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materials, and at low temperatures, the bolt shaft shrinks less
than the washers and plates together. The contact pressure
applied at room temperature is released and the thermal con-
tact resistance between joint components increases signifi-
cantly. For higher temperature levels, this effect is inverse.
The fact that only one curve fits, the experimental points ob-
tained from different mounting configurations, shows that the
parameter temperature, for low temperature levels, affects
the overall thermal resistance more than any other parameter.

On the other side, from mean to high temperature levels
(temperatures between - 70 and + 40°C), the overall thermal
resistances present a large range of variation for similar joints
(see second plot of Fig. 2). The thermal resistances are ex-
pected to increase with the increase in the number of washers
since, for each washer inserted in the junction, two new ther-
mal contact resistances (between washers) appear. Even if
this trend can be observed, this effect is not clear. Actually,
the experimental points are spread around the mean curve.
This happens because most of the stainless steel washers are
not perfectly flat and some contacts between washers may not
occur over the entire area. Therefore, a constriction resistance
in the radial direction of the washer may appear (see Fig. 1).
Since the washer is thin and its material has a low thermal
conductivity, this constriction resistance may be large.

In the third plot of Fig. 2, a comparison among the thermal
resistance of mountings made of aluminum washers, mount-
ings made of fiberglass and epoxy washers, and the overall
mean thermal resistance curve is presented. Considering the
thermal conductivity of the aluminum, which is the largest
among other washers tested, the thermal resistance points for
the aluminum washer mountings are expected to be under the
overall thermal resistance curve. In addition, the fabrication
process, special for the aluminum washers (they could not be
found in the market), resulted in washers with low surface
deformation. In opposition, the surfaces of the aluminum
washer surfaces are rougher than those of SS washers, in-
creasing the overall thermal resistance. The position of the
experimental points under the mean curve demonstrates that,
for these mountings, the material resistance decreases in a
higher rate than the contact resistance increases.

The fiberglass and epoxy washers have the lowest thermal
conductivity of all the washers used. Therefore, the overall
thermal resistance is expected to be above the mean curve.
This effect is observed only for high-temperature levels. The
physical properties of this material change very much with
the temperature, vacuum, and torque conditions, and the
combination of these effects leads to an unpredictable be-
havior. Therefore, fiberglass and epoxy washers are not rec-
ommended for use in space applications.

All of the points for mountings assembled with titanium
bolts are located under the mean curve. Also, for these
mountings, the overall thermal resistance presents a small
variation with the temperature level. This effect is expected,
since the coefficient of thermal expansion of the titanium is
lower than that of the SS, and therefore, the temperature has
a lower effect in the overall thermal resistance. Finally, the
overall thermal resistance, as well as its range of variation,
decrease with the increase in the applied torque, as expected
(see Fig. 2).

Conclusions
The temperature level is the controlling factor for temper-

atures less than -70°C. The combination of the coefficients
of thermal expansion of the materials of the bolted joint com-
ponents leads to this effect.

For mean to high-temperature levels (-70 to +40°C), the
number of washers is not a controlling parameter if the wash-
ers present deformation resultant from the fabrication pro-
cess. The material of the washers has a great influence in the
overall thermal resistance. The fiberglass and epoxy washers
are not recommended for satellite applications.

The range of variation of the thermal resistance is large,
sometimes of the same order of magnitude of the values as
the overall thermal resistances. The satellite-mounting pro-
cedures adopted resulted in bolted joints whose thermal re-
sistances are difficult to estimate with precision. Therefore,
the uncertainty in the estimation of the thermal resistance of
bolted joints is high and large coefficients of safety must be
used for the thermal design of satellites. Finally, the use of
these bolted joints as satellite thermal control devices is not
recommended.
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Optimization Analysis of a
Disk-Shaped Heat Pipe

N. Zhu* and K. Vafait
Ohio State University, Columbus, Ohio 43210

Nomenclature
h = thickness, m
K = permeability of wicks, m2

p = pressure, Pa
u, v, w = radial, vertical, angular velocity components,

m/s
e = porosity of wicks
IJL = dynamic viscosity, N-s/m2

p = density, kg/m3

<f> = angle of each internal flow channel of the
disk-shaped heat pipe

Subscripts
I = liquid phase

= vapor phase
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vw = vertical wick
w = top and bottom wicks

Superscripts
b = bottom wick
t = top wick

Introduction

B ECAUSE of the simplicity of conventional cylindrical
heat pipes the influence of the heat pipe design param-

eters on the heat pipe performance has received little atten-
tion. For the asymmetrical disk-shaped heat pipe proposed
by Vafai et al.,1 however, the flow and heat transfer is sig-
nificantly more complicated and the optimization of the heat
pipe design is more prominent. Zhu and Vafai2 have devel-
oped an analytical model for the vapor and liquid flow in the
disk-shaped heat pipe that accounts for the liquid flow in the
vertical wicks, the different liquid flow rates in the top and
bottom wicks, the hydrodynamic coupling of the vapor and
liquid phases, and the effects of non-Darcian transport. In
the present study, this model is incorporated to predict the
performance and to study the influence of the design param-
eters on the performance of the disk-shaped heat pipe. The
criteria of capillary and boiling limitations are established for
the asymmetrical disk-shaped heat pipe. The maximum heat
transfer capacity of the disk-shaped heat pipe is predicted
based on the analysis of the capillary limitation. The influence
of the number of internal channels, the thickness and shape
parameter of the top and bottom wicks, as well as the thick-
ness and shape parameter of vertical wicks on the heat pipe
performance is investigated. An optimized disk-shaped heat
pipe design is obtained based on the parametric study and
the analysis of the boiling limitation.

Formulation and Analysis
The description and schematic diagram of the disk-shaped

heat pipe is given in Zhu and Vafai.2 In the present analysis,
vapor and liquid flows are assumed to be steady, laminar,
and incompressible. In addition, the transport properties of
the vapor and liquid are assumed to be constant along the
heat pipe. All wicks are assumed isotropic and saturated with
wetting liquid. Based on physical considerations, the vapor
injection and suction rates are taken as uniform on the top
and bottom wicks and negligible on the vertical wicks. There-
fore, the vapor velocity component in the 0 direction is neg-
ligible.

Vapor Flow Dynamics
Based on the previous assumptions, the continuity Eq. (1)

and the r-momentum Eq. (2) govern the vapor flow
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Liquid Flow in the Wicks
The governing equations for the liquid flow in the top and

bottom wicks are
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The geometric function F is calculated using the expression
outlined in Vafai.3 The mass conservation for the liquid within
the vertical wicks yields

Q(r) = f° [<(r, y,0 = Q)- wf(r, y, 0 = 0)] dy
J — hw

= - r+"" [w',(r, y, 0 = *) - w',(r, y,6 = 0)] dy (5)
J hv

For the horizontal heat pipe under study, the liquid flow
within the vertical wicks is based on Darcy's law:

Q(r) = - Plg] (6)

Maximum Heat Transport Capillary Limit
Based on the analysis given by Zhu and Vafai,2 the maxi-

mum heat transfer attainable in the heat pipe is achieved when
the sum of the pressure losses along the vapor- liquid path
for the top wall is equal to the maximum possible capillary
pressure, i.e.,

p'c(R) (7)

where pc(R) = pv(R) - pi(R), rc^w is the effective pore ra-
dius of the top and bottom wicks, crl is the surface tension of
the working liquid in the wick, and rmax denotes the location
where the capillary pressure is maximum. The notation
kp(rmax ~ R) means that A/? is evaluated over the distance

Maximum Heat Transport Boiling Limit
Based on the analysis given in Chi,4 and noticing that the

heat pipe wick is flat, the following expression is derived for
the boiling limit of the disk-shaped heat pipe:

kwTv /2o>
(8)

where Tv is the vapor temperature, hfg is the latent heat of
the working fluid, kw is the effective thermal conductivity of
the liquid-saturated wick, and rn is the nucleation radius of
the vapor bubbles.

The vapor-liquid hydrodynamic coupling conditions at the
vapor-liquid interfaces and the boundary conditions are given
in Zhu and Vafai.2 An in-depth integral analysis along with
the method of matched asymptotic expansions is employed
to obtain the ordinary differential equations (ODEs) for vapor
and liquid velocity and pressure distributions. The detail of
the analysis is presented in Zhu and Vafai.2 The fourth-order
Runge-Kutta method is used to solve these ODEs and the
maximum heat transfer capacity of the disk-shaped heat pipe
is obtained iteratively.

Results and Discussion
The results are based on a disk-shaped heat pipe with heavy

water as the working fluid. To analyze and optimize the effects
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of various parameters a baseline set of parameters are cho-
sen based on some practical considerations. The radius of
the copper heat pipe R is taken as 0.25 m and the thickness
of the heat pipe H = hv + 2hw, is taken as 0.03 m. The ra-
dius of the circular heat input zone is 0.125 m. <I> is chosen
as 45 deg. The top, bottom, and vertical wicks are sintered cop-
per powder with baseline parameters taken as hw = /zvw =
0.003 m,rcw = 35.8 /mi, ew = 0.61, Kw = 4.25 x 10"11 m2,
rc,vw - 9 urn, £vw - 0.52, and Kvw = 1.74 x 10~12 m2. The
effective thermal conductivity of the liquid-saturated wick is
calculated using the equation given in Dunn and Reay5 for
sintered wicks. The nucleation radius of the vapor bubbles rn
is taken as 2.54 x 10~7 m, which is given in Chi.4 The results
in Figs. 1-4 were obtained for a vapor temperature at r = 0
of 80°C. Unless otherwise noted, the default design param-
eters used for Figs. 1-4 are the values given previously.

Parameter Effects
The effects of the internal flow channel angle on the max-

imum heat transfer capacity is shown in Fig. 1. The parameter
Da = K/eh2, is the modified Darcy number of the porous
wick, which represents the effects of the wick structure. For
any given horizontal and vertical wick structures there exists
an optimum flow channel angle. The optimum value occurs
due to the influence of the flow channel angle on both the
vapor and liquid flows. A large flow channel angle results in
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Fig. 1 Variations of maximum heat transfer as a function of the
internal flow channel angle.
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Fig. 3 Effects of the vertical wick structure on the maximum heat
transfer.
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Fig. 2 Effects of the top and bottom wick structure on the maximum
heat transfer.
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Fig. 4 Variations of maximum heat transfer as a function of Darcy
numbers Daw and Davw.

an increased vapor space and a decreased vapor flow resis-
tance, thus increasing the maximum heat transfer capacity.
Conversely, a large flow channel angle results in less vertical
wicks, such that decreases the cross-sectional area of liquid
flow from the bottom wick to the top wick, hence, decreasing
the maximum heat transfer capacity. The balance of these
two effects leads to an optimum flow channel angle. It can
be seen in Fig. 1 that the optimum flow channel angle depends
more strongly on the vertical wick structure than on the top
and bottom wick structure. However, the optimum maximum
heat transfer depends mostly on the top and bottom wick
structure.

The effects of top and bottom wick structure on the max-
imum heat transfer capacity is illustrated in Fig. 2. Increasing
the top and bottom wick thickness results in a decreased re-
sistance to liquid flow within the top and bottom wicks, hence,
increasing the maximum heat transfer capacity. In addition,
for a fixed total thickness of the heat pipe H = hv + 2hw,
increasing the top and bottom wick thickness leads to a de-
creased capillary rise height of the vertical wicks, thus de-
creasing the resistance to the liquid flow from the bottom
wick to the top wick through the vertical wicks. However,
increasing the top and bottom wick thickness results in a
decreased vapor space thickness, thus increasing the resis-
tance to the vapor flow. The balance between the decreased
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liquid resistance in both horizontal and vertical wicks and the
increased vapor resistance leads to an optimum top and bot-
tom wick thickness, as shown in Fig. 2. Figure 2 also shows
that the maximum heat transfer decreases monotonically with
increasing the top and bottom wick shape parameter yw =
VeJKw. Based on the investigation of flow through porous
media by Vafai and Tien,6 an increase of yw leads to a larger
flow resistance in the wick, and thus, to a lower maximum
heat transfer.

Figure 3 shows the effects of vertical wick structure on the
maximum heat transfer capacity. An optimum vertical wick
thickness exists for any given porous media shape parameter
of the vertical wick yvw = Vsvw/^vw. A large vertical wick
thickness leads to a large flow rate of liquid from the bottom
wick to the top wick, and thus, to a higher maximum heat
transfer. On the other hand, a large vertical wick thickness
produces a larger resistance to the vapor flow due to the
decrease of the vapor space, thus decreasing the maximum
heat transfer. The balance of these two effects leads to an
optimum vertical wick thickness for the maximum heat trans-
fer capacity. Figure 3 also shows that for any given vertical
wick thickness an optimum vertical wick shape parameter is
observed. The optimum value occurs due to the influence of
the vertical wick material on both the frictional resistance to
the liquid flow within the vertical wicks and the capillary force
of the vertical wicks. A large vertical wick shape parameter
increases the frictional resistance to the liquid flow in the
vertical wicks, thus decreasing the flow rate of liquid from
the bottom wick to the top wick. Conversely, a large vertical
wick shape parameter increases the capillary force of the ver-
tical wicks, thus increasing the liquid flow rate in the vertical
wicks. The internal balance of these two effects leads to the
optimum vertical wick shape parameter.

Optimization of the Heat Pipe Design
To simplify the optimization of the disk-shaped heat pipe

design, the Darcy number is used to reflect the effects of the
wick structure (both the wick thickness and the porous wick
shape parameter), as shown in Fig. 4. Therefore, the maxi-
mum heat transfer capacity of the disk-shaped heat pipe is a
function of the internal flow channel angle, the Darcy number
of the top and bottom wicks, and the Darcy number of the
vertical wick. Figures 1 and 4 are then used to optimize the
disk-shaped heat pipe design.

It should be mentioned that the use of Fig. 4 requires a
judicious use of the parameters. As shown in Fig. 4, an op-
timum Daw exists for the heat pipe design. Different wick
material and thickness can be selected to obtain this optimum
value of Daw. Since Daw = ll(ywhw)2, and the maximum heat
transfer capacity increases dramatically as yw decreases, it is
preferred to select a smaller yw and a larger hw to obtain a
better result. However, from the boiling limitation consid-
erations, a smaller yw or a larger hw results in an increased
thermal resistance to the heat transfer across the liquid-sat-
urated wick, thus decreasing the maximum vertical heat flux
of the disk-shaped heat pipe. Therefore, the boiling limitation
should be taken into consideration when selecting wick ma-
terial and thickness.

Conclusions
A pseudo-three-dimensional analytical model has been for-

mulated for the parametric study of the maximum heat trans-
fer capacity of a disk-shaped heat pipe. The maximum heat
transfer capacity was evaluated as a function of design pa-
rameters based on the capillary limitation. The results show
that, for a fixed heat pipe thickness, the optimized flow chan-
nel angle, top and bottom wick thickness, vertical wick thick-
ness, and shape parameter of the vertical wicks exist for which
the capillary limit of the disk-shaped heat pipe reaches a max-
imum value. An optimized disk-shaped heat pipe design was

obtained based on the parametric study and the boiling lim-
itation.
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Introduction

M ATHEMATICAL models in engineering and physics
often contain noisy discrete data. Yet it is often desired

to obtain a solution to either a differential or integral equation
in the presence of such data. Shih et al.1 encountered such a
situation where an experiment was devised to map the inten-
sity of thermal radiation leaving a diffuse hemispherical shell.
Shih et al. developed a simplified mathematical model that
was expressed in terms of a Fredholm integral equation of
the second kind. Interestingly enough, this equation permits
an exact solution. In this case, the radiosity distribution along
the surface of the hemisphere is expressible in terms of an
integral containing the surface temperature distribution raised
to the fourth power.

Instrumental to the success of that study was the availability
of the exact solution for the radiosity distribution. Unfortu-
nately, most situations preclude the determination of the exact
solution for an integral equation that is derived from radiative
heat transfer. In response to this dilemma, this Note revisits
the exposition of Shih et al. and presents a general method
for determining the unknown radiosity in the presence of noisy
discrete temperature data based solely on knowledge of the
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