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with a two-dimensional laminar numerical model employing the Navier-Stokes equa-
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obstacle as the ratio definition of the Nusselt number can obscure large temperature
increases. The results find that the proper placement of geometrically dissimilar
obstacles, such as a taller obstacle, can be used to passively enhance the heat transfer
in its vicinity. This effect would be dependent upon the flow rate and geometries in
order to control the reattachment zones and their subsequent convective augmen-
tation. The experimental results are found to be in good agreement with the results
Jrom the numerical simulation. Finally, a set of pertinent correlations for the arrays
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smaller widths have more intense three-dimensional transport
effects.

The two-dimensional conjugate heat transfer problem for
laminar flow over an array of three obstacles was solved, utiliz-
ing a control volume formulation, by Davalath and Bayazitoglu
(1987). Their obstacles had uniform conductivity and were
volumetrically heated. The spacing between the obstacles was
varied from one to two times the obstacle width. Their analysis
included the effects of obstacle spacing on the maximum tem-
perature attained within the obstacles and the development of
overall mean Nusselt number correlations of the form Nu,, =
a Re® Pre for the obstacles.

The use of an odd-sized rectangular obstacle within a three-
dimensional array of square obstacles, with maximum heat
fluxes of 6700 W/m?, was found to enhance the heat transfer up
to 40 percent by Jubran et al. (1996). Jubran and Al-Salaymeh
(1996), using a similar experimental apparatus added spanwise
ribs and spanwise ‘“film cooling’’ to the obstacle array in order
to enhance heat transfer up to 50 percent. Pressure drops were
found to increase by nearly 70 percent when utilizing these
techniques. Sparrow et al. (1984) also investigated the effects
of height differences within three-dimensional arrays of square
obstacles and found, using the naphthalene sublimation tech-
nique, heat transfer enhancements of up to 80 percent compared
with an array of uniform height. A comprehensive experimental

Introduction

The canonical model for the cooling of electronic devices,
convective heat transfer from discrete heated obstacles in a
channel, has been of interest for several decades (Peterson and
Ortega, 1990). With each new generation of electronic devices
that are further miniaturized and, concurrently, required to han-
dle and dissipate larger energy loads, thermal management be-
comes the limiting operational factor (Mahefkey, 1995). In
order to reduce localized hot spots, increase energy throughput,
and reduce the failure rate, which is proportional to the exponen-
tial of the device junction temperature (U. S. DoD, 1991),
thermal design of electronic components must necessarily be
improved.

The forced convective cooling of flush-mounted and protrud-
ing two-dimensional heated obstacles in a channel was experi-
mentally investigated by McEntire and Webb (1990). For an
airflow range of 10° = Re =< 10* and heat fluxes of 850 W/
m?, protruding heat sources were found to enhance the heat
transfer compared with the flush sources. The characterization
of turbulent flow and convective heat transport of single isolated
two and three-dimensional obstacles in a channel was performed
by Roeller et al. (1991). Larger obstacle widths increase the
flow acceleration by blocking more channel flow area while
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study of heat transfer in the entrance region of an array of
rectangular heated blocks was presented in Molki et al. (1995).

In the previous studies, the periodicity within the ten obstacle
array has been shown at the five percent difference level and at
the less restrictive ten percent level. The mean Nusselt number,
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which reflects both fluid and thermal conditions, for eight and
seventh obstacles were within five percent and ten percent, re-
spectively, of the value found at the ninth obstacle. The local
values of the velocity components and temperature at the ‘‘peri-
odic’’ boundaries clarify and support the use of periodic bound-
ary conditions for obstacles that are assumed to be located away
from the entrance. Comparisons with experimental work shows
similar results. Lehmann and Pembroke (1991) reported Nu,,
being constant, within experimental uncertainty, for rows six to
ten. Garimella and Eibeck (1990) reported that the heat transfer
coefficient was asymptotic by the fourth row in their experi-
ments,

This work presents a systematic and thorough investigation
of forced convective cooling of a two-dimensional array of
multiple heated obstacles located upon one wall of an insulated
channel. Experiments were performed for a generic set of obsta-
cles representative of an electronics cooling configuration over
a range of geometries, input thermal energies, and airflow rates.
The experiments were cartried out over a range of Reynolds
numbers, 800 = Rep, = 13000, typical of forced air cooled
electronics. The input heat flux to the test articles mounted
within the channel ranged from 950 = ¢” =< 20200 W/m?. This
input heat flux range significantly extends that seen in the open
literature for forced air cooling experiments of heated obstacles.
The influences of parametric changes in the obstacle geometry,
spacing, number, thermal conductivity, and heating method, at
various flow rates, upon the flow and heat transfer were exam-
ined prior to experimentation to isolate the important criteria
for performing the tests. The dependence of the streamlines,
isotherms, and Nusselt numbers on the governing parameters
was studied. The different geometric arrangements that were
employed to study the effects upon the heat transfer include
changes in the channel height and the use of an individual
obstacle or an array of five similar obstacles. The effect of the
position of a taller obstacle within an array was also investi-
gated. It is shown that very large heat fluxes approach the limits
for sensible heat convective transport while substantially in-
creasing the obstacle to coolant temperature difference. The use
of a taller obstacle in an array was found to provide heat transfer
enhancement downstream as the core flow expands, providing
a method to tune thermal transport at specific positions.

Experimental Apparatus and Procedure

The test channel which was constructed to study the forced
convective heat transfer of the heated test articles, including the
entrance and outlet plenums and the related test and measure-
ment equipment, is shown in Fig. 1. The setup was designed
for accurate measurements as well as enabling a wide range of
adjustments in the relevant parameters, such as Reynolds num-
ber, channel height, and obstacle number and spacing. The pur-
pose of the experiments is to obtain the temperatures and con-

Nomenclature

vective heat transfer coefficients at the obstacle surfaces for
various coolant rates and obstacle arrangements.

As shown in Fig. 2, the channel walls, floor, and base were
constructed of 12.7-mm-thick clear acrylic (k =~ 0.2 W/m-K)
while the ceiling was 6.4-mm-thick clear acrylic. The test chan-
nel has a length of 2.5 m with approximately 1.7 m between
the entrance and test section. Slots in the vertical walls permit
ceiling assembly adjustments to be made that allow a channel
height range of about H = 10 to 90 mm. The channel width
was fixed at W = 305 mm to reduce end effects upon the
measurements made along the channel spanwise centerline.
Roeller et al. (1991) found, for a similar channel arrangement,
that the end wall effects were limited to ten percent of the
channel width. All joints were sealed with silicone rubber seal-
ant or vinyl tape to ensure that no air leakage occurred. At the
channel entrance, isolation from the ambient environment is
achieved using a large cubical plenum (0.8 m each side) with
multiple screens positioned at the inlet. A honeycomb structure
assures smooth airflow transition into the test channel. At the
channel outlet, a 0.4-m-long plenum with a gradual rectangular
to circular transition employs several layers of fine mesh to
isolate the test channel from downstream influences.

A regenerative blower, rated at 4 to 80 SCFM and operating
in suction mode to reduce airflow disturbances within the test
channel, drew air through the test channel and to the appropriate
orifice plate bypass flow meter (AquaMatic FLT series) de-
pending upon the desired flow rate. The factor calibration of
the flow meters showed accuracy of better than two percent.
The recommended lengths of straight pipe were installed before
and after the orifice plates to ensure accurate measurements. The
exhaust air was routed away from the experimental apparatus to
avoid tainting the inlet air or measurement of ambient condi-
tions.

The test articles that were mounted within the flow channel
were machined from solid 6061-T6 aluminum alloy (k = 165
W/m-K). As shown in the details of Fig. 2, a 3.2-mm-deep
cavity for the heater was machined into the obstacle base in
order to provide an insulative air gap between the obstacle and
the channel floor. The contact areas between the obstacle base
and the channel floor are only 1.6 mm wide across nearly the
entire channel width in order to reduce conductive losses to the
channel floor. The exposed obstacle surfaces were polished with
very fine steel wool prior to testing. The obstacles were firmly
affixed to horizontal slots in the test section vertical walls. This
arrangement allowed the obstacle number and spacing within
the test section to be varied. Two different obstacle sizes were
employed in this work: 28.6_25.4_305 mm and 28.6_12.7_305
mm (streamwise length, height, and spanwise width, respec-
tively).

The constant heat flux at the base of the test articles was
applied using thin-film etched foil heaters (Watlow Electric)

A, B, C, D = obstacle corners
D,, = channel hydraulic diame-
ter, m

g = heat transfer rate, W
g" = heat flux, W/m?

Rep, = Reynolds number, psu,, Dy/ iy

h = obstacle height, m
h. = convective heat transfer
coefficient, W/(m?*K)
H = channel height, m
k = thermal conductivity,
W/(m-XK)
L = obstacle streamwise
length, m
Nu = Nusselt number, s H/k;
Pe,, = Péclet number,
P1Co, UmH 1 Ky
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s = obstacle spacing, m
T = temperature, °C
u = velocity, m/s

W = channel width, m

u = dynamic viscosity, (N +s)/m?

p = density, kg/m?

O = dimensionless temperature,
(T = T.)/(q"Hlk)
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Subscripts
e = entrance
elec = electrical
f = fluid
m = mean
s = solid
w = wall
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Fig. 2 Details of the experimental test channel and test articles

rated at 100 watts with length 254 mm and width 25.4 mm. An
unheated spanwise length of 25.4 mm was situated adjacent to
the obstacle attachment points. The heaters were attached to the
obstacles by means of a pressure-sensitive adhesive capable of
providing good thermal contact. To reduce radiative losses, the
downward-facing exposed heater surface was coated with a
reflective low-loss coating while a thin reflective barrier was
applied immediately outside the four channel walls. Conductive
losses from the channel were reduced through the use of fibrous
insulation (k ~ 0.04 W/m-K) at the channel top (115 mm
thick) and bottom (48-mm-thick ) surfaces and expanded poly-
styrene insulation (k =~ 0.07 W/m-K), 40 mm thick, along the
vertical channel surfaces.

36 / Vol. 121, FEBRUARY 1999

In order to accurately measure the temperature of the wetted
surfaces, the aluminum obstacles were instrumented by embed-
ding thin (36 AWG) Type-E thermocouples in very small (0.76
mm) surface grooves designed to minimize flow disturbances
(Fig. 2). The thermocouple beads were located along the span-
wise obstacle centerline (W/2). The lead wires were led away
from the centerline in the grooves and routed underneath the
obstacle to avoid disturbing the airflow. High thermal conduc-
tivity cement (Omega OB-400) was used to hold the thermo-
couples in place and completely fill the grooves in order to
minimize the effects of removing material from the obstacles.
The taller obstacles employed ten thermocouples: four on the
top surface (BC) and three each on the up (AB) and down-
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stream ( CD) surfaces. The shorter obstacles had eight thermo-
couples: four on the top surface (BC) and two each on the
vertical (AB and CD) surfaces. One thermocouple was em-
ployed outside the test channel to measure the ambient air tem-
perature.

The electrical power to each heater under test was supplied
by a separate a-c autotransformer. The variable output of the
autotransformers allowed precise and individual control of up
to 140 VAC (at 0.5 percent or better) to be furnished to the
heaters. The RMS voltages and currents were measured using
calibrated digital multimeters. The thermocouple signals were
amplified, filtered, and multiplexed near the test section to re-
duce noise corruption and signal errors.

The experimental site was a very large volume room capable
of absorbing the warm airflow output from the blower without
affecting the ambient conditions. The experiments were per-
formed meticulously, for example, through verifications of ad-
justed dimensions with digital calipers, thorough cleanings of
the test channel interior, and regular observations of the flow
rate and the heater input powers. To begin the experiments the
blower was first metered to the desired flow rate. The required
input power to the heaters was then supplied by the autotrans-
formers while the voltage and current were recorded for heat
flux calculations. The obstacle temperatures were continuously
monitored until steady-state conditions were reached (approxi-
mately 45 to 300 minutes, depending upon airflow rate and
heater power). A data acquisition system was used to gather
and process the thermocouple signals and perform data reduc-
tion. To verify the attainment of steady conditions, several ex-
periments were run after the steady-state conditions were at-
tained to supply additional data for comparison. Duplicate ex-
perimental runs were performed at each test, and on different
days, to verify the repeatability of the results.

Data Reduction. The local convective heat transfer coeffi-
cient on the obstacle surface was defined as

- q
hT AT - T W

where the convective heat transfer, g, was calculated from
(2)

In the above expressions A, is the test article wetted surface
area, T and 7, are the local surface and ambient temperatures,
respectively, ge.c = EI is the total electrical power input to the
heater, and Goona» graa», and gy, are the heat losses due to conduc-
tion, radiation, and lead wire conduction, respectively. The con-
duction heat loss was estimated at four percent using measure-
ments of the temperature drop across the channel walls and
through use of a miniature heat flux sensor (Concept Engi-
neering) located beneath the channel floor. The radiation loss
was estimated at two percent while a one-dimensional conduc-
tion analysis found the heater lead wire loss to be less than one
percent and was combined into the conduction loss estimate.
Each temperature value (7, T,) gathered was the mean of 100
readings. The standard deviation for these sets of temperatures
was found to vary between 0.005 and 0.15°C.

The local Nusselt number was defined as Nu = 4. H/k;. The
mean Nusselt number was found as the average of the local
values,

qd = {elec — (qcond + qrad + qlw)-

Ny, = ——

A (3)

The Reynolds number was defined as Rep, = ppu, Di/ 1y,
where the mean fluid velocity, u,,, was found from the volumet-
ric flow rate within the channel and the channel hydraulic diam-
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eter is D, = 2WH/(W + H). All thermophysical properties of
the air were evaluated at the entrance temperature.

Experimental Uncertainty. An error analysis utilizing the
method of Kline and McClintock (1953), as extended by Moffat
(1988), was performed to evaluate the uncertainty in the experi-
mental data. The relative uncertainty of dependent variable R
= f(\;) was obtained using

5 R N X 273172
rPIC I
i=1 i

Best and worst-case values were assessed for the uncertainties
in the relevant independent variables. The Nth-order uncertainty
in the Nusselt numbers obtained was calculated to lie between
4.3 and 8.5 percent whereas that in the Reynolds numbers was
between 3.5 and 7.7 percent. A first-order uncertainty estimate
of the data scatter (Moffat, 1988) found that, in 25 repeated
trials, the standard deviation of the measured temperature differ-

ence T — T, for the ten thermocouples on an individual obstacle
was less than one percent.

(4)

Numerical Analysis and Procedure

A numerical model for the convective cooling of heated ob-
stacle arrays located in a two-dimensional insulated wall chan-
nel was developed and utilized for comparative purposes. The
Navier-Stokes equations for the laminar flow of a steady incom-
pressible Newtonian fluid with constant thermophysical proper-
ties were solved, fully accounting for the conductive energy
flow through the solid obstacles. The governing conservation
equations are

Mass
Ou;
— = 0. 5
o (5)
Momentum
Ou; op 0%u;
R — ) = - =+ —L 6
c”( e 6xk> %, | Ox 0x, (6)
Energy (fluid)
00 %0
Pey| u;——L . 7
eﬁ( . Ox; > Ox; Ox; )
Energy (solid)
00,
L o 8
6x,- 6x,~ ( )

Boundary conditions were specified along the entire solution
domain due to the elliptic nature of the governing equations.
At the obstacle bases, a constant surface heat flux was applied.

Entrance
=6y(1-y), v=0 ©=0 (9)
Outlet
Ou M o0
— =0, —=0, —L=0. 10
ox ox X (10)
Fluid/solid interfaces
00, o0
=0, =0, 0,=0, k—L=k-— 11
“ v =00 kS Tk - (D)
Channel walls
u=0, v=0, B—G)izo. (12)
Oy
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The system of equations that are being solved as well as the
boundary conditions are of the elliptic form. The reason that
the boundary conditions at the right-hand side of the domain
are not explicitly specified is explained in what follows (this is
already partly discussed in the text but in the revised manuscript
this discussion has been expanded). The fact that needs to be
mentioned in here is, through extensive numerical experimenta-
tion, it was discovered that the boundary conditions on the right-
hand side of the computational domain have a limited effect on
the upstream results. In fact, this influence was usually not more
than ten grid points upstream due to the strong parabolic nature
of the problem. Hence, the type of boundary condition specifi-
cation on the right-hand side of the computational domain did
not have much influence on the physical domain. Therefore, by
using an extended computational domain, very accurate results
for our physical domain were performed. That is, the computa-
tional domain was always chosen to be larger than the physical
domain. Extensive tests on the effect of varying the size of the
computational domain were run, and its effects on the physical
domain were observed to ensure that the boundary conditions
on the downstream side of the computational domain (the right-
hand side) had no influence on the results. In our work, for
simplicity, the conditions at the last interior grid points from
the outflow boundary condition in the previous iteration were
used and it yielded the same solution for the domain of interest
except for the region very close (this is the region which was
part of our computational domain but not the physical domain)
to the downstream boundary as when the other conditions were
used.

Indeed, this mesh was designed to capture the critical features
near the obstacle region and to provide sufficient mesh density,
with minimal element distortion, at the obstacle surfaces. Exten-
sive tests, involving mesh densities and gradings, were per-
formed to confirm the grid independence of the model until
further refinement showed less than a one-percent difference in
the results. To eliminate the influences of the entrance and outlet
upon the solution near the obstacle region, as described by
Vafai and Kim (1990), additional tests were performed by
individually increasing the lengths of the channel before and
after the obstacle array. Entrance effects were found to be effec-
tively isolated with L, = 2. An outlet length of L, = 8 ensured
that the large downstream recirculation zone was well ahead of
the outlet and that the fluid exited in a parabolic profile. There-
fore, the problem was solved without making any assumptions
regarding a periodic boundary condition and as such the solution
is more accurate.

The local Nusselt numbers, found from Nu = h.H/k =
— ®;‘(6®f/ dn), where n is the surface normal, were averaged
to obtain the mean obstacle Nusselt numbers. Because of the
geometric differences between the experimental flow channel
and the two-dimensional model, a geometric factor was utilized
to allow comparison between the Reynolds numbers. The mean
fluid velocities (u,) in the Reynolds number definitions for
the numerical and experimental methods were equalized, which
resulted in the ratio Ree,/Renm = W/(W + H), allowing the
numerical results to be compared with the experimental data.

To validate the numerical scheme used in the present investi-
gation, comparisons with previous studies were performed. This
was achieved through adjustments to the model to match the
geometric, hydrodynamic, and thermal conditions of the related
works. First, comparisons were made with the analytical solu-
tions of Cess and Shaffer (1959a, b) with respect to the prob-
lems of thermal entry length in a channel with constant wall
temperature or heat flux. Calculated entrance region and fully
developed Nusselt numbers showed excellent agreement. Next,
a hydrodynamic comparison with the single obstacle case of
Zebib and Wo (1989) was made. Thermal comparisons were
not made due to lack of information for their multiconductivity
obstacle and the multilayer channel walls with a constant con-
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vective coefficient beneath the bottom surface. Their three inlet
velocities correspond to Rep, = 806, 1772, and 3222. A compar-

ison of the recirculation zone and reattachment length behind
the obstacle was within ~2 percent for the lowest two Reynolds
numbers and within ~8 percent for the highest (run as laminar
flow even though the Reynolds number was well within the
transition regime).

The solution to the governing equations was found through
the Galerkin finite element method (FIDAP, 1993). A highly
variable mesh was employed to capture the critical features near
the obstacle regions and to provide sufficient mesh density, with
minimal element distortion, at the obstacle surfaces. Extensive
tests, involving mesh densities and gradings, were performed
to confirm the grid independence of the model. Complete details
of the solution scheme and the extensive validation studies can
be found in Young and Vafai (1998a, b) and will not be pre-
sented for brevity.

Results

The experiments reported here fall into three distinct classes
based upon the number and geometry of the test articles located
within the channel: an individual obstacle, an array of five,
similar obstacles, and an array of four obstacles incorporating
one taller obstacle. The study included the effects of changes
in the Reynolds number, Rep,, input electrical power to the
heaters, g, and channel height, H, upon the heat transfer,
characterized by the Nusselt number. The Reynolds number
ranged from 800 = Rep, = 13000 while the input electrical
power imposed upon the heaters, gq.. = EI, ranged from 6.1 to
130.2 W (950 = g%.. = 20200 W/m?, where g% = Guec/An
and A, is the heater-obstacle contact area). Measured tempera-
ture differences ranged from 3 = T, — T, = 148°C. The stream-
wise length of the obstacles, L, was chosen to nondimension-
alize the geometric data as it remained constant at L = 28.6
mm. Two obstacle heights were thus employed, A/L = 0.44
and 0.89, while the channel height varied in the range of 1.22
=< H/L = 3.11.

Single Obstacle. For these experiments a single obstacle
was placed within the test channel. Numerical results corre-
sponding to some experimental runs were obtained using the
method described above. Presented in Fig. 3(a) are compari-
sons between the experimentally and numerically obtained
mean Nusselt numbers for an individual heated obstacle of
height #/L = 0.89 in a channel of height H/L = 3.11. The
numerical model is seen to slightly over predict the Nusselt
number as the Reynolds number increases, from 3.6 percent at
Re = 770 to 13.6 percent at Re = 1530. Overall, the agreement
is very good and it was observed that the experimental and
numerical results display the same trends in the Nusselt number
with changes in the airflow rate. Similar comparative results
between the experimental and numerical data are shown in Fig.
3(b) for an individual obstacle of height /L = 0.44 within the
channel of height H/L = 3.11 in the laminar regime.

To provide a baseline for the parametric analyses and for
further comparison, a single obstacle of height #/L = 0.89
was placed within the test channel of height H/L = 1.57. The
mean Nusselt numbers of the single obstacle, for 800 = Rep,
= 13000, and an input power of g, = 54.6 W (gl.. = 8500
W/m?), were found and compared with the composite correla-
tion of Roeller et al. (1991) developed for a range of obstacle
geometries. Figure 4 shows the experimental mean Nusselt
number data for the parameters given above and two correla-
tions. The first is the least-squares correlation developed for the
experimental data,

Nu,, = 0.4472 Re*'*, (13)

with R? = 0.96, for the wide range of Reynolds numbers, 800
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The mean Nusselt number at Re;;, = 13000 in Fig. 4, consid-

ered as the baseline single-obstacle case (Nu,,, = 105.7), was
used to normalize the mean Nusselt numbers presented in the
parametric results of Fig. 5. An increase in mean Nusselt num-
ber with increased Reynolds number, for fixed geometry and
input electrical power, is shown in Fig. 5(a). As the flow rate,
and consequently the convective heat transfer was increased,
the average surface temperature difference decreased from
about 147°C to 32°C. With this large imposed heat flux, large
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Fig. 5 Mean Nusselt number comparisons, and corresponding tempera-
ture differences, between the single obstacle baseline case (Nu,,, =
105.7) and cases with parametric variations in (a) Reynoids number, (b)
input electrical power to the heater, and (c¢) channel height

airflow rates are required to keep the obstacle temperatures, and
corresponding electronic device failure rates, low. Figure 5(b)
reports the results found when at a fixed geometry (h/L = 0.89,
H/L = 1.57) and airflow rate (Rep, = 13000), the electrical
power input to the heater is parametrically varied from 6 W to
130 W (950 = g% = 20200 W/m?). The Nusselt numbers
are roughly grouped into two regions. At the lower heat fluxes
the Nusselt numbers are within =5 percent of that of the base-
line. At the larger heat fluxes the trend is for the Nusselt num-
bers to decrease with increasing heat flux. Though the decrease
in Nusselt numbers is small as the input heat flux increases from
about 15 to 20 kW/m?, the temperature difference increases
considerably. Such temperature increases have the potential to
destroy electronic devices, though this is not immediately appar-
ent when consulting the dimensionless parameters because the
q/(T — T,) ratio in the Nusselt number definition (Eq. (1))
decreases slightly as the heater input power is increased. The
general decrease in mean Nusselt numbers at greater heater
input powers suggests that the forced convective heat transfer
limit for direct air cooling is being approached (Peterson and
Ortega, 1990).

The effect that a change in channel height (122 < H/L <
2.97) for fixed-obstacle size, airflow rate, and input heater
power has upon the mean heat transfer is shown in Fig. 5(c¢).
The Reynolds number, for fixed airflow rate, changes about 15
percent due to the channel height variation. When the channel
height is at its lowest value, the airflow velocity through the
bypass region increases, causing an increase in the convective
heat transfer and a corresponding reduction in obstacle tempera-
ture compared with the baseline case. The Nusselt number for
the largest channel height (H/L = 2.97) was found to be about
five percent greater than for H/L = 2.27, though the larger
channel height case has a surface temperature difference of
about 14°C greater than that for H/L = 2.27. Again, due to the
exponential dependence of electronic device failure on tempera-
ture (U. S. DoD, 1991), hidden temperature increases, such as
these, need to be accounted for. A local minimum in the Nusselt
number versus channel height curve is expected as this curve
should have positive concavity. Consider the mean Nusselt
number definition Nu,, = (h.),H/k; « H/(T, — T.). At the
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Fig. 6 Mean Nusselt number comparisons between the experimental
and numerical results for a three obstacle array with #/L = 0.44, s/L =
0.44, H/L = 3.11, and ql;oc = 930 W/m?

smallest channel heights (H), with the resulting greater mean

channel airflow velocities (u,,), the reduced obstacle tempera-
ture difference dominates the Nusselt number. As the channel
height increases, the mean airflow velocity decreases, reducing
the convective transport at the obstacle and increasing its tem-
perature. Near the local minimum neither H nor (7,, — 7T,)
dominates the Nusselt number. However, as the channel height
increases beyond the local minimum, its increases are greater
than the resulting increases in temperature difference, causing
the ratio H/(T,, — T.), and, hence, the Nusselt number, to
increase. Consider dramatic increases in channel height (beyond
the heights given in the current experimental apparatus) where
the changes in temperature would be small compared with the
increases in H, resulting in an ‘‘artificial’’ increase in Nusselt
number.

Multiple Obstacle Arrays. The numerical analysis was
utilized to compare the mean convective heat transfer behavior
for the system-like configuration of an array of three heated
obstacles of height #/L = 0.44 and inter-obstacle spacing s/L
= (.44 within a channel of height H/L = 3.11. For the experi-
ments the input heat flux was gZ.. = 930 W/m? while the
airflow was kept within the laminar regime. Figure 6 shows,
for the three obstacles, the mean Nusselt number comparison
between the experimental and numerical analyses. Both analy-
ses show the trends of increased Nusselt number with increases
in Reynolds number and decreased convective heat transfer with
downstream obstacle position. For each of these trends, the
numerical analysis, however, shows differences, such as a
greater Nusselt number increase with increased flow rate and
larger Nusselt number decreases with downstream position. A
similar comparison for an array of five obstacles with the geom-
etry h/L = 0.89, s/L = 1.0, and H/L = 3.11, is shown in Fig.
7. A reduction in the disparities between the experimental and
numerical results could come with an increase in the sophistica-
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tion of the numerical model to include three dimensions and
low Reynolds number turbulence modeling, for example.

For the set of multiple obstacle array experiments, two differ-
ent test article geometries were considered. In the first case,
five identical obstacles of height 4/L = 0.89 and inter-obstacle
spacing s/L = 1.0 were placed within the channel of height H/
L = 1.57. In the second case, four obstacles of identical stream-
wise length and spacing (s/L = 0.72) were utilized, but three
obstacles were of height 4,/L = 0.44 while one was A/L =
0.89. The taller obstacle was systematically positioned in all
four possible locations within this array configuration to investi-
gate its effect upon the convective heat transfer.

The experimental mean Nusselt numbers for the five obstacle
array at 2500 = Rep, = 13000 and gl = 3750 W/m? are
shown in Fig. 8. An effort was made to compare this Nusselt
number data for the five heated obstacles with other experimen-
tal works. McEntire and Webb (1990) tested an array of four
two-dimensional surface-heated-only thermally insulative ob-
stacles. Their composite relation for the mean convective heat
transport considering all four obstacles in their array, over the
range 1850 = Re,, = 9300, was Nu,, o Re®®'. As shown in
Fig. 8, this composite correlation over predicts the data gener-
ated in the current experimental apparatus, which is to be ex-
pected as the insulative obstacles employed by McEntire and
Webb (1990) eliminate the reduced convective transport from
the vertical obstacle surfaces. The mean Nusselt numbers shown
in Fig. 8 do account for the reduced convective behavior along
the vertical surfaces of the conducting obstacles and, as a result,
show lower Nusselt numbers than the composite correlation of
McEntire and Webb (1990). However, the least-squares corre-
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Fig. 7 Mean Nusselt number comparisons between the experimental

and numerical results for a three obstacle array with h/L = 0.89, s/L =
1.0, H/L = 3.11, and g}, = 930 W/m?
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Fig. 8 Mean Nusselt numbers for the array of five identical obstacles
with h/L = 0.89, s/L = 1.0, H/L = 1.57, and g}, = 3750 W/m?

lation for the experimental data of Fig. 8, considering all five
obstacles in the array

Nu,, = 0.186 Re}’' (14)

(2500 = Rep, = 13000), does exhibit nearly the same Reynolds

number dependency.

The general trends in the obstacle mean Nusselt numbers are
an increase with increased Reynolds numbers and a decrease
with downstream obstacle position. At a Reynolds number of
about 4500, however, the relationship between the Nusselt and
Reynolds numbers changes. Dividing the data at this point and
applying least-squares correlations using the equation

Nu,, = A Rej, (15)
(with correlation coefficients greater than 0.99) shows a con-
siderable difference in the Reynolds number exponents (B),
as shown in Table . This is perhaps attributable to the change
in the flowfield from transitional to fully turbulent, though
velocity surveys would be required to corroborate this point.
The channel mean velocity at this flow rate is about 0.9 m/s.
Arvizu and Moffat (1981) found that, in the fully developed
regime of an array of obstacles, Nu,, & Re®”*, which is similar
to that reported here for downstream obstacles 2—5. The first
obstacle in the array was found to have a greater Reynolds
number exponent. This is due to the greater heat transfer along
the upstream vertical face (AB) caused by core flow impinge-
ment. The downstream obstacles do not experience this heat
transfer along their vertical faces because the core flow does
not expand substantially into the interobstacle cavities and
interact strongly with this fluid when the obstacles are moder-
ately spaced (s/L = 1.0).

Table1 Mean Nusselt number correlation parameters for the five identi-
cal obstacle array with h/L = 0.89, s/L = 1.0, H/L = 1,57, and Qaiec =
3750 W/m?

B
2600 - 4300 0.1262 0.699
5000 - 13000 0.0140 0.940
2 2600 - 4300 0.2701 0.605
5000 - 13000 0.0672 0.746
3 2600 - 4300 0.1028 0.703
5000 - 13000 0.0212 0.860
4 2600 - 4300 0.1339 0.661
5000 - 13000 0.0244 0.833
5 2600 - 4300 0.1661 0.632
5000 - 13000 0.0338 0.794
Nu,, =ARe},

h/1.=0.89, s/L=1.0, H/L =157, q/. = 3750 W/m?

Journal of Heat Transfer

hiL = 0.89, h2/l. = 0.44, §/L = 0.72, H/L = 1.57

- - 2
80 @ 100 = 3760 W/m?, Rey,, =9450
T, Ta=23C —
£ t 2 3 4
3 60
2 40C
44C 4a1C
40
80
—>
T -38C Lol on
E60 TniTe 12 3 4
3 25¢C
Z M
40
80
-
€ _Tm»79=39C 1 2 3 4
=] 6().0\_4
-4 ] 270\
] 42¢ L
401 48C
80
-
£ 17T, =41C 1 2 3 4
m-'e
3 603 45C A
1 51C 28C
40
1 2 3 4

Obstacle Number

Fig. 9 Mean Nusselt numbers for the four obstacle array with one taller
obstacle (h/L = 0.89) systematically positioned in an array of obstacles
with height h,/L = 0.44 (s/L = 0.72, H/L = 1.57, Rep, = 9450, q,).; = 3750
W/m?)

In order to quantify the effects caused by a taller obstacle
upon the heat transfer from the remaining shorter obstacles in
the array, in the thermal development region, experiments were
performed for four ordered configurations. In these four cases
the taller obstacle (2/L = 0.89) was systematically located in
the first through fourth positions in the array while the remaining
three positions were populated with obstacles of height h,/L =
0.44. All four of the obstacles were of the same length, L, the
interobstacle spacing was maintained at s/L = 0.72, and the
channel height was H/L = 1.57. The airflow rate was held at
Rep, = 9450 while the input electrical power to the heaters
yielded gl = 3750 W/m?,

When compared with the shorter obstacles in the array, the
introduction of the taller obstacle into the array reduces the
bypass area, causing the air flow rate to increase as it is diverted
upwards away from the channel floor into the bypass region.
Beyond the taller obstacle the core flow expands which, in the
absence of further obstructions, would produce a large recircula-
tion, with corresponding low fluid velocities, that would reattach
to the channel floor downstream. The effect found here was, as
expected, that the shorter obstacle immediately behind the taller
obstacle always showed a decrease in mean Nusselt number, as
shown in Fig. 9, and an increase in temperature difference (7,
- T,). It should be noted that the curves in Fig. 9 are for
illustrative purposes to elucidate the trends in the mean Nusselt
numbers for each of the obstacles in the arrays. The shorter
obstacles further downstream, however, show an increase in
Nusselt numbers. This increase is due to the reattachment of
the expanding core flow, causing increased mixing and flow
impingement upon these downstream obstacles.

The mean Nusselt numbers of the taller obstacle, at each
position in the array, form an envelope under which the Nusselt
numbers for the shorter obstacles remain below. The down-
stream obstacles with heat transfer enhancement due to flow
impingement do, though, draw near to these values. The temper-
atures of the shorter obstacles, however, are always larger than
that of the taller obstacle due to their reduced convective surface
area. This result suggests that the proper placement of geometri-
cally dissimilar obstacles, in this case a taller obstacle, can be
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used to passively enhance the heat transfer for critical compo-
nents in its vicinity, though, again, the temperature must be
found to characterize the thermal state of the component. The
proper tuning of such a system would be dependent upon the
flow rate and geometries in order to control the reattachment
zones and their subsequent convective augmentation. Since the
current experimental configuration emphasizes the spanwise ob-
stacle formation, the effect of the flow recirculation immediately
behind the taller obstacle is further pronounced. Without stream-
wise flow passages between obstacles, there is no suction influ-
ence to draw the fluid in this low-velocity /high-pressure region
away. The result is the heat transfer decrease immediately be-
hind the taller obstacle.

Conclusions

An experimental investigation was performed to determine
the thermal effects of parametric changes to a modular airflow
channel containing individual and arrays of heated two-dimen-
sional obstacles. The effects of changes in the channel height,
input heater power, and airflow rate upon the mean Nusselt
numbers and surface temperature differences were documented
for an individual as well as an array of obstacles within the
channel. As expected, low flow rates were found to significantly
increase the temperature of the obstacle due to reduced convec-
tive coefficients. Very large heater powers were also found to
increase the obstacle temperature as the limits for sensible heat
convective transport for air are approached. Large-obstacle tem-
perature increases, the critical measure for electronic device
failure, were explicitly detailed as they were found to be ob-
scured by the Nusselt number due to its definition as a ratio.
The experimental mean Nusselt numbers for individual and
multiple obstacle arrays were found to be in good agreement
with the numerical model. The mean heat transfer from individ-
ual and arrays of protruding heat sources within the channel was
correlated with the airflow Reynolds number. For the individual
obstacle, with A/L = 0.89, H/L = 1.57, and g3. = 8500
W/m?, the correlation obtained was

Nu,, = 0.4472 Re%*'*(800 = Rep, = 13000).

For the obstacle array with geometry 4/L = 0.89, s/L = 1.0,
H/L = 1.57, and gl = 3750 W/m?, correlations of the form
Nu,, = A Re}, (2600 = Re,, = 13000) were obtained for all
five of the obstacles within the array, where A and B are given
in Table 1. The position of a taller obstacle in an array was
found to reduce the heat transport from the obstacle immediately
behind it, though it also enhanced the thermal transport from
obstacles further downstream that benefit from increased mixing
and impingement as the core flow expands and reattaches. This
passive heat transfer augmentation effect would require the syn-
chronization of the airflow rate with the channel and obstacle
geometries to control the reattachment region and its subsequent
convective augmentation.
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