "content" of the c r i te r ion  is determined by the approach which is proposed for the computa- 
t ion of the efficiency. 

The crux of the approach consists  of comparing two cooling sys tems  (a cooling sys tem with a heat 
pipe and a cooling sys tem without a heat pipe) by means of some thermal  engineering-index Zi (the thermal  
res is tance ,  the energy expenditure, the p r e s s u r e  drop, etc.).  The select ion of this index is determined 
by the specifics of the sys tem.  Some fundamental cases  will be examined below. 

The computation of the c r i te r ion  Kz is per formed by a compar ison  with some quantity (Kz)mi n. 

Compliance with the inequality 

Ks > (Kz)mln (24) 

is the foundation for the a s se r t ion  about the expediency of using heat pipes in this sys tem.  

135 



! 2 
, /1 / 

I i 
I I I I l i l l l  
II!11111 I 
I l l l  II 

t a !  

t l l l l l l  
r -  . . . . .  1 ~ . .  ,2. 
I I; 

- - - - I  I 

I - 'bL 

, 3  mi+- 
m m . 

2 ~  

dl 

! J / / 
I " I i f "  J 

a 2  

b2 

l 

1 t 1 I 
C2 

d2 

Fig. 4. Compara t ive  d i ag rams  of cooling s y s t e m s  
with and without heat  p ipes :  a t) the h e a t - p i p e - r a d i a t o r  
2, the object being cooled 1 is on the outer  su r face  of 
the hea t  pipe; bi) h e a t - p i p e - r a d i a t o r  2, the object being 
cooled 1 is within the heat  pipe; c 1) hea t -p ipe  hea t -  
conductor  2 of a bulk sou rce  of heat  evolution 1; d 1) 
hea t -p ipe  hea t -conduc tor  2 f rom the object being cooled 
1 to the cen t ra l ized  cooling sys t em;  a2, b2, c 2, d 2) c o r -  
responding cooling s y s t e m s  without heat  pipes;  3 a r e  
meta l  r a d i a t o r s .  

If Zhp is  the va lue  of the t h e r m a l  engineer ing index in the s y s t e m  with the heat pipe by which the 
c o m p a r i s o n  is made,  and Z 0 is the index in the s y s t e m  without the heat  pipe, then 

Zo (25) K~ =. �9 . 
Zhp 

In the simplest case (Kz)mi n = 1. However, if it is taken into account that an analysis of the relative 
efficiency of a heat pipe is approximate in nature, and that the use of heat pipes may not be logical for each 

positive effect but only for some minimum AZmin, then 

] ( 2 6 )  
( K z ) n l | n  - -  / ~ , m t  n 

t 
Zo 

Let  us note s t i l l  another  c i r c u m s t a n c e .  An es t ima te  of the expediency of using heat  pipes according  
to  the inequali ty (24) can be c o r r e c t  if the s y s t e m s  being compared  a r e  under  a lmos t  opt imal  conditions. 
Hence,  an opt imizat ion  p r o c e d u r e  should p recede  the computat ion of the c r i t e r ion  Kz. 

A n a l y s i s  o f  t h e  E f f i c i e n c y  o f  S y s t e m s  w i t h  H e a t  

P i p e s  f o r  S o m e  P a r t i c u l a r  C a s e s  

A. The Heat Pipe I s  a Radia tor  o r  P a r t  of a Radia tor  (Fig. 4a ,b) .  The t e m p e r a t u r e  drop can be 
' R v chosen as  the ma in  t h e r m a l  engineer ing index. Then Zhp = ~thp, ~thp Q ~ for the d i ag ram in Fig. 4a, 

and Z o = (1 - -  ~a) hTra, 
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t(== (1 --/~a) ATra (27) 
. . . . .  A t h p  - - _ 

Use of a heat  pipe in d i rec t  contact with the hea t -evolv ing  e lements  in Fig. 4b p e r m i t s  the reduct ion 
of the in ternal  t h e r m a l  r e s i s t a n c e  by a quantity A t_v. Then 

. . . . . .  K= (1 " /~a)  ATra+ htv (21)_ 

A/hp 

B. The Heat Pipe Is  an Internal  Heat Dra in  in Bulky Hea t -Evolv ing  Modules (Fig. 4e). Just  as in 
the f i r s t  case ,  the p r e s s u r e  drop  

Zhp = Athp + (Tee-- ire, ) , 

Zo = Tef-- To; Kz = Tce" To - -  

is taken as the c o m p a r i s o n  index. " 

( 2 9 )  

C. The Heat Pipe I_s a Heat Conductor f rom the Heat -Evolv ing  Source to the Centra l ized  Cool ing  
Sys tem (Fig. 4d). If the t e m p e r a t u r e  mode is taken as fixed, then the energy  expendi tures  can be the 
t h e r m a l  engineer ing index for the compar i son ,  i . e . ,  

Zhp = Ghp kPhp; Zo = GoAPo; 
(30) 

Ks - G~176 
GhpAphp 

It can be a s s u m e d  that  the proposed  a p p r o a c h  to the computat ion of the re la t ive  eff iciency is con- 
s e rved  even for  other  e a s e s .  Depending on the s y s t e m  operat ing conditions, m a s s - s c a l e  c h a r a c t e r i s t i c s  
of a sys t em,  re l iabi l i ty ,  etc. ,  can be used as indices for  the compar i son .  If n e c e s s a r y ,  the eff iciency 
can be es t imated  accord ing  to s eve ra l  indices,  and in a f i r s t  approx imat ion  the mean eff iciency c r i t e r ion  

= Z Ki&, (31) 
i = l  

can be used, where  gi is the "weight" of the i - th  index in a genera l  ana lys is  of the s y s t e m  c h a r a c t e r i s t i c s .  
In the s imp le s t  ease  when the indices,  the m a s s ,  and re l iabi l i ty ,  say ,  a r e  equivalent  (for weight less  con- 
ditions) 

K =  EK~ 
/ 't 

The approx imate  scheme  proposed  for  the computat ion of the re la t ive  eff iciency of a s y s t e m  with 
heat  pipes p e r m i t s  c la r i f i ca t ion  of the domain  of expedient appl icat ion of heat  pipes and a c o r r e c t  e s t i m a -  
t ion of the i r  advantages  and d isadvantages .  

RE 

Ra 
Rev and Rc 

R~v and R c 

R v 

a z  

Xef 

5w 
Fc and Fev 

Rg 

NOTATION 

is the total thermal resistance of a heat pipe, including the contact resistances Rev 
and Re; 
is the thermal resistance of axial heat transfer; 
are the thermal resistances of a heat pipe in contact with the objects of the system on 
the evaporation and condensation sections; 
are the radial (normal) internal thermal resistances of the heat pipe on the evaporation 
and condensation sections; 
is the thermal resistance equivalent to a reduction of the temperature in the steam chan- 
nel because of hydraulic drags; 
is the total thermal resistance of a heat pipe without raking Rev and l~ c into account; 
is the coefficient of effective heat conduction of the wetted capillary structure of a heat 
pipe; 
is the wick thickness; 
are the surfaces of the heat-drain and heat-supply sections of a heat pipe; 
is the mass of gas in the heat pipe; 
is its gas constant;  
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Ps, Ts  
do, dv 
Tev,_T r and T a 

Pe 
l a ,  / ev ,  l c  

k0w, ' t r  

s 

km,  5m 
fw, fm 
x, y 

kef  

k 0ef 

Q 

P, thp 
~ T r a ,  Era  
Atev 

Tce  
To 
Ghp, APhp 
Go, AP0 
Pei, Rli, R2i 

J 
k 

a r e  the vapor  sa tu ra t ion  p r e s s u r e  and t e m p e r a t u r e  in the heat  pipe; 
a r e  the inner  d i a m e t e r s  of the heat  pipe and the vapor  channel; 
a r e  the t e m p e r a t u r e s  on the hea t - supply  and h e a t - d r a i n  sec t ions  and var iab le  t e m p e r a -  
t u r e  in the adiabat ic  zone; 
is the p r e s s u r e  in the fluid on the phase  in ter face;  
a r e  the lengths of the adiabat ic ,  hea t -supply ,  and h e a t - d r a i n  zones; 
a r e  the coefficient  of effect ive heat  conduction in the s t r u c t u r e  along and normal  to the 
wall  of the heat  pipe; 
is the m e a n  coeff icient  of effect ive heat conduction taking account of the wall along the 
hea t -p ipe  axis ;  
a r e  the coeff icient  of heat  conduction and thickness  of the wall metal ;  
a r e  the c r o s s - s e c t i o n a l  a r e a s  of the s t ruc tu re  and the wall; 
a r e  the coordinates  along the hea t -p ipe  axis and along the no rma l  to the wall; 
is the effect ive coefficient  of  axial  heat  conduction r e f e r r e d  to the total  c ro s s  sec t ion  of 
the heat  pipe; 
is the total  effect ive coefficient  of heat  conduction of the heat  pipe, r e f e r r e d  to its total  
c r o s s  sect ion;  
is the to ta l  quantity of heat  t r a n s f e r r e d  by the heat  pipe,  including on the adiabat ic  s e c -  
t ion Qa;  
is the t e m p e r a t u r e  drop in the heat  pipe; 
a r e  the t e m p e r a t u r e  drop and eff ic iency of a r ad i a to r  rep lac ing  the heat  pipe; 
is the t e m p e r a t u r e  d rop  between the su r face  of the object being cooled and the wall of the 
heat  pipe; 
is  the m a x i m u m  t e m p e r a t u r e  at the center  of the object  being cooled; 
is  the t e m p e r a t u r e  on the su r face  of the object being cooled; 
a r e  the coolant d i scha rge  and hydraul ic  d rag  on the h e a t - d r a i n  sec t ion  of the heat  pipe; 
a r e  the s a m e ,  on the su r f ace  of the object;  
a r e  the p r e s s u r e  and pr inc ipa l  radi i  of curva tu re  on the su r face  of the i - th  fluid l ayer ;  
is  the coefficient  of su r f ace  tens ion  on the v a p o r - -  fluid boundary;  
i s  the m a s s  flow of fluid normal  to the su r face  of porous  s t r u c t u r e  of the heat  p ipe ;  
i s  the propor t iona l i ty  coefficient  be tween the p r e s s u r e  gradient  in the porous  s t ruc tu re  
and the m a s s  flow under  the a s sumpt ion  of c o r r e c t n e s s  of the Da rcy  law. 
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