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Abstract

An eight-by-eight jet array impinging onto a staggered array of dimples at Reynolds number 11,500 was investigated
by the transient wide band liquid crystal method. The distance between the perforated plate and the target plate was
adjusted to be 2, 4 and 8 jet diameters to examine its effect on the heat transfer performance. Two dimple geometries
of hemispherical and cusped elliptical were examined. Moreover, the effect of crossflow scheme on heat transfer was
investigated: one-way, two-way and four-way spent air exits. All heat transfer results were normalized by those from

a flat surface at the same condition.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Jet impingement is a mature technique, which has
been examined by many researchers as a method of heat
transfer enhancement in a variety of applications. There
have been a number of attempts to complement jet
impingement with other enhancing techniques such as
crossflow, ribs and turbulators. Attempts have been
made to optimize each method in order to obtain effec-
tive heat transfer with low pressure loss. In order to aug-
ment the heat transfer, the boundary layer has to be
thinned or be partially broken and restarted. Protruding
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ribs have been used widely to enhance the heat transfer.
However, the higher pressure loss, high maintenance
and weight are the problems the application of ribs
has. Dimpled surface has become into the consideration
due to its potential in heat transfer augmentation, light
weight, low pressure penalty and low maintenance.

Obot and Trabold [1] investigated the effect of spent
air exit scheme or crossflow scheme on the heat transfer
of impinging jets on a flat surface by unrestricting/
restricting the spent air: minimum, intermediate and
maximum crossflow schemes (or two-way and one-way
exits, respectively). These were done in order to vary
the degree of degradation due to the strength of the
crossflow. As a result, they found that the minimum
crossflow scheme showed the best performance followed
by intermediate and maximum crossflows.

The concept of using dimples derives from that of the
flow past a cylinder with shedding fashion. Beginning
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Nomenclature

thermal capacity of acrylic

jet diameter

heat transfer coefficient

distance measured from nozzle plate to flat
portion of target plate

thermal conductivity of acrylic

u Nusselt number, 2D/k,;,

temperature

spanwise distance of target plate
streamwise distance of target plate

mk‘bﬁ

NNz

Greek symbol

o density of acrylic plate
Subscripts

dimple of dimpled surface
flat of flat surface

i initial

m bulk

] surface

with imprinted dimples on a golf ball investigated by
Bearman and Harvey [2], two dimple geometries: hemi-
spherical and hexagonal were tested on lift and drag.
The hexagonal dimples were found induced higher lift
but lower drag than the hemispherical ones, because
there were discrete vortices shed into the boundary layer.
Applying a dimpled surface to the parallel flow has been
investigated by some researchers. Kerarev and Kozlov
[3] studied the flow past a single hemispherical dimple
of 150mm diameter, and explained the flow pattern in
terms of ‘““sources” and ‘“‘sinks”. The heat transfer was
enhanced by 1.5 times compared to a plane circle of
the same imprinted diameter. The effect of density of a
staggered-dimpled plate was examined by Afanasyev
et al. [4]. They concluded that the density did not have
an important effect on the flow hydrodynamic, but on
the separation of temperature profile. The greater the
density of the dimples on the streamline surface, the
greater the deviation of the temperature profile was from
the logarithmic law of wall. However, the heat transfer
was increased by 30-40% without any significant in-
crease in friction factor. They suggested that the viscous
sublayer thickness was slightly decreased due to the con-
cavities of the dimple. A heat transfer study of the flow
past a staggered dimple passage was conducted by
Moon et al. [5] using the narrow-band transient liquid
crystal method. They stated that the dimpled passage en-
hanced heat transfer by 2.1 times that of a smooth pas-
sage, while the friction factor was only 1.6-2 times more.
Chyu et al. [6] investigated the effect of dimple geometry
by comparing the heat transfer results of hemispherical
and tear-drop shaped dimples. The teardrop shaped
dimples lead to higher heat transfer rates than the hemi-
spherical dimples, but of course, induced a larger pres-
sure loss due to their sharp angled part. The fluid
mechanics of the flow past a staggered array of hemi-
spherical dimples was examined by Mahmood et al. [7]
using smoke-wire technique to visualize the flow. Vortex
shedding was observed, and it leads to an enhancement
of heat transfer of 1.85-2.89 times relative to a flat plate.

Dimple impingement has not yet been well-appre-
hended, especially the jet impingement on an array of
dimples due to numerous complications. A single
impinging jet onto a concave surface was visualized by
Cornaro et al. [8] varying jet-to-plate spacing, which
strongly influenced the flow dynamics. They found that
at the larger spacing and low Reynolds number, stable
coherent vortices existed, and the jet oscillated randomly
about the stagnation point. However, at the closer spac-
ing, vortex structures also occurred, and the flow along
the surface oscillates in the axial direction. Nevertheless,
the closer spacing also caused the recirculation after
impinging and disturbed the oncoming flow. Gau and
Chung [9] examined slot jet impingement on semi-cylin-
drical concave and convex surfaces varying the slot
width to surface diameter ratios from 8 to 45 at Rey-
nolds number from 6000 to 35,000. Both cases enhanced
heat transfer beyond impingement on a flat plate. Ekkad
and Kontrovitze [10] used a transient narrow band lig-
uid crystal technique to investigate jet impingement onto
a hemispherical dimpled surface with dimple diameter-
to-depth ratios of 0.125 and 0.25. Their dimple size
was designed for the jet to impinge completely within
the dimple. Their results showed that the appearance
of dimples did not complement the jet impingement,
but reduced the heat transfer, unlike the application of
dimples to the passage flow.

The goal of the current research was to study the heat
transfer performance of jet impingement onto a dimpled
surface. Reynolds number based on a single jet diameter
was specified at 11,500. A ratio of jet diameter-to-dimple
diameter of 0.59 was used. The measurement technique
was the transient wide band liquid crystal method. Dim-
ples were used as turbulence promoters. The effect of
dimple geometry on heat transfer was investigated using
conventional hemispherical dimples as well as a new
geometry in the form of a cusped elliptical shape. All re-
sults were compared with those of a flat surface in order
to explain the consequence of the usage of dimples. Fur-
thermore, the effect of crossflow scheme was studied to
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illustrate how each scheme affected the thermal
transport.

2. Experimental apparatus and procedures

A schematic of the experimental apparatus is shown
in Fig. 1. The air was supplied by a fan, and heated up
by a 9-kW heater. A honeycomb sandwiched by two
mesh screens installed inside the plenum chamber of
the size 0.5x 0.5m was used in order to straighten the
flow, so that the flow was more uniform than that before
the honeycomb. The local flow rates were monitored
across the plenum chamber in both directions before
and after installing the honeycomb. The nozzle plate
was located approximately 300 mm underneath the hon-
eycomb, and the mesh size was less than 5 x Smm, the
flow was uniform as might be expected. Due to the fact
that the transient experiments were carried out, the
heated flow inside the plenum chamber needed to settle
before impinging onto the target plate, a drawer was
introduced to divert the flow. When the flow rate and
temperature of the flow inside the plenum chamber were
stable, the drawer was pulled opened, and the bypass was
closed allowing the flow to travel through the nozzle
plate and impinge onto the target plate.

A target plate and its sidewalls were hung from the
nozzle plate. The distance between the perforated plate
and the target plate (H/D) was adjusted to be 2, 4 and
8 jet-diameters. Sidewalls made of acrylic plates were in-
stalled or removed when changing the crossflow schemes
such as maximum, intermediate and minimum spent ex-
its as shown in Fig. 2. After the jets impinge on the tar-
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]

Sidewalls

Target Plate > ﬁ ﬁ

Maximum
Crossflow

®

Minimum
Crossflow

Intermediate
Crossflow

Fig. 2. Crossflow schemes formed by installing or removing
sidewalls. Note that the arrows represent the crossflow
directions.

get plate, they accumulate, and form “crossflow” or
“spent air”’, which leaves the plate towards the exit(s)
depending on the exit scheme. The crossflow velocity
profile is not shown here due to the fact that the mass
flow rate from the plenum chamber is sufficient to calcu-
late Reynolds number of a jet. For the minimum cross-
flow scheme, there was no sidewall, so the crossflow
freely exited. Two sidewalls constrained the crossflow
to leave in two opposite directions in the intermediate
crossflow scheme. And the strong crossflow constrained
by three sidewalls was forced to leave in one direction,
and this formed the maximum crossflow scheme. A 10-
mm thick nozzle plate of an eight-by-eight array of
cylindrical holes with straight edges of diameter 10 mm
was attached to the bottom plate of the plenum cham-
ber. The alignments of the jet holes to dimpled plates
are illustrated in Fig. 3.

Two dimpled plates with the same wetted area for each
dimple were tested: hemispherical and cusped elliptical

Heated Air from
fan and heater

Mesh Screens

Honeycomb /lllllllllll
More uniform flow /
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NB Front View
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Fig. 1. Schematic of experimental appratus.
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Fig. 3. Dimpled plates in both hemispherical and cusped elliptical dimpled shapes showing also the positions of impinging jets (not to
scale). Black filled dimples represent the alignment to the jet holes. (a) Hemispherical shape; (b) Cusped elliptical shape and (c) Nozzle

plate of straight holes and diameter 10 mm.

shapes. Both were manufacture in staggered pattern
on a square Acrylic plate of the size 320 x 320 x
25.4mm, illustrated in Fig. 3. The diameter of a hemi-
spherical dimple was 17mm, and each circle diameter
of a cusp was 14.5mm with the center-to-center distance
of 8.74mm. The pitch of the dimples was 40mm. Both
plates were fabricated by using a ball mill and with the
depth of 5Smm. A flat plate with the same dimension
was also tested at the same conditions as a baseline.
The cusped elliptical dimples were selected with the con-
cept of the overlapping of two hemispherical dimples

produced two sharp apices, which had potential of
detaching the boundary layer better than round edges
of regular hemispherical dimples as well as the consider-
ation of simplicity in manufacturing. Note that the
thickness of the target plates was designed economically
under the assumption of one-dimensional conduction
and from the correlation, z = 2+/az [11].

Liquid crystals with a temperature range of 35-45°C,
were applied on the acrylic target plate followed by
black paint. A 3CCD camera was set up to take a pic-
ture from underneath with an off-axis fixed lighting
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installation. In the current study, two 20-W halogen
lights were employed. The liquid crystal calibration
was carried out only on the flat portions of the dimpled
plates due to the fact that the dimple areas were not
taken into account due to the unavoidable accumulation
of the liquid slurry at the bottom of the dimples when
spraying. According to Camci et al. [12] and Wang
et al. [13], hue is robust to the local light intensity and
the illumination angle. It is also simple and monotonic
function to the liquid crystal temperature, and, there-
fore, widely employed as a color index. The liquid crys-
tal calibration of hue value against temperature was
carried out for each target plate with the uncertainty
within £3%. The curve fitting and regression analysis
provided the fifth order polynomial temperature-hue
relationship in accordance with Yuen and Martinez-
Botas [14] and [15].

Each camera image was transferred to a personal
computer using a firewire lead, which transferred data
directly from the camera to the computer without the
usage of a frame grabber. Each experiment was filmed
with the non-compression mode in order to receive the
data as complete as possible. Only the natural compres-
sion from the camera was allowed.

Since the transient method was applied throughout
the research, the well known solution to the 1D unsteady
heat conduction equation was used:
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Overall average Nusselt Number

H/D
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Overall average Nusselt Number
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0=1—expflerfcp (1)
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T, —T; _ hvt
L s

Only the flat areas outside dimples were considered
for the image post-processing. The areas inside the dim-
ples were not taken into account, these areas were, there-
fore, ineffective or out of interest.

The experimental uncertainty throughout this study
was within £12.17% based on 95% confidence level.
The highest uncertainty that might happen was the
sum of uncertainties of temperature measured by liquid
crystals, the initial and the bulk flow temperatures meas-
ured by thermocouples, the time measured for taking a
single frame (which was 1/25 second regarding the
PAL system from the camera) and the thermal products
from the acrylic substrate, \/pck. As aforementioned,
the temperature measured by liquid crystals has the
uncertainty within +£3%. Thermocouples used in this
study had the uncertainty of +0.5°C, which made the
uncertainties of initial and bulk flow temperatures be-
come 12.5 and 1%, respectively. The highest uncer-
tainty of time was £0.67%. Finally, the uncertainty of
the thermal properties of the acrylic substrate was typi-
cally +5%.

100}
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Fig. 4. Comparison to literature: (a) minimum crossflow scheme; (b) intermediate crossflow scheme and (c) maximum crossflow
scheme. <> Present study, B Obot and Trabold [1]. (a) A Andrews and Hussain [16]; (c) A Huber and Viskanta [17].
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3. Results and discussion
3.1. Overall average heat transfer of flat plate

The heat transfer results are presented as dimension-
less Nusselt numbers at the specific Reynolds number
of 11,500. Fig. 4 shows the comparison of the results
of a flat plate from this research to the literature; they
agree well. As expected, the minimum crossflow scheme
led to the highest heat transfer enhancement, followed
by the intermediate crossflow scheme, and the maxi-
mum crossflow scheme gave the lowest results. It has
been clearly explained by other researchers that strong
crossflow causes heat transfer degradation, especially
near the exit area, where the crossflow affected the
most. The heat transfer results from the flat plate will
be used as a baseline for those from dimpled surfaces
hereafter.
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Fig. 5. Local average Nusselt numbers for flat plate at H/D of
8: (a) spanwise and (b) streamwise.

Fig. 5 shows the spanwise and streamwise average
Nusselt numbers of the flat plate for H/D of 8 for all
schemes. The sidewalls, which confided the spent air to
exit for the intermediate and maximum schemes, led to
the heat transfer reduction. The symmetry of the heat
transfer patterns in both spanwise and streamwise direc-
tions occurred in the minimum and intermediate
schemes as the sidewalls conducted the spent air to.
However, in the maximum crossflow scheme, the stagna-
tion peaks were shifted and reduced in the streamwise
direction by the strong crossflow degradation.

3.2. Effect of crossflow scheme on dimpled surfaces
Throughout in this study, the jets impinged on dim-

ples with the idea of employing the edges of dimples to
thin the boundary layer, and enhance the heat transfer
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Fig. 6. Local average Nusselt numbers for hemispherical
dimpled plate at H/D = 2: (a) spanwise and (b) streamwise.



K. Kanokjaruvijit, R.F. Martinez-botas | International Journal of Heat and Mass Transfer 48 (2005) 161-170 167

of the flat portions between dimples. The lowest heat
transfer was expected inside each dimple similar to the
parallel flow past dimples investigated by Mahmood
et al. [7] and to the study of Kesarev and Kozlov [3]
on a single dimple.

At H/D of 2 in both dimple geometries, both the
intermediate and maximum crossflow schemes con-
ducted heat transfer slightly less than the minimum
crossflow scheme as shown in Figs. 6 and 7. However,
the improvement in heat transfer in the presence of
crossflow occurred when compared with the flat surface
case. The coupled effects of impingement and channel
flow could explain this. The flow visualization on a pla-
nar jet impinging on a concave surface by Cornaro et al.
[8] showed the vortices in radial and/or axial directions.
For the minimum crossflow scheme, impingement dom-
inated, since there was no sidewall to constrain the flow,
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Fig. 7. Local average Nusselt numbers for cusped elliptical
dimpled plate at H/D = 2: (a) spanwise and (b) streamwise.

but it freely exits. However, a recirculation region occurs
inside the dimples, and small vortices are generated be-
fore subsequent breakdown [8]. After the jets impinged
on the dimples, the crossflow was not strong enough
to entrain the recirculating flow, while the spent air
could not exit fast enough.

Fig. 8 shows the contour distribution of the Nusselt
number on hemispherical dimples for the maximum
crossflow with H/D of 8. Note that the flow direction
is from the bottom upwards. As aforementioned, the
areas inside dimples were not taken into account. In this
case, the crossflow deflected the oncoming jets, and im-
pacted on downstream halves of dimples. The channel
flow was formed and overwhelmed the impingement.
As a consequence the boundary layer was thinned down-
stream of dimples leading to heat transfer enhancement.
The flat areas adjacent to the dimples show the highest
heat transfer enhancement.

3.3. Effect of jet-to-plate spacing

The jet-to-plate spacing strongly affected the heat
transfer results. For all crossflow schemes on the flat
plate, the narrower the jet-to-plate spacing, the higher
the heat transfer, which prior researchers have showed.
For the dimpled plates, the heat transfer information
did not follow the tendency of the flat plate, especially,
for the minimum crossflow scheme in both dimpled
plates. The highest Nusselt numbers occurred in the
jet-to-plate spacing of 4 as shown in Fig. 9. The distance
from the nozzle plate to the bottom of a dimple was
45mm, which might be the end of the potential core.
According to the flow visualization shown by [§], at
the end of the potential core, the strong radial oscillation
of the stagnation point accelerated the breakdown of the

3
(&)
T
£
;
5

40
Spanwise Pixel Count
Fig. 8. Local Nusselt number distribution, hemispherical dim-
pled plate, maximum crossflow, H/D = §. Note that the dimple
areas are not taken into account.
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Fig. 9. Streamwise average Nusselt numbers for maximum
crossflow scheme: (a) hemispherical dimples and (b) cusped
elliptical dimples.

vortices that struck the surface, and this ruined the sym-
metry of the jet making it dissimilar to impingement on
a flat plate. However, at the closer spacing, such as H/D
of 2, even though the higher impact than other jet-to-
plate spacing was expected, the strong recirculation
might occur inside the dimples, and without the power-
ful channel flow formed for the freely exit scheme, the
recirculating flow could not escape fast enough from
each dimple. Therefore, the heat transfer measured from
the flat portions of this case presented lower than H/D of
4, which is clearly seen for the hemispherical dimples.

3.4. Effect of dimple geometry
Both dimple geometries were designed based on the

same wetted cross-sectional area or equivalent diameter
with the same depth. Fig. 10 shows the comparison of
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Fig. 10. Plots of streamwise average Nusselt numbers of both
dimple geometries compared to those of flat plate for maximum
crossflow scheme: (a) H/d =2; (b) H/d =4 and (¢) H/d = 8.

the streamwise average Nusselt numbers for the maxi-
mum crossflow scheme at all jet-to-plate spacing of all
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geometries. Note that the crossflow direction is from the
right to left. The strong crossflow in the maximum cross-
flow scheme deflected the peaks of dimpled surfaces dif-
ferently from the flat surface because from the video
images showed that the channel effect shifted the oncom-
ing jets to impact on the downstream halves of the dim-
ples, and the higher heat transfer occurred at the higher
crossflow amount. This caused the heat transfer maxi-
mal peaks to manifest on the downstream and minimal
peaks on the upstream dimple halves.

For H/D of 2, the hemispherical dimples performed
slightly better than the cusped elliptical dimples by
2.79% on average, 10.78% for H/D of 4 and 6.70% for
HID of 8. This might be because when the jets impinged
on the hemispherical dimples, the recirculation inside
both dimples that formed a cusped elliptical dimple
was less severe than that inside each cusped elliptical
dimple. In addition, the potential core was possibly
slightly longer than four jet diameters as mentioned in
the previous section. Each jet impinged on an intersec-
tion between two dimples that formed a cusped ellipse,
and this could split the flow into two parts, which later
produced a recirculating flow in each dimple. The two
rolling-up recirculations disturbed the oncoming jet.
However, since the three sidewalls constrained the spent
air to form a channel flow, this might hasten the recircu-
lation flow to shed along the crossflow. Hence, the deg-
radation was not as severe in this shape compared to the
other crossflow schemes. H/D of 8 for both geometries
performed better than the other two spacings. The circu-
lation inside each dimple, of course, was less strong and
the edges of dimples might help thinning the boundary
layer more effectively. Further flow visualization is
needed to complete this physical explanation.

Nevertheless, in terms of economy, manufacturing
and performance, the hemispherical shape is more attrac-
tive than the cusped elliptical shape. There are more
parameters to determine the optimum such as dimple
depth, ratio of jet diameter to dimple diameter (curva-
ture) and position of impinging jets on the dimpled plate.

3.5. Overall average Nusselt numbers of dimples plates

Throughout the study, the jets impinged on dimples,
and the areas inside were not taken into account as men-
tioned in the previous section. However, the video exhib-
ited that the lowest heat transfer occurred inside each
dimple. In the minimum and intermediate crossflow
schemes for H/D of 2, the presence of dimples did not
help, but reduced the heat transfer by 10%. With the
jet-to-plate spacing of 4 for minimum crossflow, the
overall average heat transfer of the impingement on
dimples was not different from that of the flat plate.
By overall average, the heat transfer was more enhanced
with the maximum crossflow and larger jet-to-plate
spacing. From the prior researches in augmenting heat
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Fig. 11. Overall average normalized Nusselt numbers: (a)
minimum crossflow; (b) intermediate crossflow and (c) maxi-
mum crossflow.

transfer of parallel flow using dimples, it could be in-
ferred on the dimple impingement that the crossflow
that formed a channel flow would have made a greater
contribution of heat transfer enhancement. For the
intermediate crossflow scheme, the dimpled plates en-
hanced heat transfer by 10% for H/D of 4, and 30-
50% for H/D of 8 compared to that of the flat plate.
The heat transfer was increased with the dimple applica-
tion for the maximum crossflow schemes from 56% to
68%. The flow mechanism of dimple impingement might
be considered as a coupled effect of jet impingement and
channel flow with vortex shedding occurred in the stag-
gered dimple array as mentioned in the prior sections.
At the higher jet-to-plate spacings (4 and 8), compared
to a flat plate, the heat transfer was more enhanced with
the presence of dimples. The potential core occurred
possibly at the end of H/D of 4, in addition, the depth
of each dimple ensured the end of the potential core
was reached. The dimples aided the impingement by
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thinning or disturbing the boundary layer. However, the
recirculation inside dimples was also concerned for
degrading the heat transfer, especially the results shown
in H/D of 2 (Fig. 11).

4. Conclusions

Impingement onto dimples performed best with the
maximum crossflow scheme and larger jet-to-plate spac-
ing due to the coupled effect of impingement and chan-
nel flow. The heat transfer on the downstream half of
a dimple edge was higher than the upstream half. This
occurred in maximum crossflow scheme, however, in
minimum and crossflow schemes, the impingement over-
whelmed the channel flow. For the intermediate cross-
flow scheme, either phenomenon could not perform at
its high capacity, but seems to act moderately.

Since the jet impingement on dimples caused the
recirculation inside the dimples, and this affected enor-
mously on the case of narrow jet-to-plate spacing (H/
D =2), the heat transfer was aggravated comparing to
that of the flat plate. However, the channel flow formed
by the intermediate and maximum crossflow schemes
helped diminishing this deterioration especially on H/D
of 4 and 8.

Finally, the investigation on the effect of dimple
geometry showed that hemispherical and a cusped ellip-
tical dimple did not perform immensely differently.
However, comparing in terms of economy, manufactur-
ing and pressure loss, the hemispherical shape should be
a better choice. Nevertheless, since the application of
dimpled surface to jet impingement has just begun re-
cently, the optimum of some parameters should be re-
searched such as dimple depth, ratio of jet diameter to
dimple diameter (curvature) and position of impinging
jets on the dimpled plate as well as the qualitative flow
visualization.
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