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Abstract—This paper presents a three-dimensional numerical analysis and a pseudo-three-dimensional
analytical modeling of the steady incompressible vapor flow in an asymmetrical disk-shaped heat pipe
heated from the top center area. The nonlinear differential elliptical equations of motion and the continuity
equation were solved numerically over the entire vapor flow domain. Discretization of the governing
equations was achieved using a finite element scheme based on the Galerkin method of weighted residuals.
The analytical model involves the use of the boundary layer approximation and the bifurcation of the flow
field on the r—y plane to describe the velocity profile under conditions including strong flow reversal. For
both numerical and analytical studies, backflow was observed at the top entrance of the condensation zone
for injection Reynolds number of 50 and higher. The three-dimensional effects and the effects of the
secondary flow formation are discussed in this work. The numerical and analytical results establish that
the pressure variations in the angular and transverse directions for a typical disk-shaped heat pipe are small
and can be neglected. A very good agreement was found between the numerical results and the analytical
results. The analytical model saves tremendous computer time compared with the numerical simulation,
which requires CPU times five orders of magnitude larger than those for the analytical model. © 1997
Elsevier Science Ltd.

INTRODUCTION

The study of vapor flow characteristics is important
in establishing the heat transfer limits for heat pipes.
There have been numerous investigations connected
with the problem of vapor flow in conventional sym-
metrical heat pipes. Different approach techniques
such as similarity analysis, perturbation techniques,
series expansions, transformation techniques, and
numerical methods have been used in the vapor flow
analysis.

Only a few investigators have studied the vapor
flow in asymmetrical heat pipes, which is a more com-
plicated and less understood system. The only numeri-
cal study pertinent to the vapor flow in an asym-
metrical heat pipe found in open literature is reported
by Ooijen and Hoogendoorn [1]. In their work, a two-
dimensional investigation was carried out for steady
incompressible laminar vapor flow in a flat plate heat
pipe with an adiabatic top plate. The mass and
momentum equations were solved with the control
volume finite difference approach. Results were
reported for the injection (radial) Reynolds number
over the range of 1 < Re, < 50. Their results show
that the velocity profiles are nonsimilar and asym-
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metrical for injection (radial) Reynolds number
Re, > 1. Flow reversal is encountered in the condenser
section at Re, > 10.

Due to the viscous shearing effects at the side walls,
a three-dimensional analysis is preferred for the vapor
flow in asymmetrical flat plate as well as disk-shaped
heat pipes. To the best of the authors’ knowledge,
the three-dimensional numerical analysis of the vapor
flow in heat pipes, regardless of its type, has not been
reported so far. Vafai et al. [2-5] have carried out an
analytical study for incompressible vapor and liquid
flow in both flat plate and disk-shaped heat pipes,
which are heated either from the top surface or from
the bottom surface. They developed a pseudo-three-
dimensional analytical model based on an in-depth
integral analysis and the method of matched asymp-
totic expansions. The vapor flow field was bifurcated
on the x—y (r—y) plane due to the asymmetrical feature
of heat source and sinks. The parabolic velocity
profiles, which vary with the distance along the heat
pipe, were used for both upper and lower parts of
vapor flow within the heat pipes. The hydrodynamic
coupling of the vapor and liquid phase, the effects of
nonDarcian transport through the porous wicks and
the gravitational effects are incorporated in their
model. Analytical results for the shifted vapor velocity
profiles, the vapor and liquid pressure distributions
along the heat pipes were obtained. Their results show
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NOMENCLATURE
A, coefficient defined by equation (22) U the maximum radial velocity
A, coeflicient defined by equation (23) component [ms ']
A coefficient defined by equation (24) u* dimensionless radial velocity
ay coefficient used in the velocity profile component, u/u,
for 0 < y < fregion u characteristic value for radial velocity

B, coefficient defined by equation (25)

B, coeflicient defined by equation (26)

bs coefficient used in the velocity profile
for f < ¥ < h region

D- constant defined by equation (27)

f location of the maximum vapor
velocity [m]
h height of vapor channel [m]

P pressure [Pa]

r, v radial and vertical coordinates [m]

R radius of the disk-shaped heat pipe [m]

R, radius of the evaporation zone [m]

Re,  injection Reynolds number, pr A/p
radial, vertical, angular velocity

components [ms ']

component, ¢, R/h
r vapor injection velocity [m's '
I's vapor suction velocity [ms™'].

Greek symbols

% ratio of the radius of the evaporation
zone to the heat pipe radius, R./R

0] angle of each divergent flow channel
of the disk-shape heat pipe

u dynamic viscosity [N s m 7

0 angular coordinate

p density [kg m™].

Superscript
+ dimensionless quantity.

that the effects of vapor-liquid hydrodynamic coup-
ling on the vapor flow is negligible [5].

It is well recognized that zero wall shear stress and
flow reversal occur in heat pipe condenser section at
low injection Reynolds number. Quaile and Levy [6]
have investigated incompressible flow in cylindrical
tubes with porous walls. They found that flow reversal
appears for Re, > 2.5 and the regions of reverse flow
are unstable and undergo transition to turbulence.
Numerical analysis of the vapor flow in conventional
cylindrical heat pipes by Bankston and Smith [7] pre-
dicted flow reversal in the condenser section for
Re, > 2. Analysis by Ooijen and Hoogendoorn [1]
also show flow reversal in an asymmetrical flat plate
heat pipe for Re, > 10. Busse and Loehrke [8]
developed an analytical model for predicting laminar,
subsonic vapor flow in axisymmetric cylindrical heat
pipe condensers. Their model is based on the bound-
ary layer approximation and the use of a non-
continuous power series to describe the vapor velocity
profile under conditions including strong flow rever-
sal.

In the present study, the complete problem of the
three-dimensional vapor flow in an asymmetrical disk-
shaped heat pipe is analyzed numerically. The non-
linear differential elliptical equations of motion are
solved over the entire vapor flow channel in order to
allow all of the features of the incompressible laminar
vapor flow to be taken into account. Also, the pseudo-
three-dimensional analytical model developed by
Vafai ¢t al. [2-5] is extended to laminar flow pre-
dictions for strong flow reversal. The modified ana-
lytical model, while saving tremendous computer time

(more than five orders reduction in CPU time), pre-
dicts the velocity variation and pressure drop accu-
rately along the disk-shaped heat pipe.

NUMERICAL ANALYSIS

Governing equations

The physical problem under consideration is a hori-
zontal disk-shaped heat pipe, as shown in Fig. 1. Heat
input is over a circular area on the top center surface
of the heat pipe, so that the vapor flow becomes asym-
metrical. The vapor space is divided into several chan-
nels by the vertical wicks which transport liquid from
the bottom wick to the top wick. Any one of the
internal channels can be considered as a building
block for the disk-shaped heat pipe. Once the fluid
flow characteristics within one of the channels is deter-
mined, the fluid flow characteristics of the entire heat
pipe can be easily established. The results of this analy-
sis are applicable to any number of channels.

Steady, incompressible, three-dimensional laminar
vapor flow in a channel is considered, as shown in
Fig. 1(b). The transport properties of the fluid are
assumed to be constant. The vapor injection and suc-
tion rates are assumed uniform on the top and bottom
surfaces of the vapor channel and negligible on the
vertical surfaces. The differential equations associated
with this three-dimensional problem are the continuity
and the momentum equations. In cylindrical coor-
dinates the governing equations are

u cv 1éw u
,

ot
ar  dy  r (O
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Fig. 1. Schematic of the disk-shaped heat pipe: (a) configuration of the heat pipe; (b) the coordinate
system used in the analysis.
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Boundary conditions
The boundary conditions are:

u(0.y,0) = v(0,y,60) = w(0,,0) =0
u(R,y,8) =v(R,y,0) = w(R,y,0) =0
u(r, y,0) = v(r,5,0) = w(r,y,0) =0
u(r,y, ®) = v(r,y,®) = w(r,y,® =0
u(r,0,0) = w(r,0,0) =0

v(r,0,8) = —v,

u(r,h,0) = w(r,h,0) =0

v, 0<r<oR
R

v, @R<r<R

p(0,h/2,0) = 0. (®)]

v(r,h,0) = {_

The analysis by Zhu and Vafai [5] revealed that the
effect of vapor-liquid hydrodynamic coupling on the
vapor flow is negligible. Therefore the nonslip bound-
ary conditions are used at the vapor—liquid interfaces.
The vapor injection velocity v, is related to the input
power Q;, by the following relation :

__ 0.
phfgnRez )

vy Q)
The vapor suction velocity v, is obtained by the mass
balance which requires the fluid that is entering in the
evaporator section to flow out through the condenser
section.

Numerical scheme

The discretization of the set of governing equations
(1)-(4) along with the boundary conditions was car-
ried out by using a finite element formulation based
on the Galerkin method of weighted residuals. The
finite element mesh used in the present study is shown
in Fig. 2. The 27-node quadratic elements were used
for discretizing the computational domain, resulting
in a triquadratic interpolation for the velocity. A tri-
linear interpolation was used for the pressure approxi-
mations. A variable mesh grading strategy was
adopted to capture the sharper gradients in the vel-
ocity and pressure at both ends of the evaporator
section and the entrance region of the condenser
section. To confirm the grid independence of the three-
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Fig. 2. Finite element mesh used with the numerical computations.

dimensional model, results were obtained by increas-
ing the grid points from the 81 x25x 25 mesh to a

161 x 49 x 49 mesh. A comparison of magnitudes of

the vapor velocity and pressure for various runs
showed that these values change by less than 1%, thus
indicating that the grid structure is sufficiently fine.

The discretization of the governing equations along
with the boundary conditions results in a highly non-
linear, coupled system of algebraic equations. This
system of equations was then solved by using an iter-
ative solution scheme based on the segregated solution
algorithm. Basically, this scheme involves decompo-
sition of the entire system of equations into smaller
subsystems. Each subsystem is then solved by using
an iterative solver. Convergence was assumed to have
been reached when the relative change in variables
between consecutive iterations was 1077, The appli-
cation of the Galerkin-based FEM is well described
by Taylor and Hood [9], and its application in the
finite-element code used in the present work is also
well documented [10].

ANALYTICAL SOLUTION

Mathematical formulation and modeling

Based on physical considerations, the vapor injec-
tion/suction on the vertical wicks is negligible. There-
fore, the 8 component of the vapor velocity is neg-
ligible and the system of equations of motion in the
dimensionless variables

L

r RV = 0 3

w=L g2t gl 7
Uy U puy

reduces to the form

cut v ut
e o +—=0 (8)
or oyt
L ou? cu” C 1 &u? Re,
P L TNy IR i
cr Cy cr Re, &(y™)*  Ré?
u 1 Cu” 1 &u u
oy o Toree e o) @
(ro)” cr )70y ()’
Re; ‘v~ ér' cpr Rey vt
e e )
Rey ért v oyt Rei é(y')”

o
éopt

Re} [ Ce™ 1 ot 1
ey + o) (10)
(r' ) 207

Ret \6(r™)*  r* ért
cp~  Re, 2 ¢u’
P R (an
¢ Reyr™ OO0
where
R W /
u, = -v,, Re, - P 1. Re, - o ].
h u i

To obtain an analytical solution for the asymmetrical
disk-shaped heat pipe, we note that the heat pipe is
long enough such that the vapor injection Reynolds
number Re, is small with respect to Re,. In this case,
which covers most practical situations, equations (9)—
(11) reduce to the form

u*ﬁuj —9—1,"'%:7—9])’ s (12)
or' &y” art Rey a(v™)?
Lo (13)
cy
opt
a0 Y (4)
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This indicates that the vapor flow in a long heat
pipe can be calculated on the basis of the simpler
system of equations for a boundary layer. The validity
of the boundary layer approximation was examined
by Busse and Prenger [11]. Good agreement was
obtained between the pressure distribution along the
axis of a cylindrical condenser predicted by using the
boundary layer equations and those obtained using
the Navier-Stokes equations for the ratio of the con-
denser length to its diameter as small as 2.5. The two-
dimensional numerical study by Ooijen and Hoog-
endoorn [1] also revealed negligible transverse pres-
sure difference in the y direction for the vapor flow in
an asymmetrical flat plate heat pipe.

The boundary conditions (5) in the dimensionless
form reduce to:

wh(0,y7,07) =ut (1,37,07) =0
u+(r+’0,0+) — u+(r+’ 1’9+) _— 0
w(rt,yt0) =ut(rt,yt, 1) =0

v (rt,0,07) = —v;7
vt (rt,1,0%) =

pr(0,y7.07)=0. (15)

It should be noted again that in the present work the
full set of governing equations (1)—(4) were solved
numerically along with boundary conditions given by
equation (5). Equations (12)—(14) along with bound-
ary conditions given in equation (15) is a set for
obtaining the analytical solution.

Solution method

For the analytical solution, the velocity profile is
approximated by a functional product in the r*, y*,
@+ directions

wh(rty 0Ty = UT(r ) (ao(r™)
+a ()T +a )T +a () ()Y
x(co+c,0" +c(6%)) (16)

where U*(r*) denotes the maximum radial velocity
component on each transverse surface along the r™*
direction. A third-order polynomial is used in equa-
tion (16) to account for the flow reversal in the r*—p+
plane. Due to the vapor injection from the heating
side of the top wick, the location of the maximum
vapor velocity U" (r*) will be shifted towards the bot-
tom wick within the 0 < r* < ¢ region. As the vapor
flows downstream, the location of U* (r*) will gradu-
ally shift towards the center in the y* direction due to
the presence of symmetrical cooling conditions. To
account for this feature, the vapor velocity profile in
the y* direction is divided into two parts based on the
location of the maximum vapor velocity : the lower
part (0<y* <f*(r*)) and the wupper part
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(f"(r") < y* < 1). The location of the maximum
vapor velocity, y* = f*(r*), is also the location cor-
responding to zero shear stress for the velocity dis-
tribution on the r*—y* plane. Applying the nonslip
boundary conditions and

out
u+(r+’f+ (r+)’%) — U+(r+)’ L+
oy

=0

)

to equation (16) results in the following velocity pro-
file

uw(rt,yr,0%)

[av+) {ag(w);: " (1 Aa3(r+)});>

p 32
2*_’_ < 9+_ 0+ 2
[ Jjor e

O<y™<f7)

=< .
+ (et + 11—y _ + I—y”
au"(r ){bz(" )l—f* +<1 bs(r )l—f‘>
l'_,V+_ l_y+ : + __(O+)2
X[zl-f* <1~f*>}}(0 @9
L (S <y gl
(18)

The coefficients a;(r*) and b;(r*) are then obtained
using the momentum equations (12) and (13). Accord-
ing to equation (13) dp*/ér™ must be independent of
»*. Since it is impossible to satisfy equation (13)
exactly with the polynomial velocity profile (18), we
only require exact satisfaction of the relations

"
or*

e

" =0 8r+

=E (19)

=1

instead of equation (13), where the derivatives are
determined with the help of equations (12), (14) and
(18) and the bar denotes the average

1 1 1
[5+ — FJ J p+r+ dy* do+.
0 Jo

After a transformation we obtain the following equa-
tions for a;(r*) and b3 (r*):

da, ~1 { 5

drt 24,(r")as + A (r) AU~ (7" ) Re,

a;+2

)

by+2 )
I—f*(")

5 ot _i
Tav U ey [(vzf = Ra)“"
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el L)

+< T >+(A (r")ad
dr™ aBdr* :
. B 2 dUut 1
+ A, (r)as + Az (r ))<U+(r’) ar +r+>}
(20)
and
by(r*) = B (r")as(r" )+ B.(r7) 20
where
Aty =) +BIE)A—=fT(r")N)I05  (22)
A (r*) = {4B, (r ) B (r (1 —f" (r"))
20+ B )=, )]/210 0 (23)
Ay (r") = [B(r " )(2B,(r7)+21)
x (1—f*(r*))+112]/210 (24)
< ST = ) e’
B,(r*) = 4
[D (1=f~ (r+))—\} (A=fre))?
(25)
( )~ l) (fr )’
‘2[07(1~f*(r+))~*} (I—f*(¢))?
B(r) = =l
[Dz(l—f‘(r"))*k?} ff"(lff*(r"))l
(26)
—1, 0<r* <o
D, = { (27)
vy, e<rt <l

The maximum vapor velocity U*(r*) is determined
by integrating the continuity equation (8). Utilizing
the velocity profile given by equation (18) and the
boundary conditions (15), the integration of the con-
tinuity equation (8) with respect to y* from 0 to 1 and
0+ from 0 to 1 yields:

Urgm) =
( 9(1—v7) -
[a:(r) ST ) +b (YA =7 (7)) +8]
0<r <o
. 1805 1)
() +b0) AT N+8]
L e<rt <1 (28)
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The location of the maximum vapor velocity,
7 (r*), is determined by integrating the »"-momen-
tum equation (12) with respect to y* from 0 to f*(+™)
and with respect to 8% from 0 to 1. The integration of
the momentum equation (12) using the velocity profile
(18) and boundary conditions (15) results in the foi-
lowing expression for the rate of change of /" (r™)

ety 1 o
4G (rt) +Tas(rt ) — 56

{[(8(1;0 )+ 7) S8 d“‘( —————— )

L BG0T) +49a,0*) +168) dUT ()
Uer) dr”

)+ Tas(r™) —56)

Sl

525 <a1(r“)+2 l
U-(r7) Rey — f4(r")

1
+ (4
p

1575 dp*
+_‘__
20U (rm ) dr

)

(29)

The vapor pressure distribution is obtained by inte-
grating the r*-momentum equation (12) over the
entire transverse section. Utilizing the derived velocity
profile given in equation (18) and the boundary con-
ditions given in equation (15), the integration of the
momentum equation (12) with respect to y* from 0
to 1 and with respect to 0% from 0 to 1 yields

dp* —4 d o
‘f=1575+d*’+(U (r ) Razr")

+21a, (r )+ 112) (P )+ (2B3(r )

+21h:(r Y+ 1I2YA =" (7 )]}

2UT() (a;(r*)-l—z

+b3(r+)+2
3Rey \ /o0y 1t

. 30
(r*)> 0

The set of differential equations (20), (29) and (30),
is integrated simultaneously by using a fourth-order
Runge-Kutta scheme.

RESULTS AND DISCUSSION

The results in Figs. 3-9 are based on a disk-shaped
heat pipe with heavy water as the working fluid. The
respective dimensions of the heat pipe are chosen as:
R=025m, R, =0.125m, A = 0.025 m and ® = 45"
The results in Figs. 3-9 were obtained for the opera-
ting temperature of 80°C and for Re, values of 10, 25,
50, 75, 100 and 150.
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Numerical results

The three-dimensional structure of the vapor flow
field is presented in Figs. 3 and 4 by showing the
velocity vector field in r—y planes. It should be noted
that the magnitudes of the velocity profiles cannot be
directly compared because the perspectives are not
normal to the cut planes. The actual calculated vel-
ocity values at the center plane (8* = 1/2) are larger
than those at the corresponding location of the
8% = 5/6 plane. Our numerical results show that the
velocity profiles are symmetrical about 6% =12
plane, due to the symmetrical boundary conditions at
the side walls. The velocity profiles along the 6 direc-
tion have the parabolic behavior in the entrance region
of the evaporator section. With increasing /R, the
velocity profiles along the 6 direction become flattered
due to the divergence of the vapor flow channel.

Figure S shows the dimensionless u velocity profiles
along the center plane (8* = 1/2) in the evaporator
zone for Re, values of 10, 25, 50, 75, 100 and 150.
As can be seen from Fig. 5, vapor accelerates in the

(b)
Fig. 3. Vapor flow field in the disk-shaped heat pipe for: (a) Re, = 10; and (b) Re, = 25.

evaporator section due to the vapor injection. The
velocity maxima are shifted toward the bottom wall
due to the injection from the top wall and suction
at the bottom wall. With increasing Re, values, the
shifting is more prominent, giving an increase in the
wall shear stress at the bottom wall and a decrease at
the top wall. Like conventional symmetrical heat
pipes, there is no flow reversal in the evaporator zone
of the asymmetrical disk-shaped heat pipe.

Figure 6 shows the dimensionless u velocity profiles
along the center plane (6 = 1/2) over the condenser
section. Vapor decelerates in the condenser section
due to the vapor suction. The shifted velocity maxima
gradually returns back to the center (y/h = 1/2) due to
the symmetrical cooling condition over the condenser
zone. For Re, = 50, flow separation takes place which
leads to a region of reversed flow at the top entrance
region of the condenser zone. The flow separation
always starts at the top entrance of the condenser
zone (r* = ¢) and results in a recirculating flow cell
downstream. This also can be seen in Fig. 4. As Rey
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value increases, the recirculation expands towards the
end of the condenser section. This is different from
the conventional symmetrical heat pipes [9] and the
flat plate heat pipe investigated by Ooijen and Hoog-
endoorn [1], in which the wall separation point first
occurs at the end of the condenser section and moves
upstream as the injection Reynolds number increases.
The reason for this difference is partly due to the
steep change from vapor injection to suctionatr™ = ¢
without an adiabatic section in between.

Figure 7 shows the vapor pressure distributions
along the heat pipe. The pressure drop is plotted in
dimensional form for #* values of 1/6, 1/3 and 1/2.
The transverse pressure differences in the y direction
were found to be negligibly small. Therefore, a single
graph was used to represent the pressure distribution
along the heat pipe for all y values. As can be seen in
Fig. 6, the pressure differences in the 0 direction are
negligible over both evaporator and condenser
sections.

The vapor pressures in the evaporator section

(b)
Fig. 4. Vapor flow field in the disk-shaped heat pipe for: (a) Re, = 50; and (b) Re,, = 100.

always decrease due to the frictional loss and the accel-
eration of the vapor flow caused by mass injection
from the top wall. In the condensation zone, the pres-
sure distributions represent the internal balance of the
frictional loss and the pressure recovery owing to the
deceleration of the vapor flow by mass suction. At
low injection Reynolds number, such as Re, = 10,
the frictional effect dominates and the vapor pressure
drops are observed over the condenser section. As
the injection Reynolds number increases, the inertial
effect becomes more dominant. For Re, = 25, a4 con-
stant pressure is found in the condenser section, indi-
cating the same contributions of the frictional effect
and the inertial effect. For higher Re, values, the iner-
tial effect becomes dominant and pressure build up
occurs in the condenser section. The sharp pressure
build up at the beginning of the condenser section is
assumed to be attributed to the sudden change from
mass injection to mass suction without an adiabatic
zone in between. This effect along with the reduction
in the pressure recovery due to the recirculation at the



Vapor flow in a disk-shaped heat pipe 2895
Re, =10 Re, =25 Re, =50
04 ) To—e rR=0.1 04 ) " e—erR=01 04
*—e r/R=0.2 . r/R=0.2 *—e r/R=0.1
*——¢rR=0.3 *—o rR=03 ] ®—H&7/R=02
A—A r/R=04 A—aA r/R=04 & rR=03
03 R=0.5 - 0.3 ¥ rR=0.5 0.3 - A—ArR=04 |
Y—¥ rR=0.5
L 02+ - 402 ~ L 021 ﬂ
01 1 0.1 H s 0.1 -
1 1 1
0.0 . 1 — 0.0 L . 0.0 — . *
0.0 0.5 1.0 0.0 0.5 1.0 0.0 0.5 1.
yh yh y/h
Re, =75 Re, =100 Re, =150
04 v T T 0.4 - T —r 0.4 . T
*—@ r/R=0.] *—8 rR=0.1 o—e /R=0.1
=—8/R=0.2 »—8 r/R=0.2 "—aR=02
*— /R=03 *—& 1/R=03 +—< /R=0.3
03 |+ k—AIR=04 | 0.3 A—ATR=04 ] 0.3 H 4A—ArR=04
¥—¥ r/R=0.5 ¥—¥ rR=05 ¥—¥ /R=0.5
& 0.2 ~ & 0.2 b 8 0.2 1
0.1 B 0.1 1 041 -1
0.0 . . —— 0.0 1 . L 1 .
0.0 0.5 1.0 0.0 0.5 1.0 o'oo.o 0.5 1
y/h yh wh

Fig. 5. Dimensionless u velocity profiles along the center plane (8% = 1/2) of the evaporator section.

top entrance of the condenser zone is responsible for
the change of curvature in the pressure distribution at
higher injection Reynolds numbers.

Analytical results

Figure 8 compares the analytical u velocity profiles
along the heat pipe at the center plane (6% = 1/2) with
the numerical prediction for Re, values of 10, 25, 50,
75,100 and 150. Both analytical and numerical models
predict flow reversal at the top entrance of the con-
denser section for Re, values of 50 and higher. The
secondary flow starts at the beginning of the condenser
section and expands downstream as the injection Rey-
nolds number increases. No backflow was observed
at the far end of the condenser zone even for higher
values of Re,. The agreement between the analytical
results and the numerical simulation is very good over
the entire vapor flow channel. This indicates that the
analytical model can accurately describe vapor vel-

ocity profiles under conditions including strong flow
reversal.

Figure 8 compares the analytical pressure dis-
tributions along the heat pipe with the numerical pre-
diction for Re, values of 10, 25, 50, 75, 100 and 150.
The analytical results for all Re, values shown agree
very well with the numerical computations over the
evaporation zone and fairly well in the condensation
zone. Despite some discrepancy between the analytical
predictions and the numerical calculations at the
entrance region of the condenser section, the ana-
Iytical and numerical overall pressure drops obtained
agree very well.

CONCLUSIONS

A three-dimensional numerical analysis of vapor
flow in an asymmetrical disk-shaped heat pipe has
been carried out for the first time. The results show
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in detail the characteristics of the three-dimensional
model for the vapor flow in the disk-shaped heat pipe
and the effects of the divergence of the vapor flow
channel. A pseudo-three-dimensional analytical
model has also been developed to predict the velocity
profile and pressure drop along the heat pipe under
conditions including strong flow reversal. In this
work, it was established that the pressure variations
in the transverse and angular directions are relatively
small and that they can be neglected. The analytical
solutions agree very well with the numerical results.
While saving tremendous CPU time (more than five
order of magnitude) and aiding in understanding the
physical phenomena occurring in the problem, the
analytical model provides a quick prediction method
for the disk-shaped heat pipe operation and is very
useful for practical engineering purposes.
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