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Fig. 5 Temperature distributions for heat pipe startup from the
frozen state (test 3) (T = £0.75%).
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Fig. 6 Temperature distributions for heat pipe startup from the
frozen state (test 4) (T = £0.75%).
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Fig. 7 Temperature distributions for the heat pipe during tran-
sient testing (T = £0.75%).

increased from 6.06 to 6.57 W/cm®. Shortly after the increase,
a hot spot appeared in the evaporator region. Prior to the hot
spot, TC No. 1-11 were all isothermal.

In test 4, the heat flux initially was stepped up to 3.56
W/cm?, then increased to 6.06 W/cm?®, and then was decreased
back to 3.56 W/cm’ before being turned off. Thermocouple
No. 1 is not included with the transient data, shown in Fig. 6,
because it was not operating properly. Prior to increasing the
heat flux to 6.06 W/cm?, the heat pipe was isothermal through
TC No. 11. Even after the heat flux was increased to 6.06

W/cm?, TC No. 12 did not reach the isothermal temperature
of the rest of the heat pipe.

One test is presented where the heat pipe was operating at
steady-state initially and the heat flux was then increased and
decreased several times, as shown in Fig. 7. The heat pipe was
initially operating at a steady-state temperature of 565°C with
an applied heat flux of 7.11 W/cm?® in the evaporator region.
Thermocouple No. 12 was nearly the same temperature as the
isothermal portion of the heat pipe for # < 0 s. Once the heat
flux was decreased at t = O s, the temperature at TC No. 12
rapidly decreased below that of the isothermal portion of the
heat pipe. Because the heat flux was not increased back to the
7.11 W/cm?® value, TC No. 12 did not reach the heat-pipe
operating temperature during this test. Thermocouple Nos.
1-11 remained isothermal throughout the test.

Concluding Remarks

A Nb-1%Zr heat pipe with potassium working fluid was
tested under steady-state, transient, and relatively rapid startup
conditions. The heat pipe was heated by rf induction heating
up to a temperature of 675°C and a throughput of 600 W. The
heat pipe and the tests were well-characterized so that the data
may be used for comparison with analysis. Temperatures and
heat fluxes were recorded on a time scale of seconds to reduce
the computer time required for code validation.
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Nomenclature
A = surface area, m’
d = distance, m
F,_; = view factor of surface j as seen by surface i
L = length, m
r = radius, m
Subscripts
ab = annular disk of inner radius r, and outer radius r,
at bottom surface
au = annular disk of inner radius r, and outer radius r,

at upper surface
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si = shell interior surface

sid = shell interior surface of length d

te = tube exterior surface

ted = tube exterior surface of length d

a = annular disk surface of inner radius r, and outer
radius r;

b = bottom surface
exterior surface

B\
]

interior surface/intermediate between shell and tube
(between r, and r,)

~
]

s = shell surface
t = tube surface
u = upper surface
1 = element 1

2 = element 2
Superscripts

(1) = view factors derived by approach 1
(2) = view factors derived by approach 2

Introduction

HE analytical evaluation of the view factor gets compli-

cated with geometry and its numerical evaluation is cum-
bersome in practical applications involving systems discretized
into a large number of spatial meshes. Although software pack-
ages like FACET and VIEW' compute the view factors nu-
merically for complicated configurations, it is always advan-
tageous to have closed-form analytical solutions wherever
possible to reduce the computation time and tedium, and to
obtain insights of geometrical parameter dependence.

Coaxial cylinders are common to several practical applica-
tions and for analyzing the radiant heat exchange among their
surfaces, they are discretized into coaxial ring elements. Reid
and Tennant’ evaluated a single numerical integration after
three analytical integrations of the defining quadruple line in-
tegral, for ring surface elements on coaxial cylinders. Rea’
analytically derived the view factor between the outside of an
end-capped cylinder to an annular disk plugged at its bottom.
Howell* provided the view factors for an exhaustive coverage
of geometries, some in the form of analytical expressions and
some as numerical approximations or graphical solutions. The
view factor algebra outlined by Rea for the exterior surface of
a cylinder of smaller radius to the interior surface of a coaxial
cylinder of larger radius (configuration I in Fig. 1) was used
to obtain an analytical solution. Their compilation includes
some numerical results of Reid and Tennant for ring elements
of equal lengths on coaxial cylinders (configuration II in Fig.
1). Shukla and Ghosh® derived the view factors between var-
ious surfaces of an enclosure bounded partly by two coaxial
cylinders of different lengths and comprising an end capped
tube; the configuration considered by Rea is among them.

Srinivasan and White® derived the differential view factor
between differential rings on the tube exterior and the shell
interior surfaces of coaxial cylinders. These differential view
factors were numerically integrated to obtain the view factors
between finite length ring surfaces, and compared with the
numerical results of Reid and Tennant. Although they have not
addressed the issue raised here, their -statements could be con-
strued to infer that the view factors for configurations I and II
in Fig. 1 are different. Furthermore, if the view factors for
configurations I and II were known to be identical, then the
effort in deriving an analytical expression for the view factor
between differential rings on the shell interior and tube exterior
surfaces and then numerically integrating to obtain the view
factors for finite length rings would be known to them as re-
dundant.*® This difference is also reflected in the separate com-
pilation of Howell (configurations C-93 and C-95, for I and II,
respectively), in which an analytical solution is provided for
configuration C-93 and the numerical results of Reid and Ten-
nant for configuration C-95. There are no two identical con-
figurations compiled separately by Howell for which an ana-

lytical solution is provided for one and a numerical solution
for the other. Hence, it is concluded that though an analytical
solution is reported for configuration I (configuration C-93*),
it has always been thought to be different from configuration
II. This Note proves the equality of the view factors for con-
figurations I and II, conceptually and by view factor algebra.

Equality of View Factors
for Configurations I and II

Figure 2 shows two elements (1 and 2) of discretized coaxial
cylinders, giving two surfaces on the tube exterior fel and te2,
and two surfaces on the shell interior sil and si2. Because of
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Fig. 1 Configurations of coaxial cylinders: a) configuration I and
b) configuration II.

Fig. 2 Surfaces of coaxial cylinder elements.
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spacing d between the two elements, additional surfaces sid
and ted are also shown. In addition, four annular disk surfaces
(aul, abl, au2, and ab2) of inner radius r, and outer radius r,,
which are enclosing the elements, are also shown.

The view factor is based on geometric optics in which it is
assumed that radiation propagates in a straight line, and it con-
tains only the direct contribution of the radiation, i.e., the con-
tribution of the reflected radiation is not considered. It is math-
ematically defined as an integral over the two surfaces
exchanging radiation. The ray bundles emitted from surface
te2, which can directly reach surface sil and can determine
the area ranges among which radiation can be exchanged, are
exactly the same for configurations I and II and they are not
influenced by the obstruction in configuration II. The integrand
in the view factor is the product of the direction cosines related
to two points on the surfaces connected by a ray bundle di-
vided by the square of the distance between these two points.
Hence, the integration ranges and the integrands are the same
for configurations I and II. Nevertheless, because the view fac-
tors for configurations I and II have been assumed to be dif-
ferent,*® as stated in the Introduction, the following proof es-
tablishing their equality is presented.

The essential difference between configurations I and II is
the presence of the obstructing tube in configuration II. It will
be proved that this difference does not matter for the view
factor F,,_.. The view factor is split by two different ap-
proaches. In the first approach, the view factor is split into
view factors of two surfaces without obstruction, and in the
second approach, the view factor is split into view factors af-
fected by the presence of the obstructing tube. Because the
literature assumes these two approaches to give different re-
sults, they are denoted by superscripts (1) and (2), respectively.

Approach 1 (Independent of Obstruction)

By the conservation of radiant energy emitted by surface tel
towards surface si2,

(O] — — FM —_ . ) — M
Frel—si’.z—FreIAabZ FIel*nuZ_(Aa/Alel) [FabZ—lel leZ—Iel (1)

Equation (1) implies that if the imaginary surface ab2 is re-
moved, the radiation incident on it from surface rel will either
be incident on the imaginary surface au2 or on the surface si2.
By the conservation of radiant energy emitted by surfaces ab2
and au2 toward surface rel

) — —
Fopr—rer = Fapr—ger +1ea) Fop2—tea (2a)

Fan-geasier (2b)

1) —_ _
Fau2—rel = L au2—(rel +ted+1e2)

The superscript is not indicated for the view factors on the
right-hand side (RHS) of Eqs. (2a) and (2b), because these
view factors are between the exterior of a cylinder to an an-
nular disk plugged at its bottom, and have been analytically
derived and plotted by Rea.’ There is no obstruction between
the surfaces and, hence, no ambiguity. From Eqgs. (2a) and
(2b), it is evident that the view factors Fs_,., and F_,., are
unaffected by the inner cylinder of length L, being capped or
not, as the view factors between the imaginary annular disk
surfaces of element 2 and the cap radius r, are not featured.
From Egs. (1), (2a), and (2b)

FS;—:Q = (AJ/A)" {[Fabzv(mlﬂm) = Fapr—ted]

- FauZ—(led+le2)]} (3)

- [Fau2—(lel +ted+1e2)

Approach 2 (with Obstruction)
Similar to Eq. (1)

Fg{—siZ = (AA) [FS.;))Z"MI - F24)2—rel] (4a)
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Fig. 3 View factors for configurations I and II, comparison with
numerical results.

where the obstructing tube is now assumed to affect the view
factors in Eq. (4a). By the conservation of radiant energy emit-
ted by surfaces ab2 and au2 toward surface tel

?) — —_ -

Foprset = Fappean Fop2—an Fopa-sit (4b)
2) —_ — —_

Foprer = Faioan ) Fon— (4c)

The superscript is not indicated on the view factors on the
RHS of Egs. (4b) and (4c) because it is known unambiguously
that the obstructing tube affects these view factors and their
values would be higher in the absence of the tube. From Egs.
(4a—4c)

FEL%Z—SI'Z = (An/Alcl). [(Fnb’l—:ml -
= (Faz-an —

Fub2—abl - Fubz—u‘l)
- FauZw.ﬂ'l)] (Sa)

FauZ —abl

If the view factor F,,,; is not affected by the presence of the
obstructing tube, F)_,., given by Eq. (3) must be the same as
F3_,, given by Eq. (5a). By the enclosure rule

Fopreair =1 = Fapz—rea = Fupa—sia (Sb)
Fopean =1 — Fab2~ue1+md) - Fah2v(xil+sid) (50)
FauZ—aul =1- FuuZ—(le¢I+te2) - Fau’.’—(:id+si2) (Sd)

Fozean =1 — Fau2—(1e|+[ed+re2) - Fau2—(_\‘il+:id+si2) (5e)

From Egs. (5b) and (5c), and by the conservation of radiant
energy

Fnbl—aul - Fabz—abl = Fab2—(rel +red) FubZ—red + Fo-sit (6)
Similarly
Foiz-ant = Faz-an = Fan—get+reariery = Faz-geariery T Faa-sin @]

From Egs. (5a), (6), and (7), F()_,, is written as

F§3;~sﬂ = (Au/Aw) " {[Fnbz—mwmu ~ Faprted)

Fm42—(red+xe‘.’)] } (8)

- [Fm.z—(xe1+ud+:e2) -
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Comparing Egs. (3) and (8) shows F{}_,, = F_,;, and, hence,
completes the proof that the obstructing tube does not affect
the view factor from a tube exterior surface to a shell interior
surface. The view factors of configurations I and II are iden-
tical. Because an analytical solution for the view factor of con-
figuration I has been provided by Howell, the same can be
used for configuration II. Figure 3 shows the comparison of
the analytical solution (configuration I) with the numerical re-
sults of Reid and Tennant,” and the numerical results of Sri-
nivasan and White® (both of configuration II). The indication
that the analytical solution compares well with the numerical
results supports the proof.

Concluding Remarks

The view factors for configurations I and II are proved to
be identical. The view factors for configuration II, based on
the analytical solution reported for configuration I, agree with
the numerical results reported for configuration II. The ana-
lytical solution for configuration I can be used to obtain the
view factor for configuration II.
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Effects of Contact and Spreading
Resistance on Heat Sink
Cooling Performance
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Introduction

N a system’s environment, the junction temperature of a
semiconductor device depends on the thermal resistance be-
tween the die, heat-sinking material, and ambient. To ensure
the junction temperature will be maintained within a safe op-
erating region, the thermal resistance must be reduced at the
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same rate that the power is dissipated. Consequently, under-
standing the contributors to the total thermal resistance helps
in the design of thermal management.

In this work, experiments were conducted to investigate the
effects of heat sink fin geometry and material selection on the
cooling of a silicon test chip. The apparatus was instrumented
so that the contributions to the total thermal resistance could
be measured. Closed-form analytical expressions were used to
predict the average thermal spreading resistance within the
heat sink and the die-heat sink contact resistance.

Experiment Setup, Procedure,
and Uncertainty Analysis

Two different heat sink pin arrays and materials were stud-
ied. Identical carbon composite and aluminum heat sinks were
milled to have a square base measuring 50.8 X 50.8 mm. All
of the fins were square and measured (d X d). The fin-to-fin
spacing, s, varied as the number of fins, n, were changed (see
Table 1).

All heat sink contact surfaces were subjected to a grinding
process that produced an rms surface roughness of 0.203 um
(8 pin.). The flatness of the heat sinks was 4 mil/in. The heat
sinks were instrumented with four 36-gauge copper-constantan
thermocouples. As shown in Fig. 1, one thermocouple, T,, was
placed 1.0 mm from the base, and the remaining three ther-
mocouples, T,, were placed 1.0 mm from the top of the heat
sink base plate. The silicon thermal test chip has its own in-
ternal thermal diode that was used to measure the junction
temperature, 7;. All measurements were collected using a
NetDaq data-acquisition system.

The silicon test chip was an OLGA (organic land grid array)
type, measuring 12 X 12 mm and capable of generating 30
W. The test chip was placed into an electrical contactor that
was attached to an FR-4 load board. The setup is illustrated in
Fig. 1. A dc power supply provided power input to the test
chip. The contactor and load board were backed by a fiber-
insulating board to minimize the heat loss through the bottom
and sides of the apparatus. The heat sinks were placed on top
of the test chip and loaded to give a constant die to sink contact
force of 25 N for all experiments. This ensured good electrical
contact between the test chip and contactor as well as good
test chip to heat sink thermal contact. It is a well-documented
fact that thermal contact resistance decreases with increased
contact pressure; however, for OLGA packages, realistic limits
of contact pressure are limited to ensure that solder joint attach
and package surfaces are not damaged.

Steady-state air-impingement flow experiments were con-
ducted with a round nozzle of diameter D = 6.4 mm. The
results presented here were performed with Rep, = 4.5 X 10°.

Table 1 Fin numbers and spacing of
arrays used in experiments®

nXn 7 X7 13 X 13
5.08 2.03
s 2.54 2.03

*Numerical values are in millimeters.

-

Contactor

Fig. 1 Schematic of experimental setup. The thermal test chip is
placed into an electrical contactor and the heat sink is placed on
top of the test chip. Air is then impinged on the heat sink at Re,
=4.5 x 10*



