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Abstract

Flow characteristics and heat transfer in side-opened, end-sealed duct flows without and
with a 45° delta-wing turbulator were experimentally investigated. Three-component mean and
fluctuating velocity measurements were conducted at duct cross-sections and near duct wall by a
laser Doppler velocimetry to characterize flow structures and to obtain near-wall flow parameters,
including the convective mean velocity, second-flow velocity and turbulent kinetic energy. A
heated copper plate, installed on the duct bottom wall, was used as a heat transfer surface.
Temperatures on the heat transfer surface were measured using thermocouples to obtain the local
and averaged Nusselt numbers. The investigated Reynolds numbers were between 1546 and
15151. Results of this study show that the flow reversal, recirculation, reattachment and
redevelopment occur in the investigated duct flows. Also, the flows exhibit free and retarded
stagnation point flow behaviors. The turbulator causes large regions of small convective mean
velocity, and, in general, increases the flow secondary-flow and turbulence effects. Results also
show that the turbulator augments the heat transfer rate, which is mainly caused by the increases
of the flow secondary-flow and, especially, the turbulence effects. The heat transfer augmentation
increases with Reynolds number. The local heat transfer distributions for Reynolds numbers of
1546 and 15151 are dominated by the flow convective mean velocity and turbulent kinetic energy,
respectively.
Keywords: side-opened end-sealed duct flow, heat transfer, turbulator
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1. Introduction

Heat sinks play an important role in the heat dissipation in electronics, heat exchangers, computers
and so on. To cope with the ever mounting cooling duty of heat sinks, extensive studies have been
conducted on heat transfer augmentation by various types of turbulators, including rib turbulators, arrays
of pin fins, wing-type turbulators, shaped roughness elements, arrays of dimples and so on. For example,
Eibeck and Eaton [1] experimentally examined the heat transfer effects of an isolated longitudinal vortex
embedded in a turbulent boundary layer. They found that the longitudinal vortex effects on the Stanton
number were attributed largely to the distortion in the mean velocity field. Fiebig and his group [2-4]
conducted systematic experimental investigations on heat transfer enhancement and induced drag using
delta wings, rectangular wings, delta winglets and rectangular winglets in channel uniform flows. They
found that the heat transfer was increased up to 60° angle of attack. The heat transfer enhancement per unit
vortex generator area was the highest for delta wings followed by delta winglets and rectangular winglets
[2]. Their studies also showed that the vortices in the wake of the second row were more unsteadiness than
the first-row vortices [3]. A pair of delta winglets performed slightly better than a pair of rectangular
winglets at higher angles of attack and Reynolds numbers [4]. Tsai and Hwang [5] and Liou et al. [6]
investigated the effects of ridge shapes and rib-arrays on heat transfer. Their studies showed that various
ridge shapes have comparable thermal performance and the composite-ribbed performed best in their
ribbed configurations. Liou et al. [7] also studied the effect of divider thickness on the local heat transfer
distributions. Their results showed that the direction and strength of the secondary flow are the most
important fluid dynamic factors affecting the heat transfer distributions, followed by the convective mean
velocity and then the turbulent kinetic energy. Chen et al. [8-9] experimentally investigated wing-type
turbulator effects on flow characteristics and heat transfer in duct fan flows. Their studies indicate that the
rectangular- and delta-wing turbulators are able to augment heat transfer. The augmentation by the
rectangular-wing turbulator in fan flows is as effective as in uniform flows [8]. However, the delta-wing
effect on heat transfer in fan flows is not as attractive as in uniform flows [9].

The previous studies focused on the investigations of turbulator effects on heat transfer and flow
characteristics in general duct flows and fan flows, and indicated that turbulators have substantial effects
on heat transfer rates. In many fin-array heat sinks, the air streams flow in side-opened, end-sealed ducts,
where the air continuously leaks from two side openings prior to impinging on the ends of ducts. The heat
transfer and flow characteristics in such duct flows should apparently be different those in general duct
flows and fan flows, and such studies have less been seen in the literature. Recently, Chang et al. [10]
investigated the heat transfer in three side-opened and bottom sealed channels with two opposite walls
roughened by 90° staggered ribs. Results of their study show that the augmentation of spatially averaged
heat transfer by the 90° staggered ribs is in the range of 140-200% of the flat fins. They also formulated a
criterion for selecting the optimal length-to-gap ratio of a fin channel, which provides the maximum
convective heat flux from the rib-roughened fin surface. Chiang et al. [11] also investigated the heat
transfer in three side-opened and bottom sealed channels with two opposite walls roughened by 45°
staggered ribs. Results show that the 45° staggered ribs could further enhance heat transfer by 10-50%
over the 90° staggered ribs. These studies mainly focused on the heat transfer, but the flow characteristics
were less addressed. Also, the relations between the flow characteristics and heat transfer were not
discussed in these researches. The present study first investigates the cross-sectional flow structures in
side-opened, end-sealed duct flows without and with a 45° delta-wing turbulator. Three near-wall flow
parameters, including the convective mean velocity, secondary-flow velocity and turbulent Kinetic energy
are then obtained from the measured three-component mean and fluctuating velocities. Temperature
distributions on a heat transfer surface are measured to obtain local and averaged Nusselt numbers.
Relations between the near-wall flow characteristics and local Nusselt number distributions are discussed.
The turbulator effects on flow characteristics and heat transfer are addressed.

2. Experimental setup and methods

The primary experimental setup utilized in this research is shown in Fig. 1. An open-circuit wind
tunnel system, including a frequency controller, a blower, a diffuser, honeycombs, screens and a
contraction section, was used to develop uniform air flows with turbulence intensities less than 0.5 percent
at the inlet of a 12 x 3 cm?, 9 cm long test duct. The side walls of test duct were removed, and the end of
test duct was sealed. The air continuously flows out from two side openings prior to impinging on the end
of duct. A 45° delta-wing turbulator may be placed on the bottom wall, 2.75 cm upstream of the test duct.
The base width and tip height of the turbulator are 12 cm and 0.7 cm, respectively. The bottom wall of test
duct is served as the heat transfer surface. The duct average velocities were between 0.51 m/s and 5 m/s,
where the corresponding Reynolds numbers are between 1546 and 15151 based on the duct hydraulic
diameter.

Three-component, mean and fluctuating velocity measurements were performed using a TSI laser
Doppler velocimetry (LDV). Each velocity is calculated from 8192 collected velocity samples. The local



mean velocity (V) is the average value of the 8192 velocity samples and the fluctuating velocity is

obtained from 1/sz /8192—v° , where v is the local instant velocity. A smoke generator was used to

generate smoke particles, which were sucked into the test duct by the blower, for the LDV measurements.
These measurements were conducted at duct X-Y and X-Z planes to characterize the flow structures, and 2
mm from the heat transfer surface to obtain near-wall flow parameters, including the convective mean
velocity, secondary-flow velocity and turbulent Kinetic energy. The uncertainty in the measured velocity
ranges was less than 5 percent from the repeatability tests conducted during the test runs.

Qin - Qloss

The heat transfer coefficient, h=—"<I%5 \ya5 measured on the 9 x 12 cm? heat transfer surface,
AT, =To)

which consists of a 0.025 mm copper plate, a heating plate, and a balsa-wood insulation plate, see Fig. 2.
Electrical power, Qi,, ranged from 6.3 to 40.6 watts with 3 percent uncertainty, was supplied to the heating
plate from a DC power supply, resulting in a constant-heat-flux heat-transfer surface. The reference
temperature, Ty, is the air inlet temperature, obtained using a Type-T, 0.1 mm-diameter thermocouple
placed at the contraction section of the wind tunnel system. The surface temperature, T, distributions on
the heat transfer surface were obtained using 99 thermocouples, where the junction beads of
thermocouples were spot welded on the back of the copper plate. The surface temperatures were ranged
from 56 °C to 94 °C under the investigated conditions with the uncertainty of 1°C from repeatability tests.
Heat conduction loss through the back of the heating plate is calculated using the Fourier’s law, which is
estimated to be less than 3 percent of the total heat generated. Radiation loss is estimated to be less than
3.6 percent of the total heat flux. Conduction loss along the sides of the heat transfer plate accounted for a
small fraction and was neglected. The uncertainty in heat transfer measurement was estimated to be within
6 percent [12].

3. Results and Discussion

The cross-sectional flow structures in X-Z and X-Y planes for the flows without and with turbulator
were discussed. Figure 3 presents a typical mean flow velocity vectors in the central (Y/H=0.5) X-Z plane
for Re=15151 (U4=5 m/s) without turbulator. In this central plane, the flow is subjected to no
boundary-layer effect. Due to the side-opened, end-sealed duct geometry, the flow exhibits a free
stagnation point flow behavior, where a positive pressure gradient exists in the direction of flow. The flow
is forced to decelerate axially (X-direction) and accelerate transversely (Z-direction) outward as the flow
approaches the end wall. A stagnation point essentially exists at X/L=1, Z/W=0. Similar flow structures
were observed for other investigated Reynolds numbers. Figures 4(a-b) present the flow structures at
Z/W=0.583 in X-Y plane without turbulator for Re=1546 (Us=0.51 m/s) and 15151. In this cross-section,
the flow is flowing in a duct where the end, top and bottom walls are sealed. Due to the end-sealed wall
effect, the axial velocities decrease as the flow approaches the end wall. When the fluids impinge on the
end wall, they are forced to flow upward and downward, and impinge on the top and bottom walls. Then,
the fluids flow back to the main stream, causing the flow reversal and recirculation. Figure 4(a) shows that
the flow is disturbed near the end wall and extended to the origin of test duct (X/L=0) for Re=1546.
Reversed flow occurs approximately from X/L=0.38 to the end wall, and a small recirculation region
occurs near the end wall. Figure 4(b) shows that the disturbed flow region for Re=15151 is smaller than
that for Re=1546, due to the larger axial momentum and thinner boundary layer at the bottom wall.
Reversed flow occurs approximately from X/L=0.78 to the end wall, and a recirculation region still occurs
near the end wall. The flow structures at other Z/W positions are qualitatively similar to those shown in
Figs. 4(a-b). The 45° delta-wing turbulator effect on the flow structures in X-Y plane is presented in Figs.
5(a-d). It is noted that the turbulator, with vertical tip height of 0.7 cm (Y/H=0.233), is placed on the
bottom wall upstream of the test duct (X/L=-0.3055). Apparently, the flows are largely disturbed by the
turbulator, and much large reversed flow regions were observed. At Z/W=0, the fluid-blockage effect is
the largest among other Z/W'’s. Figures 5(a) and 5(c) show that the investigated flows behave like flows
over a backward-facing step, where the flow recirculation, reattachment and redevelopment occur. Flow
recirculation regions occur downstream of the turbulator for both the investigated flows of Re=1546 and
15151. Larger recirculation regions occur for Re=1546 than Re=15151. As the flow impinges on the
bottom wall, it redevelops and a second recirculation region occurs due to the end-sealed wall effect. The
flow structures at Z/W=0.583 are qualitatively similar to those at Z/W=0. Since the fluid-blockage effect
by the turbulator at Z/W=0.583 is not as large as that at Z/W=0, Figs. 5(b) and 5(d) show that the
recirculation regions are smaller than those shown in Figs. 5(a) and 5(c).

The velocity fields in the boundary layers have major effects on the heat transfer process. Three
near-wall flow parameters, including the convective mean velocity, secondary-flow velocity (i.e., the mean
velocity normal to the heat transfer surface) and turbulent kinetic energy, were used to evaluate the
relations between the local fluid flow and heat transfer [7]. Boundary-layer thickness measurements



showed that the boundary layer thicknesses for the investigated flows over the heat transfer surface were
order of millimeters. Thus, three-component mean and fluctuating velocities at 2 mm from the heat
transfer surface (bottom wall) were measured and the data were used to represent the near-wall flow
characteristics.

The mean velocity parallel to the heat transfer surface is an indication of the convective effect on
heat transfer. Its magnitude is expected to be proportional to the convective heat transfer rate. Figures

6(a-d) present the normalized near-wall convective mean velocity, ,Ju? +W,? /U, , vectors for Re=1546 and

15151 without and with the 45° delta-wing turbulator. In addition to the end-sealed wall effect, the fluids
near the bottom wall are also subjected to the boundary-layer effect. The flow exhibits a retarded
stagnation point flow behavior, where the flow is retarded by both the friction force and the positive
pressure gradient. The flow decelerates axially and accelerates transversely outward as it approaches the
end wall. The deceleration in the axial velocities is faster than that in free stagnation point flow and,
eventually, the flow reversal occurs for both the investigated flows of Re=1546 and 15151. Figures 6(a-b)
show that the flow reversal occurs earlier for Re=1546 than Re=15151 because of the smaller flow kinetic
energy. The stagnation points roughly occur at X/L=0.4, Z/W=0 for Re=1546 and X/L=0.78, Z/W=0 for
Re=15151. In the neighborhood of the stagnation points, the convective mean velocities are small and,
thus, the heat transfer due to convective effect should also be small in these regions. The convective mean
velocities are getting large from the stagnation points and, are large at duct side openings due to the flow
accelerated transversely outward. The 45° delta-wing turbulator effect on the convective mean velocity is
shown in Figs. 6(c-d). The convective mean velocities are still large at duct side openings. Since the fluids
are blocked by the turbulator, the convective mean velocities are small or negative behind the turbulator,
as also discussed in Figs. 5(a-d). Also, the turbulator results in larger “dead water” flow regions, where the
convective mean velocities are small. Thus, the turbulator may cause large regions of small heat transfer
rate if the convective effect dominates the local heat transfer distribution.

Large strength of the secondary flow is expected to have a large effect on heat transfer. In this study,
the Y-component mean velocity (V), perpendicular to the heat transfer surface, is used to represent to the
secondary-flow effect [7]. According to the definition of the coordinate system in this study, the negative
value of V indicates that the secondary flow is toward the heat transfer surface and tends to impinge and
break the boundary layer. Thus, a large negative value of V has a better secondary-flow effect and should
result in a large heat transfer rate. Figures 7(a-d) present distributions of near-wall normalized
secondary-flow velocity, V/Uq, for Re=1546 and 15151 without and with the 45° delta-wing turbulator.
The vectors above and below dot lines represent positive and negative values of V/Uy, respectively. These
figures indicate that the secondary-flow velocities are generally small except near the end wall, where
large variations in the secondary-flow velocity occur. Large negative values of /U4 occur at the measured
X/L=0.944, and small or positive values of V/Uy occur at the measured X/L=0.889. These results are
apparently related to the flow recirculation occurred near the end wall, as already shown in Fig. 4. Figures
7(a-b) also indicate that the flow secondary-flow effect is generally increased toward the duct side
openings. The 45° delta-wing turbulator effect on the secondary-flow velocity is presented in Figs. 7(c-d).
The turbulator, in general, slightly increases the flow secondary-flow effect in most regions of the heat
transfer surface. Also, the flow secondary-flow effect increases toward the duct side openings. Large
variations in the secondary-flow velocity occur in the regions between the measured X/L=0.667 and
X/L=0.944 due to the end- and bottom-wall effects, where the flow reversals occur as already discussed
above. The heat transfer rates in these regions should be largely varied if the flow secondary-flow effect
dominates the heat transfer distribution.

The turbulent kinetic energy, (u'>+v'>+w")/2, was obtained from the X-, Y- and Z-component
fluctuating velocities. Large turbulent kinetic energy is expected to have a large heat transfer rate. Figures

8(a-d) present distributions of near-wall normalized turbulent kinetic energy, \/(u'2+v'2+w'2 )/21U,, for

Re=1546 and 15151 without and with the 45° delta-wing turbulator. The turbulent kinetic energy of the
flows without the turbulator generally increases as the fluids flow downstream. The turbulator is expected
to increase the flow turbulent Kinetic energy. Figures 8(c-d) show that the increase in turbulent Kinetic
energy for Re=15151 is larger than that for Re=1546. In addition, the turbulator causes the turbulent
kinetic energy more uniformly distributed on the heat transfer surface.

The heat transfer characteristics on the heat transfer surface are presented in a dimensionless form as
a Nusselt number, Nu=hD/k, where k is the thermal conductivity of air, evaluated at the film temperature.
Figures 9(a-f) present the local Nu distributions for three investigated Reynolds numbers without and with
the 45° delta-wing turbulator. It is shown in Figs. 9(a-c) that the Nu first decreases and, then, increases
with X/L for the flows without turbulator. Also, the Nu increases toward the duct side openings. The
location of minimum Nu depends on Reynolds number. It moves upstream toward the origin of test duct
(X/L=0) as the Reynolds number increases. It is around X/L=0.4 for Re=1546, X/L=0.16 for Re=6121,



and near X/L=0 for Re=15151. These figures also show that the maximum Nu occurs near the end wall,
duct side openings. The Nu distributions on the measured heat transfer surface are not largely varied,
which is up to 50% for the investigated Reynolds numbers. The 45° delta-wing turbulator effects on local
Nu distributions are presented in Figs. 9(d-f), showing apparently different distributions from those
without turbulator. The variation in local Nu is reduced, which is around 34.8% for Re=1546, 24% for
Re=6121 and 12.6% for Re=15151. In addition, it is show in Fig. 9(d) that the location of minimum Nu
moves further upstream to the origin of test duct for Re=1546. At, and large downstream regions from, the
origin of test duct, the values of Nu are small. The Nu gradually increases as the fluids flow toward the
end wall and duct side openings. On the contrary, Figs. 9(e-f) show that the values of Nu are large near the
origin of test duct, slightly decrease and, then, increase with X/L. These local heat transfer characteristics
are apparently related to the flow fields near the heat transfer surface, as discussed below.

In order to evaluate the turbulator effect on the overall heat transfer rate, the averaged Nusselt
number, Nu, on the heat transfer surface was computed by integrating the local Nusselt number,
“‘ Nu(x, z)dxdz/ A, where A;=A. Since the insertion of turbulator into the flow causes an additional

pressure loss compared with the flow without turbulator, these investigations were performed under a
constant pumping power condition for a better comparison. In these measurements, the power input to the
blower of the wind tunnel system for the flow with turbulator is equal to that for the flow without
turbulator. The averaged Nusselt numbers for the general flows (i.e., the duct sides are sealed, and the duct
end is open) of the investigated Reynolds numbers were also measured and compared. Figure 10 presents
variations of Nu with Reynolds number for the general flows and present investigated flows without and
with the 45° delta-wing turbulator. The heat transfer rates in side-opened, end-sealed duct flows are
apparently larger than those in general flows. This result is expected since the heat transfer is mainly by
the convective effect in general flows, while it is by the flow secondary-flow and turbulence effects
associated with the flow convective effect in a side-opened, end-sealed duct flow. Figure 10 also shows
that the 45° delta-wing turbulator augments the heat transfer rate for all of the investigated Reynolds
numbers. The augmentation increases with Reynolds number, which is approximately 3.3% for Re=1546,
and up to 35.3% for Re=15151. In view of the near-wall data shown in Figs. 6-8 and the results discussed
above, the heat transfer augmentation is caused by the increases of the flow secondary-flow and, especially,
the turbulence effects. Since the increase in flow turbulent kinetic energy is much larger for Re=15151
than that for Re=1546, the heat transfer augmentation by the turbulator is, accordingly, much larger for
Re=15151 than Re=1546.

Comparing Figs. 6(a) and 9(a), Figs. 6(c) and 9(d), respectively, show a good similarity between the
convective mean velocity and local Nusselt number distributions for Re=1546. Figure 6(a) shows that a
minimum convective mean velocity occurs around X/L=0.4, Z/W=0. The convective mean velocities are
getting large from this location and, are large at duct side openings. Figure 9(a) shows that the Nusselt
number has a minimum value near X/L=0.4, Z/W=0, and increases from this location toward upstream,
downstream and duct side openings. Also, Figure 6(c) shows that the turbulator causes negative and small
connective velocities at, and large downstream regions from, the origin of test duct, where the values of
Nusselt number are small, as presented in Fig. 9(d). These results suggest that the flow convective effect
plays an important role in local heat transfer distribution for Re=1546. However, the convective mean
velocity distributions are apparently different from the local Nusselt number distributions for Re=15151.
Figure 6(b) shows that a minimum convective mean velocity occurs around X/L=0.8, Z/W=0. The
convective mean velocities are getting large from this location and, are large at duct side openings. Figure
9(c) shows that the values of Nusselt number are small near the origin of test duct, and increase as the
fluids flow downstream. Also, Fig. 6(d) shows that the convective mean velocities for the flow with
turbulator are small at, and large downstream regions from, the origin of test duct. Figure 9(f) shows that
the values of Nusselt number are large near the origin of test duct, decrease and, then, increase with X/L.
These results suggest that the flow convective effect should not have a main effect on local Nusselt
number distribution for Re=15151. It is also noted from Figs. 7(b) and 7(d) that the secondary flow
velocities are largely varied near the end wall. Figures 9(c) and 9(f) show that the Nusselt number
gradually varies near the end wall, suggesting that the flow secondary-flow effect should not play an
important role in local Nusselt number distribution. Figures 8(b) and 9(c), respectively, show that the
turbulent kinetic energy and Nusselt number increase as the fluids flow downstream. Figure 8(d) shows
that the turbulator causes the increase of turbulent Kinetic energy, which, in general, is large at the exit of
test duct, slightly decrease and, then, increase with X/L up to X/L=0.78. This figure also shows that the
variation in turbulent kinetic energy on the heat transfer surface is small. The Nusselt number distribution
shown in Fig. 9(f) is generally similar to the turbulent kinetic energy distribution in most regions of the
heat transfer surface. These results suggest that the flow turbulence effect has a profound effect on local
Nusselt number distribution for Re=15151.
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4. Conclusions
Several conclusions were drawn from the results of this research:

Flow reversal and recirculation occur in the investigated duct flows. The turbulator causes large
regions of flow reversal and flow recirculation, and results in the flow reattachment and
redevelopment.

The flow near the duct wall exhibits a retarded stagnation point flow behavior. The turbulator causes
large regions of small convective mean velocities.

The near-wall secondary-flow velocities are generally small except near the duct end wall, where large
variations in the secondary-flow velocity occur. The turbulator generally slightly increases the flow
secondary-flow effect.

The near-wall flow turbulent kinetic energy, in general, increases as the fluids flow downstream. The
turbulator increases the flow turbulent kinetic energy, and causes the turbulent kinetic energy more
uniformly distributed on the heat transfer surface.

The maximum Nu, in general, occurs near the duct end wall, duct side openings. The location of
minimum Nu depends on Reynolds number. It moves upstream toward the origin of test duct (X/L=0)
as the Reynolds number increases. The turbulator causes small heat transfer rates at, and large regions
from, the origin of test duct for Re=1546. On the contrary, large heat transfer rates occur near the
origin of test duct for all of other investigated Reynolds numbers.

The turbulator augments the heat transfer rate, and the augmentation increases with Reynolds humber.
The heat transfer augmentation is mainly caused by the increases of the flow secondary-flow and,
especially, the turbulence effects.

The flow convective effect plays an important role in local heat transfer distribution for Re=1546,

while the flow turbulence effect has a profound effect on local heat transfer distribution for Re=15151.
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Figure 9: Local Nusselt number distributions for Re=1546, 6121
and 15151 without and with 45° delta-wing turbulator.
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Figure 10: Variations of averaged Nusselt number, Nu,

with Reynolds number without and with 45

delta-wing turbulator.
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