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Heat Transfer Optimization Within
Open-Ended Annular Cavities
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Nomenclature
A = exposed surface area of the annular cavity
A, = heated area of the annular cavity
dA = elemental surface area
h = heat transfer coefficient
k = turbulent kinetic energy
L = length of the annular cavity
L, = length of the extended computational domain
Nu = Nusselt number
n = distance normal to the surface
Pr = Prandtl number, v/«
g = reference heat flux, applied uniform flux for the
baseline case
Ra* = modified Rayleigh number, gBgR3/Aav
R. = radius of the extended computational domain
R, = radius of the inner cylinder
R, = radius of the outer cylinder
T = temperature
7. = ambient temperature
t = thickness of the annular cavity components
u, = radial velocity
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Introduction

ROCESSES involving buoyancy-driven convection in

open-ended cavities have been receiving a great deal of
attention in recent years, This is primarily because of the fun-
damental nature of the geometry associated with it, which can
be used to study the physical processes in a wide range of
modern technological applications. These applications include,
but are not limited to, fire research, cooling of the target for
boron neutron capture therapy application, passive solar heat-
ing, energy conservation in buildings, cooling of electronic
equipment, and modeling of thermosyphons, One of the main
characteristics of buoyancy-induced flows in open-ended struc-
tures is its basic geometry, which, among other aspects, reveals
the interactions and the influence of the inner (inside the cav-
ity) and outer (the open region) flow and temperature fields.
A limited amount of work has been done in the past to un-
derstand such interactions. In addition to constituting a fun-
damental area of research in heat transfer, understanding these
interactions allows a better identification of the design param-
eters in a number of practical applications.

Because of the inherent nature of the geometry, natural con-
vection in open annular cavities is a highly complex phenom-
enon and a theoretical analysis of this problem has to account
for the three dimensionality of the flow. Hence, the amount of
data reported in the literature pertaining to this geometry is
very limited.'~?

In this work, a numerical model was developed to study
natural convection cooling within an open annular cavity, The
three-dimensional time-averaged equations of turbulent fluid
flow and heat transfer (coupled with the k- model to char-
acterize turbulence effects) were solved using a finite element
method. Calculations were made for different open annular
cavity configurations to investigate the influence of various
geometric parameters on heat transfer characteristics of open
annular cavities.

Problem Description and Solution Method

The physical model considered in the present study is an
annular cavity with one end open to the ambient air. Experi-
mental data for this configuration was obtained recently by
Desai and Vafai.* The cavity was heated by applying a uniform
heat flux to each cavity component. The equations governing
the buoyancy-induced flow that develops in the surrounding
air are the Reynolds’ time-averaged equations of fluid motion
coupled with the energy equation in the fluid and in the solid
walls of the computational domain. The -2 model was used
for simulating turbulent characteristics of the convective flow.

The application of the turbulence modeling approach used
in the present work to complicated forced flows involving

strong and subtle flow reversal has already been demonstrated

by Haroutunian and Engelman.’ This model was found to be
more accurate and computationally more effective than the
k-e model using standard wall functions. The elliptic form of
the mean conservation equations (mass, momentum, and en-
ergy) were solved throughout the computational domain, The
viscosity-affected region between the wall and the fully tur-
bulent region away from the wall was modeled by means of
a single layer of special elements. These specialized shape
functions that were based on universal near-wall profiles ac-
curately resolved the velocity and temperature profiles near the
wall. Further details of the turbulence model can be found in
an earlier paper® and have not been presented here for brevity.
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The no-slip boundary condition for velocity was applied at
all the solid walls of the computational domain. Across the
vertical symmetry plane of the annular cavity, it was assumed
that no exchange of energy occurs, Therefore, the boundary
conditions at this symmetry plane are

To account for the unknown boundary conditions at the open
end of the cavity, calculations were performed in a computa-
tional domain extended beyond the open end. The extension
to the computational domain is basically a cylinder of radius
R, and length L,. After extensive numerical experimentation,
the following conditions were imposed at the far-field locations
(based on an earlier study by Desai and Vafai®):
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It was established (based on rigorous numerical experimenta-
tion) that the size of the extended computational domain re-
quired is at least three times the cavity size to eliminate the
effect of the far-field boundaries on the conditions near the
cavity. Finally, the interfacial boundary conditions between the
cavity walls and air, the outer vertical wall and air, and also
the outer cylinder and outer vertical wall were satisfied.

The set of governing equations along with boundary con-
ditions were discretized by using a finite element formulation
based on the Galerkin method of weighted residuals (FIDAP").
These highly coupled, nonlinear equations were solved by us-
ing an iterative solution scheme based on the segregated so-
lution algorithm, which involves decomposition of the entire
system of equations into smaller subsystems corresponding to
each independent variable. Each subsystem was then solved
by using an iterative solver based on a combination of the
conjugate residual and conjugate gradient schemes. Conver-
gence was assumed when the relative change in variables be-
tween consecutive iterations was less than 0.1%.
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An average heat transfer coefficient, mean temperature, and
average Nusselt number for the cavity were defined as

b = [g/(T — T))(AW/A) &)
T,,,:deA/fdA 6)
Nu, = b, R, /A Q)

Results and Discussion

To determine geometrical parameters favorable for efficient
cooling of an open-ended annular cavity, the four geometries
shown in Fig. 1 were studied. To evaluate the relative thermal
performance of these geometries, the same total heat input was
applied to each geometry. For configuration 1 (baseline case),
a uniform heat flux was applied to each component of the
cavity. For configuration 2, the inner cylinder heat flux was
equal to the heat flux in configuration 1 while a new heat flux
was applied to the endwall. For configuration 3, the uniform
outer cylinder heat flux was the same as configuration 1 and
a new flux over the endwall and inner cylinder was applied.
The component heat fluxes for configuration 4 were also spec-
ified in a manner similar to configuration 3. The applied heat
fluxes for the four geometries are shown in Fig, 1.

The dimensions of all the open annular geometries were
defined by the radius ratio R,/R, = 0.375, length to outer cyl-
inder radius ratio L/R, = 0.35, and wall thickness to outer
cylinder radius ratio #/R, = 0.025. The thermal conductivity of
the cavity components was taken to be 6000 times that of air
while the thermal conductivity of the outer vertical wall was
twice that of air, Results presented here correspond to a mod-
ified Rayleigh number Ra* = 4 X 10° and Pr = 0.7, which
was based on the uniform heat flux applied to the components
of the baseline case. These values correspond to those used in
the experimental study of Desai and Vafai,* enabling a direct
comparison for the baseline case,

For all of the computational runs, approximately 100,000
elements were required to obtain grid-independent results. Ini-
tially, the turbulence modeling approach was rigorously
checked by focusing on turbulent buoyancy-driven flow in an
annulus bounded by concentric, horizontal cylinders and adi-
abatic endwalls using both two- and three-dimensional analy-
ses. Results were obtained for Rayleigh numbers ranging from
10° to 10°, and the effects of Prandtl number and radius ratio
on the flow and heat transfer characteristics were examined.®
Good agreement was obtained between the results from this
study and previously published works. Final validation of the
numerical methodology used in the present work was obtained
by comparison -of the numerical results for the baseline case
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Fig. 1 Different open annular cavity configurations: a) 1,b) 2,¢c) 3, and d) 4.
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with available experimental data.* For the Rayleigh number
considered (4 X 10°), the results agreed within 8% and dis-
played precisely the same trend at different axial and radial
locations.

Flow Patterns

Path lines of fluid flow obtained from the numerical results
for the baseline case (configuration 1) revealed that the bulk
flow is characterized by fluid entering the cavity axially
through lower regions of the aperture plane (the suction effect)
and hot fluid exiting the cavity from the top (the ejection ef-
fect) after gaining energy from the heated internal surfaces of
the cavity. The suction mechanism yields an axial inflow of
ambient fluid into the lower half of the cavity. Part of this
incoming fluid gets entrained into the boundary layers along
the inner and outer cylinders, while the remaining fluid pro-
ceeds along the axial direction toward the endwall, Finally, the
air particles that reach the endwall acquire additional energy
from this surface and rise in a boundary layer along it. Fluid
motion in the upper half of the symmetry plane is primarily
characterized by the rising plume from the top of the inner
cylinder and a strong axial outflow of hot fluid. The ejection
of fluid as a buoyant jet from the top of the cavity is one of
the distinct characteristics of open cavity flows. At the aperture
plane, there is an outflow region just below the inner cylinder
and an inflow region just above it. An upward flow along the
tip of the inner cylinder was also observed. Part of this flow
gets entrained into the cavity because of the local suction effect
at the top of the inner cylinder while the remaining portion is
entrained within the buoyant plume rising from the inner cyl-
inder at the aperture plane.

For configuration 2, the absence of the outer cylinder basi-
cally eliminates the cavity portion of the geometry, facilitating
direct interaction between the cavity components and the am-
bient air. Ambient air comes in direct contact with the lower
portions of the endwall, rises along the endwall, and exits as
a buoyant plume from the top. Unlike the baseline case, axial
effects are not very significant in this configuration. For con-
figuration 3, the flow characteristics are essentially similar to
the baseline geometry, i.¢., air enters the cavity through the
lower regions and exits as a hot buoyant jet from the top of
the cavity, The extended portion of the inner cylinder beyond
the annular cavity is exposed directly to the ambient air,
Hence, this portion of the inner cylinder can interact more
freely with the surrounding air. However, the additional ma-
terial obstructs the penetration of fluid into the cavity, espe-
cially from the lower to the upper half of the aperture plane.
Finally, for configuration 4, changing the shape of the inner
cylinder from cylindrical to conical has a favorable effect on
the flowfield, The cylindrical shape in the other geometries
results in a stagnant zone below the inner cylinder. In contrast,
for configuration 4, the flow does not have to negotiate a 90-
deg turn at the junction of the endwall and the cone caused by
the inclined surface of the cone. The results also indicated
much better penetration of ambient fluid into the cavity.

Heat Transfer Results

The average cavity temperatures and cavity Nusselt numbers
for the four geometries are shown in Table 1. The cavity Nus-
selt number is a measure of the overall convective heat transfer
rates from the cavity. The most significant advantage of con-

Table 1 Comparison of the thermal
characteristics of the different open
annular geometries

Configuration Average T, °C Average Nu
1 96.9 52.73
2 116.1 65.21
3 87.8 53.05
4 96.0 56.76

figuration 2 is the elimination of the outer cylinder from the
geometry. In the lower portions of the cavity, this arrangement
allows cold, ambient air to come directly in contact with the
endwall. This is in contrast to the other geometries where the
ambient air has to penetrate the annular cavity before reaching
the endwall, In the upper portions of the cavity, the presence
of the restrictive upper surface of the outer cylinder for con-
figurations 1, 3, and 4 causes the thermal boundary-layer thick-
ness over the outer cylinder and endwall to increase as air
impinges on the outer cylinder and moves axially toward the
open end of the cavity. In configuration 2, on the other hand,
the air rises freely as a buoyant plume above the endwall, It
can be seen from Table 1 that configuration 2 has the best heat
removal capabilities among the four cases considered. How-
ever, the reduced surface area (and, hence, the high applied
heat flux on the endwall) also results in the highest average
temperatures for this case.

From the flowfield results discussed earlier, it was apparent
that configuration 4 allows good penetration of ambient air into
the cavity. This implies improved interaction between the cav-
ity components and the ambient air and, hence, improved ther-
mal characteristics. Therefore, configuration 4 has higher heat
transfer rates than configurations 1 and 3 (Table 1). The av-
erage temperature of the cavity components for configuration
4 is approximately equal to that for configuration 1, in spite
of the reduced surface area (and, hence, higher endwall and
inner cylinder heat fluxes). This is a further indication of the
favorable heat transfer characteristics induced by the shape of
the inner cone.

The lowest temperatures were observed for configuration 3,
primarily becaus ¢ of the higher surface area for this geometry.
The heat transfr+ coefficients were only slightly higher than
configuration 1. The Nusselt number per unit area was the least
for this geometry, indicating the poorest heat removal capa-
bilities per unit area. Moreover, an increase in the length of
the inner cylinder could result in increased weight, without
providing any advantages from a heat transfer point of view.

Conclusions

Natural convective air cooling of open-ended annular cavi-
ties was investigated using a finite element analysis. Different
configurations were analyzed to determine important parame-
ters for improved thermal performance. The main conclusions
of this work are summarized: ;

1) The annular cavity nztural convection flowfield shows a
strong interaction between the ambient air and the cavity air
through the open end, The flow is characterized by cold, am-
bient air entering the cavity through the lower regions of the
cavity and exiting as a hc r bnoyant jet from the top.

2) Configuration 2 provided the highest heat transfer rates
for the cavity because of the improved interaction with the
surrounding air. However, because of the reduced surface area,
maximum temperatures were also encountered in this geome-
try.

3) Configuration 4 also showed improved flow and temper-
ature patterns with heat transfer coefficients second only to
configuration 2, Furthermore, the surface temperatures in this
geometry were much lower than configuration 2. -

4) Configuration 3 provides the lowest temperatures, mainly
because of the higher surface area. This geometry provides the
poorest option as far as cooling characteristics are concerned.

Clearly, changing the inner cylinder shape (from cylindrical
to conical) improves the flow patterns and, hence, the cooling
characteristics. On the other hand, elimination of the outer cyl-
inder has the highest heat removal capabilities if the limiting
temperature tolerances can be raised.
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Thermal Property
of a Two-Dimensional Partially
Conducting Thin Screen
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Introduction

T HE study of the thermal resistance caused by a layered
substance imbedded in a medium of different property is
important in the design of composite elements. The solution is
one dimensional if the layer is uniform and continuous.' How-
ever, the problem is two dimensional and much more difficult
if the layer is composed of discontinuous thin slats arranged
in the same plane, such as a two-dimensional screen. This
sitwation occurs in composites that have a layer of evenly
spaced thin fiber reinforcements (Fig. 1a).

Since the temperature field is potential, the results of this
Note may also be applied to many other analogous problems
that are governed by Laplace’s equation: electrostatics, mag-
netostatics, mass diffusion, inviscid fluid flow, and flow in po-
rous media,

There are numerous ways to solve the potential equation,
including complex transforms, separation of variables, bound-
ary integrals, summation of singularities, and direct numerical
integration. However, as we shall see later, the geometry and
the boundary conditions make most methods impractical, We
shall use an eigenfunction expansion and collocation method
that is well suited for this problem.

Formulation

Let the thermal conductivities of the screen material and the
imbedding medium be x, and &, respectively. Let the screen
be of thickness ¢, composed of slats spaced 2L apart, and with
gap widths of 2bL. The equivalent conductivity of the screen
is determined through its effect on the mean temperature drop
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under an applied constant flux @ at infinity. The problem is
much simplified if we assume the screen is thin, i.e., ¢ << bL
< L. The modeling is as follows.

Let T'(x', y') be the temperature distribution in which (x’,
»') are Cartesian coordinates with origin at the midpoint of a
gap, where we set T to zero. Since the screen is thin, we
expect the flux to be mainly directly across the slats. Thus, the
temperature within the slats is locally linear (except in a small
region of order ¢ near the tips). The local heat flux q (for bL
=y=<L)is

9" = .{T'[(#2), y'] = T'[~(2), y' 1}t @

This flux is equated with that from the medium

, ar' (¢ | ar’ t
q(y)—Kzex, (2”’)""’3;#( 2,y) 2

Because of symmetry we find
T'[(2), y'l = =T'[—(¥/2), y'] 3)

We normalize all lengths by L, the temperature by QL/k,, and
drop primes. Equations (1-3) yield

aT [ ¢ 2Lk, '
55(52’3'):(?:)T(i’y) @

Since ¢ << L, Eq. (4) is approximated by

i

aT
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where & = (2Lk,)/(tk;) is a nondimensional parameter repre-
senting the relative conductivities. We can now solve the de-
coupled problem for the medium only. The governing equation
is

*T 9T
ot "5y = 0 R

with the boundary conditions, Eq. (5). Because of symmetry
we have

TO, » =0 |y[<|b| )

The condition that the flux at infinity is Q gives

aT
—=1 as x— ® (8)
ox

Because of periodicity we can consider only the domain x =
0, |y| = 1 (Fig. 1b), with the additional condition

aT
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Nonconducting Case

In this special case, 8 = 0, and the problem is analogous to
the potential flow over a screen. A Schwarz~Christoffel trans-
form® yields

T=_-Re <°°Sh { sin[(m/2)b] D o

where z = x + iy, The temperature along the x axis is

—i sinh[(7/2)x]
sinf(m/2)b]
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T(x, 0) = %Re [(fn (
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