
I,rt J t lea:  t l a ~  Tran*t,'r ' , 'o  I 33.  N o  9,  pp .  194_LI9"~5.  1990  I)~ 17 9"q  ~ $ ;  R ' ÷ 0 0 ~ )  

P r i n t e d  i n  G r e a t  B r i t a i n  , l~'aO P ~ ' r g a m o n  Prc-;s plc  

An analysis of the vapor flow and the heat 
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Abstract--A numerical analysis is presented for the overall performance of heat pipes with single or 
multiple heat sources. The analysis includes the heat conduction in the wall and liquid-wick regions as well 
as the compressibility effect of the vapor inside the heat pipe. The two-dimensional elliptic governing 
equations in conjunction with the thermodynamic equilibrium relation and appropriate boundary con- 
ditions are solved numerically. The solutions are in agreement with existing experimental data for the 

vapor and wall temperatures at both Io,a and high operating temperatures. 

INTRODUCTION 

THi! HFAT pipe is a device which has a very high 
thermal conductance. It is a closed evacuated tube or 
chamber of  different shapes the inner surfaces of  
which are lined ui th a porous capillary wick as shown 
in Fig. 1. Since 1964, there have been many exper- 
imental, analytical, and numerical investigations on 
heat pipes. The previous related analytical and 
numerical studies that will be presented here are 
grouped into the following two categories: (1) ana- 
l,vsis of the vapor dynamics, and (2) analysis of  the 
coupled temperature field and vapor dynamics. A 
summary of  the previous theoretical work in both 
categories is given in Table 1. 

Table 1 provides a detailed review for refs. [1-27] 
of  the previous efforts concerning the numerical and 
theoretical analyses of  heat pipes. The table presents 
information such as one-dimensional vs two-dimen- 
siomtl approximations, elliptic vs parabolic pres- 
entations, compressible vs incompressible models as 
well as the flow and geometric configurations for each 
reference. Furthermore,  some important comments  
concerning each study are made in the last column of 
Table 1. 

It is the objective of  the present paper to include 
the effects of conjugate heat transfer, vapor com- 
pressibility, and viscous dissipation for liquid metal 
heat pipes by solving the complete conservation of  
mass, momentum, and energy equations. The present 
analysis includes the conjugate heat conduction 
through the wall and the liquid-wick matrix as well as 
compressibility effect, which is usually neglected but 
is very important for heat pipes at high operating 

temperatures. The investigation is also extended to 
lower temperature heat pipes such as those using 
water as the working fluid with multiple heat sources. 
Furthermore.  the numerical results are compared with 
some of the existing experimental data lbr the wall 
and vapor  temperatures on actual heat pipes rather 
than simulated heat pipes at both high and lo~ tem- 
peratures, which was not done in the previous studies. 

MATHEMATICAL FORMULATION 

The heat pipe model under consideration is illus- 
trated in Fig. 1, which has three distinct regions in 
the radial direction (i.e. wall, liquid-wick, and vapor 
regions) as well as three different types of sections 
in the axial direction (i.e. evaporator,  adiabatic, and 
condenser). This model solves the two-dimensional 
conservation of mass, momentum, and energy equa- 
tions for the heat pipe with single and multiple heat 
sources under the following assumptions. 

t l ~ ^  a- ~ .  . . . . .  I .  

L 

÷ Present address: Combustion Engineering, Inc., Wells-  FIG. 1. The multiple evaporator heat pipe and coordinate 
ville. NY 14895, U.S.A. system 
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NOMENCLATURE 

A surface area of the pipe wall [m 2] 
Cp specific heat at constant pressure 

[J kg-  l K -  i] 

hrg latent heat of evaporation [J kg-  t] 
k thermal conductivity [W m-  ~ K -  '] 
L total length of the pipe [m] 
L~ adiabatic length [m] 
Lc condenser length [m] 
Lo evaporator length [m] 
M Mach number 
rh mass flux [kg m-  -' s -  t] 
P pressure of the fluid IN m-  2] 
P0 datum pressure at the end cap of the 

evaporator at the liquid-vapor interface 
[Nm-q 

Q total heat input rate at the outer pipe wall 
in the evaporator [W] 

q heat flux [W m -  2] 
Rv vapor space radius [m] 
R,,. outer pipe wall radius [m] 
r radial coordinate [m] 
T temperature [K] 
To temperature of the evaporator end cap at 

the l iquid-vapor interface [K] 

v radial velocity [m s-  ~] 
w axial velocity [m s-  '] 
z axial coordinate [m]. 

Greek symbols 
6 wall or liquid-wick thickness [m] 

wick porosity 
# dynamic viscosity of the fluid [kg m -  ' s -  ~] 
p density of the fluid [kg m -  s] 
~b viscous dissipation term in equation (4). 

Subscripts 
a adiabatic 
c condenser 
e evaporator 
eft effective 
i vapor-liquid interface 
1 liquid 
Iw liquid-wick 
o variable at the outer pipe wall 
s solid 
v vapor 
w wall 
0 properties corresponding to To. 

(a) The compressible vapor flow is laminar and 
steady. 

(b) The heat transfer through the liquid-wick 
is modeled as purely conduction with an effective 
thermal conductivity. 

(c) The properties of the liquid and the solid in the 
wall and wick regions are constant with the vapor 
density following the perfect gas law in the vapor 
region. The vapor density and pressure are the only 
major temperature-dependent properties for sodium 
as the working fluid. The perfect gas law assumption 
accounts for this variation. 

(d) Both evaporation and condensation are con- 
sidered to occur at the inner radius of the porous 
medium. 

(e) At the vapor-liquid interface, the vapor is at its 
thermodynamic equilibrium temperature correspond- 
ing to the local saturation vapor pressure. 

(f) At the liquid-wick/vapor and wall/liquid-wick 
interfaces, the harmonic mean of the thermal con- 
ductivity is used in the energy equation. 

(g) The vapor flow is axisymmetric. 

The conservation of mass, momentum, and energy 
equations for the compressible flow analysis including 
the viscous dissipation terms for the case of constant 
viscosity and thermal conductivity are 

~ .  (pw)  + r O~ (pry)  = 0 (1) 

p v ~ + w  z =-:-+#cr r 

, ,  i .  {:11 3 ~ + 5 - -  + (21 

/' ~w ~w'~ ~P r l  ~ [ ]//rCW'~ 
p l y - z - \  cr  +wZ-/cz) = - ~ z  + t q -  : -  \ L r c r  7r / 

+ - : -  r -- (rv) + (3) 
r c,- ~ a: \ r  a,- a-UU 

fa" T l l  ap ep 

where 

Lkar l  \ r l  \~'-'I 5- - +-?~rl - ~ ( V  

1 a &t' 
V'v  = - - : - ( r v ) +  ~ - .  

r c r  C2 

The convective terms and the viscous dissipation, 
~b, are included in the vapor analysis. It should be 
mentioned here that in equations (2)-(4). the terms in 
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braces { } are associated with axial diffusion terms. 
These terms are neglected in the partially-parabolic 
version but are included in the elliptic version. In the 
wall and liquid-wick regions, only heat conduction is 
considered and therefore the convective terms were 
neglected. The relation for the liquid-vapor interface 
was analyzed [27] and justification is given by simple 
numerical calculations for modeling the wick struc- 
ture as a conduction problem. This does not mean that 
the liquid flow in the porous wick is not important. In 
fact, the liquid flow in the porous wick is very impor- 
tant to determine the capillary limit of heat pipes. It 
is assumed that the wick structure is designed such 
that it has enough capillary force to drive condensate 
to the evaporator section. The perfect gas law is 
employed to account for the compressibility of the 
vapor. The thermal conductivity k of the wall is 
different from that of the liquid-wick structure. The 
equations for the effective thermal conductivity pro- 
posed by Dunn and Reay [28] were used for the liquid- 
saturated screen wick, sintered powder wick as well 
as the concentric annulus wick. The wick porosity tbr 
screen wicks was given by Chang [29]. 

Boundary condition specifications are needed at the 
outer pipe, wall/liquid-wick interface, liquid-wick/ 
vapor interface as well as both ends of the heat pipe. 
This information is provided in Table 2. It should be 
noted that in addition to a mass and energy balance 
at the liquid-wick/vapor interface, the Clapeyron 
equation is used to define thermodynamic equi- 
librium. 

NUMERICAL METHODOLOGY 

The heat pipe problem is solved as a convection- 
conduction problem throughout the entire domain by 
solving one generalized energy equation with different 

thermal diffusion coefficients. The velocity in the solid 
wall and the liquid-wick matrix is specified to be zero 
so that the analysis in these two regions becomes 
purely a conduction problem. Since the liquid velocity 
in the porous medium is much slower compared to 
the vapor flow, the zero velocity boundary condition 
at the liquid-vapor interface and neglecting the con- 
vective term in the energy equation of the liquid-wick 
region should not cause a large accuracy problem. 
The validity of the results will be checked with exper- 
imental data. 

The numerical procedure employs the finite-dif- 
ference iterative method of solution developed by 
Spalding [30]. The elliptic solutions of the mass, 
momentum, and energy conservation equations with 
the boundary conditions given in Table 2 were 
obtained. The partially parabolic solution was also 
obtained by neglecting the axial diffusion terms in 
the momentum and energy equations. The solution 
procedure is based on a line-by-line iteration method 
in the axial direction and the Jacobi point-by-point 
procedure in the radial direction. The "SIMPLEST' 
[31] method is employed for the momentum equa- 
tions, in which the finite-domain coefficients contain 
only diffusion contributions, and where the convective 
terms are added to the linearized source term of the 
equations. 

Since there is a change of phase at the liquid-vapor 
interface, the energy equation is no longer continuous 
due to the latent heat of evaporation or condensation. 
To make an energy balance, we can include the term 
fizhf~ as a heat sink at the liquid-vapor interface in the 
evaporator and as a heat source at the interface in the 
condenser section. Therefore, the sign of q~ in the 
evaporator should be negative and positive in the 
condenser. 

The governing equation of the vapor flow is first 

Table 2. Boundary conditions for heat pipe analysis 

Evaporator Adiabatic Condenser 
(0 <~ z <~ Lo) (L= <~ z <~ Lo+ L,)  (L¢+ L, <~ z <~ L) 

#T~ dT~ ~8T* = qo.A:.~. 
- -  k ~  - ~ -  = qo.~ - -  = 0 cr ~r - k ~  #r . 

Outer pipe wall 
(r = R~) 

Wall and liquid-wick 
interface 
(r = R v + ~ t )  

Liquid-vapor interface 
(r = RO 

Centerline of the pipe 
(r = O) 

T,w = T , ,  k~ ~ ~-~ -z~ - ~  = 
c r  CF 

= v ~T~ 
C r  C r  

I 

7", 1 R P v  

To gln o 
8wv ?T,. 
g---~=O, v,=O, ~--=Ocr 

Both ends of the pipe ~T 
(: --= 0, L) w = t" = -4-- = 0 

c_- 
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Table 3. Experimental heat pipe specifications and properties 

Case No. 
1 2 3 4 

References lvanovskii Ivanovskii Kemme [33 ]  Gernert I341 
et  al. [32] et al. [32l 

Working fluid Sodium Sodmm Sodium Water 
P. (N m - :) 1300 2476 12460 85 711) 
T, (C )  545 583 692 94 
L, (m) 0.1 0.1 0.143 0,1, 0.1 
L~ (m) 0.05 0.05 0.06 0.4, 0.3 
L~ (m) 0.35 0.55 1.08 0.6 
Vapor channel 7.0 7.0 5.7 11.0 
radius (ram) 
Wick type Ring-shaped Ring-shaped Screen Sintered 

gap gap mesh pounder 
(screen mesh) (screen mesh) 

Mesh number Not reported Not reported 400 325 
(per in.:) 
Wick thickness. 0.5 1).5 0.15 0.76, 
~l (mini 
Wall material Stainless Stainless Stainless Copper 

steel steel steel 
(assumed) (assumed) 

Wall thickness. 1.0 1.0 0.9 [.6 
~5 (ram) (assumed) (assumed) 
Total heat input, 560 1000 6400 200 + gl)O 
Q (w)  
Grid number 35 × 50 35 x 70 35 × 50 40 x 60 
(radial x axial) 
k~ (W m " ~ K-~) 66.18 66.18 45,45 240.2 
c 0.33 0.33 0.74 1).30 

solved by assuming that  the heat  flux is uniform at 
the l iqu id-vapor  interface based on the total  heat 
input at the outer  wall. The rate of  evapora t ion ,  con- 
densat ion and the velocity are then calculated by 
til = qjIt~.g and t'~ = i l l~p, .  These values are used in the 
vapor  mass and m o m e n t u m  conservat ion equations.  
Once a converging solution is obta ined  al ter  a few 
iterations,  a new q, is calculated by an exact energy 
balance and  this method  is used for fur ther  iterations. 
At the same time, the the rmodynamic  equil ibr ium 
is checked and  corrected during each i teration.  The 
a lgor i thm continues i terating until  fully converged 
resuhs are obtained.  The pressure at the l iqu id -vapor  
interface at the end of  the evaporator ,  P0, is taken as 
the da tum pressure and  does not change. The cor- 
responding sa tura t ion  temperature  To is assumed to 
be the initial temperature  for the numerical  com- 
putat ions.  

The accuracv of the numerical  solution is checked 
with experimental  da ta  and the convergence is assured 
in two ways. 

( 1 ) The sum of  the absolute value of  the residuals 
should decrease as the sweep number  increases. 

(2) The spot value should approach  a cons tan t  
value as the sweep number  increases. 

As a c o m m o n  approach,  a coarse grid size is first 
chosen to test the program and a fine grid spacing is 
employed for the final solution. A uni form grid size is 
used for the axial direct ion and three different uniform 

grid sizes are used for the vapor,  l iquid-~ick,  and wall 
regions. For  the numerical  resuhs presented t\3r this 
paper, the grid sizes for the cases presented are men- 
t ioned in Table  3. 

MODEL VERIFICATION VS EXPERIMENTAL 
DATA 

To verify the numerical  predictions,  the results are 
compared  with four cases of  existing experimental  
da ta  reported by several investigators as listed in 
Table  3. The numerical  model was first compared  v~ith 
the experimental  da ta  reported by lvanoxskii  e t  al .  

[32] for a cylindrical sodium heat pipe (Case 1). The 
heat pipe was provided with a c o m p o u n d  ~ ick of  the 
type with a r ing-shaped gap for the flow of liquid. The 
method  of  measur ing the tempera ture  distr ibut ion 
was to place a movable  micro- thermocouple  directl} 
in the vapor  channel .  The thermocouple  ~as  prox idcd 
with a special capillary device to keep it wetted by the 
condensate ,  so the tempera ture  readings correspond 
to the sa tura t ion  tempera ture  which matches the 
numerical  model at the interface. 

For  the numerical  computa t ion ,  a constant  heat 
flux with a total  heat  input  of  560 W is specified at the 
outer  wall of  the evaporator .  The pipe wall is assumed 
to be made of  stainless steel and have a thickness of  
<'~ = 1 mm. At  the condenser ,  a cons tan t  heat flux 
based on the total  heat  input  at the outer  x~all of  the 
evapora to r  section is also specified. Figure 2 gives a 
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FIG. 2. The axial interface temperature profile along the 
sodium heat pipe with Q = 560 W, R, = 0.007 m, L~ = 0.1 
m, L~=0.05 m, Lc=0.35 m, k1=66.2 W m--" K -t ,  

k~ = 19.0 W m--" K -I, 6~ = 0.0005 m, 6~ = 0.001 m. 

0.8  

compre=s;ble, elliptic ¢om__pr~s~ble, I~arabo[i¢ 
M i rmom~__  , . . .m~._ressible ~1" tic 

C a s e  1 
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0 .2-  
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FiG. 4. The axial Mach number along the centerline of the 
sodium heat pipe with Q = 560 W, R~ = 0.007 m, L, = 
0. I m, L~=0.05 m, L¢=0.35 m, k~ =66.2 W m--" K -t ,  

k~= 19.0 W m--" K-~, 6~ = 0.0005 m. 6~ = 0.001 m. 

comparison between the numerical results and the 
experimental data for the vapor saturation tem- 
perature along the heat pipe for Case 1. As the results 
show. the present compressible elliptic and partially 
parabolic models give accurate predictions of  the tem- 
perature profile compared with the experimental data 
with a maximum deviation of  3~C. According to 
Ivanovskii et  al. [32], the experimental data for the 
heat transfer rate were measured with an accuracy of  
6-10%, so the deviations of  the present compressible 
models are within the range of  experimental accuracy. 
For  the incompressible model, however, there is a 
maximum deviation of  about  6~C at the inlet of  the 
condenser section. Therefore, the effect of  the com- 
pressibility of  the vapor  needs to be included in the 
analysis. 

Figure 3 shows the variation of  the pressure along 
the l iquid-vapor  interface for Case 1. The pressure 
drop reaches its maximum value at the exit of  the 
adiabatic section and then recovers about  55% in the 
condenser. Since the Clapeyron equation is the link 
between the temperature and the pressure at the 
l iquid-vapor interface, the pressure profile is similar 
to the saturated temperature distribution. The trend 

of  the pressure profile is also in agreement with the 
numerical results obtained by Tien and Rohani [7]. 

Figure 4 shows the variation of  the Mach number 
along the centerline of  the pipe with a maximum value 
of  M = 0.6 at the inlet of  the condenser for the com- 
pressible elliptic model. The trend is generally in agree- 
ment with the results obtained for a cylindrical heat 
pipe [3] and for an annular heat pipe [20] with a one- 
dimensional compressible model. 

Figure 5 shows the numerical results for the axial 
temperature corresponding to Case 2 of  the exper- 
imental data by Ivanovskii et  al. [32]. For  this case, 
the heat input was Q = 1000 w .  Since the thickness of 
the wall and the type of  materials were not mentioned 
in the reference, numerical calculations were made 
with two different thermal conductivities and thick- 
nesses for the pipe wall which are believed to be com- 
monly used by heat pipe manufacturers. The results 
of  the compressible and incompressible models for the 
vapor flow are presented vs the experimental data for 
the interface temperature in Fig. 5. It shows that both 
models give a very good prediction in the evaporator  
region, but the incompressible model overpredicts the 
data in the adiabatic and condenser regions while the 

compressib/e, e~ffptic ~ o m p ~ s ~ b ~  p~_ robotic 
P, N/re' ~__ompressL~, ~l~p+~c_ 

0 

Case 1 
-100 

-200 ~ , , ~ .  - i  " - ' t ~  

-300 t \ ~ ~  " 

-400 
0.0 01t 03 013 014 0.5 

z, m 

FIG. 3. The axial interlace temperature profile along the 
sodium heat pipe with Q = 560 w, Rv = 0.007 m, L~ = 
0.1 m, L,=0.05 m, Lc=0.35 m, k~ =66.2 W m--" K -~, 

k~= 19.0 W m-'-K-Z,61 = 0.0005 m. 6, = 0.001 m. 
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FIG. 5. The axial interface temperature profile along the 
sodium heat pipe with Q = I000 w, Rv = 0.007 m. Lo = 
0.1 m, L,=0.05 m, Lc=0.55 m, k~ =66.2 W m - :  K -t ,  

k~ = 19.0 W m - :  K -~, 6t = 0.0005 m, 6~ = 0.001 m. 
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FIG. 6. The axial interlhce temperature profile along the 
sodium heat pipe with Q = 6.4 kW, R~ = 0.0057 m, L~ = 
0.143 m, L~, = 0.06 m, L~ = 1.08 m, kt = 59.5 W m -2 K ~, 

k ,= 19.0Win : K - ' , 6 ,  =0.00015m, 6~ =0.0009m 

compressible model underpredicts the data at the start 
of the condenser region and overpredicts it near the 
cud. In general, the compressible model gives a better 
prediction. 

Figure 6 shows the numerical results for the axial 
temperature variation which corresponds to Case 3 of  
the experimental data by Kemme [33]. The heat pipe 
was about 1.3 m long and 5.7 mm i.d. with a screen 
wrap wick of  thickness 6~ = 0,15 mm and stainless 
steel ~all  of  thickness 5~ = 0.9 mm. Heat  was added 
to the evaporator  section of  the heat pipe with an 
induction coil while it was removed from the con- 
denser section by conduction through a gas gap to a 
water calorimeter. For  this case, three different sets of  
experimental data of  the outer wall temperature were 
obtained for subsonic, sonic and supersonic vapor 
flow in the sodium heat pipe. During the experiment. 
the heat input was fixed at 6.4 kW and the working 
temperature was decreased by changing the cooling 
conditions so the choked condition could be reached. 

For the present numerical analysis, the temperature 
at the end cap of  the evaporator  is fixed at the exper- 
imental value of  692:C and one steady state solution 
is obtained with a Mach number of  M = 1.0 at the 
exit of the adiabatic section of the compressible model. 
Figure 6 presents the experimental data of  the wall 
temperature and the numerical solutions of  the com- 
pressible and incompressible models. It can be seen 
that the present results of  both models are generally 
in agreement with Kemme's  data for the sonic limit 
case except that the condenser wall temperature is 
higher than the experimental data. This is probably 
because the condenser cooling may affect the accuracy 
of  the thermocouple reading and make the reading 
lower than the actual value. However, according to 
the comparison it seems that the present model can 
still predict the general trend of  the heat pipe per- 
formance even if the Mach number of  the vapor flow 
is high. 

To further check the validity of  the present numeri- 
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The axial temperature profile along the water heat 
pipe with multiple heat sources. 

cal analysis, the numerical code was also modified to 
predict the performance of  a water heat pipe with 
multiple heat sources. The results were compared with 
the experimental data obtained by Gernert  [34]. The 
experimental heat pipe under consideration had two 
evaporators and one condenser as illustrated in Fig. 
7. The heat was provided at the evaporator  by two 
electric heater blocks. The condenser section was fitted 
with a water-cooled calorimeter. The heat pipe had a 
sintered powder wick and the effective thermal con- 
ductivity was calculated from Dunn and Reay [28]. 
A multipoint thermocouple was installed along the 
centerline of  the vapor space to measure the x ariations 
of the vapor temperature. To measure the outer wall 
temperature, the outer wall of  the evaporator  and 
condenser sections were grooved and thermocouples 
were soldered into the grooves in the pipe wall. 
According to the experimental conditions, two con- 
stant heat fluxes with heat inputs of  200 and 800 W 
were specified at the two evaporator  sections• For  the 
condenser section, a constant heat flux based on the 
total heat input is also specified as a boundary con- 
dition for the numerical computation.  

Figure 7 shows the numerical results and the exper- 
imental data for the outer wall and the vapor tem- 
perature of  the water heat pipe with multiple heat 
sources for Case 4. It can be seen that the present 
model gives a very uniform vapor temperature and 
a very small outer wall temperature variation. The 
measured vapor temperature is also fairly uniform 
with less than a I~C temperature difference along the 
pipe. The use of  copper as the wall and wick materials 
and the sintered powder wick gives a very good ther- 
mal conductivity, thus the radial temperature drop is 
very small through the wall and liquid-wick. 

For the outer wall temperature, t~o  experimental 
data points found in the adiabatic section and one in 
the 800 W evaporator  are fairly close to the numerical 
solutions, but the temperature readings in the con- 
denser section are almost 6 C  below the present pre- 
dictions. Since the length of  the condenser is much 
longer than that of  the total length of  the evaporator,  
the heat flux through the pipe wall of  the condenser 
is smaller than that in the evaporator  with Q = 
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FIG. 8. The axial pressure profile along the vapor-liquid 
interface of the water heat pipe with multiple heat sources. 

performance of  heat pipes with single or multiple 
¢ 

heat sources. Furthermore, the vapor compressibilits, 
should be considered for the prediction of  the sodium 
heat pipe temperature profile when the Mach number 
is greater than M = 0.3. For  the heat pipe using water 
as the working fluid, the vapor  temperature along the 
heat pipe is almost uniform. This is due to a very small 
pressure drop along the pipe compared with the static 
vapor pressure and also the thermodynamic equi- 
librium between the pressure and temperature at the 
l iquid-vapor interface. 
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800 W. Thus, it is expected to have a smaller tempera- 
ture gradient through the pipe wall in the condenser 
section. It seems the measurements were not very 
accurate in the condenser section probably due to the 
influence of  the cooling water on the thermocouple 
readings which resulted in the readings being lower 
than expected. Usually, it is very difficult to 
measure the condenser and evaporator  walt tem- 
peratures because the cooling water may lower the 
actual measurement while the heaters may cause 
higher temperature readings. Furthermore,  the accu- 
racy of  the thermoeouple reading may also cause 
problems when the readings differ by only 1 or  2~C. 

Figure 8 shows the pressure variation along the 
vapor-l iquid interface of  the water heat pipe for Case 
4. A very small pressure drop is noticed along the 200 
W evaporator  and the adjacent adiabatic section, but 
in the 800 W evaporator the additional amount of  heat 
flux causes more liquid to be evaporated into the 
vapor channel, thus leading to a significant pressure 
drop along this section. In the condenser section about  
80% of  the pressure drop is recovered. As the results 
show, the total pressure drop is very small which 
means that a very uniform vapor temperature profile 
can be obtained. The uniform temperature profile is 
a result of  the thermodynamic equilibrium between 
the pressure and temperature at the l iquid-vapor  
interface coupled with the fact that water has a high 
static vapor pressure and vapor  density under normal 
working conditions. The phenomena observed here are 
in agreement with what is observed for a heat pipe 
with one evaporator  section. It is believed that the 
present model can predict the general performance of  
heat pipes with multiple heat sources and will also 
provide a guideline for further experiments in this 
respect. 

CONCLUSIONS 

The performance o f  heat pipes has been studied 
numerically and the results show a fairly good agree- 
ment compared with the existing experimental data at 
both low and high operating temperatures. It is also 
believed that the present model can predict the general 
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ANALYSE DE L 'ECOULEMENT DE VAPEUR ET DE LA CONDUCTION THERM1QUE 
A TRAVERS LA MECHE ET LA PAROI DU TUBE D'UN CALODUC AVEC UNE 

SEULE OU PLUSIEURS SOURCES DE CHALEUR 

R~sumg--On pr6sente une analyse num&ique pour le comportement global de caloducs avec une seule ou 
plusieurs sources. L'analyse inclut la conduction thermique dans la paroi et la r+gion liquide-m6che, et 
aussi l'effet de compressibilit6 de ta vapeur dans le caloduc. Les 6quations bidimensionnelles elliptiques du 
probldme, avec la relation d'6quilibre thermodynamique et les conditions aux limites appropri+es sont 
r6solues num&iquement. Les solutions sont en accord avec les donn6es exp6rimentales existantes pour les 
temp6ratures de vapeur et de paroi aussi bien dans le cas de fonctionnement ft. basse ou haute tempdrature. 

ANALYSE DER DAMPFSTROMUNG UND DER W)i .RMELEITUNG DURCH DIE 
FLOSS1GKEIT, DEN DOCHT UND DIE ROHRWAND IN EINEM W,~RMEROHR MIT 

EINZELNEN ODER MEHREREN WARMEQUELLEN 

Zusammenfassung--Es wird eine numerische Untersuchung ffir das Gesamtverhalten yon W/irmerohren 
mit einzelnen oder mehreren W/irmequellen vorgestellt. Dabei wird die W/irmeleitung in der Wand und in 
Fliissigkeits-Dochtgebieten berficksichtigt, ebenso die Kompressibilit/it im Dampfraum. Die z~ei- 
dimensionalen elliptischen Bilanzgleichungen werden zusammen mit der Beziehung ffir das thermo- 
dynamische Gleichgewicht und die entsprechenden Randbedingungen numerisch gel6st. Die L6sungen 
stimmen mit vorhandenen Versuchsdaten fiir die Dampf- und Wandtemperaturen sowohl bei niedrigen 

als auch bei hohen Betriebstemperaturen /iberein. 

AHASIH3 T E q E H H , q  IIAPA H TEI-I.rIOI-IPOBO,RHOCTH q E P E 3  )KH~KOCTb,  OHTHTIb H 
C T E H K Y  B TEI-lYlOBOITI TPYBE C E , ~ H H H q H b I M  H.rIH M H O F O q H C T I E H H b I M H  

H c T O q H H K A M H  TEFI.rlA 

AII~IOTalI~II----I'[I, ICJIeHHO aHaJIH3tlpyloTCa O6tttnC pa6oaae  xapaKTcptlCTHKH TCHTIOBblX Tpy6 C eJqHHHttHblM 
H.rIH MHOFO~HCJICHHblMH RCTOqHKaMH TerHla. Hap~uly c 3qbdpe~TOM C~MaeMOCTti napa BHyTpH TelLrlOBO~ 
Tpy6bI aHaJIH3 Br_rnoqac'r Ten.qortpoBo/IHOC'rb c'reHKH H ~HTI, Lrl$1 C XH,!IKOCTbIO. I'~HcJIeHHO pcmaroTC~t 
,~ByMepHMe 3.rLIIHnTHqeCKHe onpe~eHmoume ypaBHeHHg COBM~'I'HO C COOTHOUJeHHCM TepMo.2IHHaMIttiCC - 
KOFO paBHOBeCn~I 14 COOTBCI'C'TByIoI/.UI4MH rpaHH~HI~MH yc.nOell~lMl.~. I'Io.rlyqeHHble peil.tetlH~l eor.~acy~Tc~l 
c HMelOI.IJ.HMHCR 3KCFIepHMeHTaJIbHLIMH rlaHHMMH ~UI~I TeMrlepaTyp n a p a  H CTeHKH KaK HpH HH3KHX, TaK 

n npH sbtcoxax pa6oqHx TeMnepaTypax. 


