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Abstract

Detailed heat transfer distributions are presented over a jet impingement target surface with dimples. Jet impingement by itself is
an extremely effective heat transfer enhancement technique. This study investigates the effect of jet impingement on a target surface
with a dimple pattern. The effect of dimple location, underneath the jets or between the jets, is investigated. The effect of dimple
depth is also investigated. The average jet Reynolds number is varied from 4800 to 14 800. The heat transfer measurements are
obtained using the transient liquid crystal technique. Results for dimpled target surfaces are normalized with data for plane target
surfaces to determine whether the presence of dimples enhances heat transfer. Results show that the presence of dimples on the
target surface, in-line or staggered with respect to jet location, produce lower heat transfer coefficients than the non-dimpled target
surface. The bursting phenomena associated with flow over dimples produces disturbances of the impingement jet structures

resulting in lower levels of heat transfer coefficients on the target surface. © 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

Effective cooling techniques are important for main-
taining gas turbine component temperature under op-
erable levels. Heat transfer enhancement methods are
successfully used inside airfoil internal cooling passages
to remove heat from the exposed metal surfaces. Jet
impingement is one such popular technique. To further
increase the levels of heat transfer enhancement, the
surfaces are modified to include pin fins or cavities. In
this study, the target surface has dimples machined on
the surface. It is expected that adding dimples to the
target surface that has jets impinging on it will further
enhance heat transfer. Surface dimples are expected to
affect the jet impingement structures and promote tur-
bulent mixing and thus enhance heat transfer. This is the
first study to deal with impingement over dimpled target
surfaces.

Experimental studies of impingement surface heat
transfer for gas turbine applications were reported by
Chupp et al. (1969), Kercher and Tabakoff (1970),
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Florschuetz et al. (1981, 1984), and Behbahani and
Goldstein (1983). Downs and James (1987) summarized
findings relating to parametric effects of geometry, tem-
perature, interference and cross-flow, turbulence levels,
surface curvature, and non-uniformity of jet array on jet
impingement heat and mass transfer. Viskanta (1993),
and Huber and Viskanta (1994a,b) pointed out many
different factors that influence heat transfer in multiple
jet impingement systems such as: wall-jet interaction,
separation distance, jet—jet spacing and diameter, cross-
flow or exit of spent air, the orifice arrangement in-line or
staggered and target surface condition.

Van Treuren et al. (1994) studied impingement heat
transfer under in-line and staggered arrays of jets using a
transient liquid crystal technique. They measured both
local heat transfer coefficient and adiabatic wall tem-
perature under the impingement jets. However, they
studied the effect of cross-flow in only one direction.
Huang et al. (1998) presented results for impinging or-
thogonal jets on a flat target surface with three different
exit-flow orientations. They confirmed that the heat
transfer distributions on the target surface are signifi-
cantly affected by cross-flow direction. Cross-flow effects
are minimal when the flow exits toward both directions
after impingement. Results were correlated for all three
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Nomenclature

A heat transfer surface area for flat surface

Ay heat transfer surface area for dimpled surface

d dimple depth

D impingement jet hole diameter

D,  dimple diameter

H distance between the impingement plate and
the target plate

h local convection heat transfer coefficient
(W/m* K)
k thermal conductivity of acrylic material

kar  thermal conductivity of air

e cross-flow mass flow rate

mj  jet mass flow rate

Nu  Nusselt number on a dimpled surface, 2D/ k,;

Nuy  Nusselt number on a non-dimpled surface
Prandtl number

average jet Reynolds number, p¥;D/u
jet—jet spacing

time of liquid crystal color change

initial temperature of test section

color change temperature of the liquid crystal
(red—green)

mainstream temperature of the flow
average jet velocity

axial distance on the target surface
spanwise distance on the target surface
thermal diffusivity of test section

fluid dynamic viscosity

time-step

~
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exit directions with the jet Reynolds number as param-
eter. The present study uses the same test setup used by
Huang et al. (1998). However, the target surface is re-
placed with a new target surface with dimples in this
study.

Schukin et al. (1995) reported the use of concavities to
enhance convective heat transfer. They reported from
their findings that concavities provide high heat transfer
augmentation at considerably low-pressure drop. Chyu
et al. (1997) used concavities or dimples on a surface with
channel flow. They used hemispherical and tear-drop type
dimples on their surface. Both the geometries provided
heat transfer augmentation of around 2.5 over a smooth
channel flow case. They also observed that the drag re-
duction associated with dimples was one half of that ob-
served for ribs or protrusions. Recently, Moon et al.
(1999) studied the effect of channel height on the heat
transfer augmentation associated with flow over a dim-
pled surface. They concluded that heat transfer en-
hancement occurred mostly outside the dimples. Their
results also show high thermal performance values for the
dimpled surfaces. Lin et al. (1999) performed computa-
tions to investigate the mechanisms associated flow over
rows of dimples in a channel. They indicated that different
dimple patterns provide different flow structures. Also,
they indicated that each subsequent dimple produces
different types of flow behavior in a row of dimples.

The present study investigates the heat transfer as-
pects of a jet impingement target surface with dimple
patterns. All the previous studies reported for surfaces
with dimples were focused on channel flows. Two dif-
ferent dimple patterns, in-line and staggered, are com-
pared for two different dimple depths. The jet average
Reynolds number is varied from 4800 to 14800. De-
tailed heat transfer distributions on the target surface
are measured using the transient liquid crystal tech-
nique.

2. Experimental setup and procedure

A detailed description of the test setup and instru-
mentation is provided by Huang et al. (1998). Fig. 1
presents a schematic of the experimental setup. The
experimental setup consists of an image processing sys-
tem (Panasonic RGB Color CCD Camera, I1C-PCI
Color Frame Grabber Card, PC and Imaging Software
Optimas v.6.2), temperature measurement system, flow
loop, and the test section. The RGB camera is focused
on the test section and the color FG card is programmed
through the software to analyze real-time images for
color signals during a transient heat transfer test.

The flow circuit consists of an air supply from a 300-
psi compressor. The air is regulated and metered
through a standard orifice meter to measure the flow
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Fig. 1. Experimental setup.
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Fig. 2. Illustration of the impingement test section.

rate through the test section. The air is then routed
through an in-line air heater (Hotwatt-3 KW) controlled
by a temperature controller (CAL3600) system. The air
from the heater is then diverted away from the test
section with a three-way ball diverter valve. The tem-
perature control unit monitors the heated air tempera-
ture by measuring the heated air temperature
immediately downstream of the heater. When the valve
is flipped, the air is routed through the test section. A
series of honeycomb strips and a mesh help produce a
uniform flow at the entrance into the test section.

Fig. 2 shows a schematic of the test section. There are
48 impingement holes of 0.635 cm diameter arranged in
an array of 12 columns and 4 rows. The jet-to-jet spacing
(S/D) is 4-hole diameters. The jet plate to target plate
spacing (H/D) is 3-hole diameters. The flow enters the
pressure plenum through a narrow channel and exit
through the impingement holes and impinges on the
target surface. The impingement target surface is coated
with a thin layer of thermochromic liquid crystals and
black background paint coating. Fig. 3 shows the two
dimple patterns on the target plate. The arrows show the
location of the impingement jets assuming no cross-flow
effects. In the first figure, the jets impinge directly into the
dimple. This pattern is called in-line pattern. In the sec-
ond figure, the jets impinge between the dimples. This
pattern is called staggered pattern. All dimples are of 1.27
cm diameter. Two different dimple depths of 0.3175 and
0.15875 cm are used to study the effect of dimple depth.
The dimple size was based on the assumption that the jet

would impinge completely within the dimple. The depth
was based on earlier studies that suggested a dimple di-
ameter to depth ratio ranging between 0.125 and 0.25. A
thermocouple is placed at inlet of the pressure channel to
measure the local temperature of the heated air. The
transient thermocouple output is digitized during the test
using the InstruNet 8-Channel A/D system.

3. Methodology and procedure

The air mass flow rate is set for the required jet av-
erage Reynolds number condition, and then heated
through the in-line air heater. The temperature at the
exit of the heater is set based on some qualification tests
to produce acceptable liquid crystal color change times
during the transient test. The heated air is routed away
from the test section. The temperature measurement
system and the image processing system are set to ini-
tiate data measurement at the same instant as the di-
verter valve is flipped. The test section is ready for
running when the air is heated to the steady required
temperature. The diverter valve is flipped to let the hot
air into the test section. The thermochromic liquid
crystal coating is heated by the hot air and changes color
when it reaches its display color range. Liquid crystal
color temperatures are pre-set and are calibrated under
lab lighting conditions. The liquid crystal used in this
study has a narrow band with the initial red color
appearing at 35.1 °C, then green color appearance at
35.4 °C, and finally blue color at 35.9 °C. The total band
is 1 °C. The image processing system divides the test
section into tiny pixel locations and monitors each lo-
cation individually for color changes. The test section in
this study was divided into 400 x 200 pixels. The refer-
ence point in this study is set as the appearance of green
color during the transient. This indicates that the image
processing system will provide time of color changes at
every pixel when it reaches 35.4 °C. The test duration is
typically a maximum of 150 s. The air temperature is set
such that the times of color changes at all pixels are
between 10-150 s. It takes typically 3-5 s for the flow to
achieve a steady-state condition. However the temper-
ature response is relatively slower so the mainstream

Fig. 3. Dimple configurations (in-line and staggered).
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temperature response is taken into consideration during
the calculation of the local heat transfer coefficient. The
reason for this is that the test section wall should not
violate the semi-infinite solid assumption.

The test section is made of plexiglass so that a 1-D
semi-infinite solid assumption can be applied on the test
section wall (Huang et al., 1998). The time-step changes
are then included into the equation to obtain a function
of the form

N 2 4
Tw_Ti:Z{l —exp [W]
=1

} (AT 1], (1)

where ATy, ;,—1) and t; are the inlet air temperature and
time-step changes interpolated from the digitized tem-
perature output. The equation is solved at every pixel
location to obtain the local heat transfer coefficient, /.
Huang et al. (1998) used a similar approach. The aver-
age experimental uncertainty based on the methodology
of Kline and McClintock (1953) is on the order of
+6.5%. The thickness of the plexiglass plate underneath
the dimple is sufficient to satisfy the semi-infinite solid
assumption. A simple analysis shows that the tempera-
ture penetration through the plexiglass plate does not
occur till about 300 s for a 1.27 cm thick plexiglass plate.
The only regions of higher uncertainty are the dimple
edges where the edges have been rounded to reduce the
2-D conduction effects.

4. Results and discussion

All the results are presented in terms of Nusselt
number ratios. The local Nusselt number with dimples is
normalized using the Nusselt number without dimples.
The smooth results were repeated and the results thus
obtained were in good agreement with the results in the
same rig presented by Huang et al. (1998). Two con-
figurations of dimples are tested as shown in Fig. 3.
Also, for each dimple configuration, the effect of dimple
depth is also presented.

Huang et al. (1998) presented flow measurements
inside the impingement channel. They measured pres-
sure drop across the impingement holes using static
pressure taps. Fig. 4 shows the local individual jet flow
through each of the 12 rows and the cross-flow distri-
butions for the impingement channel. The jet mass flow
rate through each row of holes is presented along the
cross-flow streamwise direction. The jet mass flow dis-
tribution is even through the channel with exception for
the first two rows near the inlet. The axial velocity of the
flow near the inlet may be too high to ensure that
equivalent flow enters through the initial rows. The
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Fig. 4. Flow distributions in the test section with jet impingement.

cross-flow increases from inlet side of the impingement
channel to the exit. As flow enters the impingement
channel through each downstream row, cross-flow in-
creases. This cross-flow pushes the downstream jets
away from the surface.

Fig. 5 presents the detailed Nusselt number (Nu)
distributions for in-line and staggered dimple configu-
rations for Re = 9800. The dimple depth is 0.3175 cm.
The dimple locations are indicated on the contour plots.
The jets are in line with the dimple location for the in-
line case. At the inlet side, the jets impinge directly inside
the dimple as seen in the detailed distributions. The
Nusselt numbers along the column of jets are higher and
lower between the jets in each row. The dimples appear
to produce little effect on the jet impingement for the

In-line Dimples 3.175 mm

Staggered Dimples 3.175 mm

Q 50 1990

i
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Fig. 5. Detailed Nusselt number distributions for Re = 9800 with in-
line and staggered dimples.
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initial rows of jets. Further downstream as the cross-
flow develops, the jets are pushed towards the exit and
impinge between the dimples enhancing the region be-
tween the dimples. The heat transfer coefficients inside
the dimples are reduced due to flow separation and re-
attachment phenomena. The high heat transfer region
produced by the jets moves from inside the dimple
location near entrance to downstream of the dimple
location near exit. The cross-flow effect is distinct.

For the staggered dimple configuration, the jets near
entrance impinge between the dimples enhancing heat
transfer coefficients. The heat transfer coefficients be-
tween the jet impingement around and inside the dim-
ples are reduced. Further downstream, the jet
impingement location gets shifted to inside the dimple
with stronger cross-flow effect. In this case also, the
cross-flow effect is distinct. The advantage of using
dimples on a jet impingement target surface can only be
determined by comparing the local Nusselt number
distributions for a surface with dimples to a surface
without dimples. All the spanwise results are shown as a
ratio of the Nusselt number with dimples (Nu) normal-
ized by the local Nusselt number without dimples (Nuy).

Fig. 6 shows the effect of jet average Reynolds num-
ber on spanwise-averaged Nusselt number ratio
(Nu/Nug) for the in-line configurations and different
depths. The presence of dimples on the target surface
produces lower heat transfer coefficients than on a non-
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Fig. 6. Effect of jet average Reynolds number on spanwise-averaged
Nusselt number ratio distributions for the deep dimple configurations.

dimpled surface. For the in-line dimples geometry, the
Nusselt number ratios increase from inlet to exit as
cross-flow becomes stronger. It appears that the heat
transfer coefficient is significantly reduces for pure im-
pingement which is the case at small X /D and increases
downstream as cross-flow increases. This indicates that
heat transfer coefficient enhancement occurs when the
flow assumes a channel flow situation. If the channel is
extended further downstream without impingement,
heat transfer coefficient enhancement would occur due
to the flow becoming a channel type flow. This is con-
sistent with the findings of the studies on dimple effects
in channel flows (Chyu et al., 1997; Moon et al., 1999).
There is a decrease in the Nusselt number ratio values
from Re = 4800 to Re = 9800 and then a slight increase
with increase in Reynolds number form Re = 9800
to Re = 14800 for both in-line and staggered dimples.
Fig. 7 shows the effect of jet average Reynolds number
for the shallow (0.1575 cm) dimple configurations. The
trends are identical for the shallow dimples.

Fig. 8 presents the effect of dimple configuration for
both dimple depths at Re = 9800. It appears that in-line
geometry produces slightly higher Nusselt number ratios
than the staggered pattern for both dimple depths. The
effect of configuration is strongly evident in the region
X/D > 25 where the in-line configuration produces
much higher Nusselt numbers than the staggered con-
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Fig. 7. Effect of jet average Reynolds number on spanwise-averaged
Nusselt number ratio distributions for the shallow dimple configura-
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Fig. 8. Effect of dimple configuration on spanwise Nusselt number
ratio distributions for both dimple depths at Re = 9800.

figuration. This was pointed out in the discussion on the
detailed distributions. At larger X /D locations, the jets
impinge inside the dimples for the staggered array
causing significant reductions in the local heat transfer
coefficient due to bursting of the jets. The peaks and the
valleys due to jet impingement are reduced due to the
breakdown of jet structure for the cross-flow affected
weaker jets especially for the shallow dimples.

Fig. 9 presents the effect of dimple depth for both
dimple configurations at Re = 9800. It is clearly evident
that the deeper dimples provide higher heat transfer co-
efficients for both configurations. The shallow dimples
may be producing stronger bursts resulting in the reduced
jet impingement compared to a deeper dimple where the
burst is entrained inside the dimple and does not affect the
impingement. The results show a need for stronger un-
derstanding of the fluid mechanics of the jets after im-
pingement in and around dimples. It is difficult to provide
a detailed explanation on the phenomena purely on the
basis of surface heat transfer distributions. However, the
results provide some clear understanding of the impact of
dimples in producing lower or almost negligible en-
hancement when combined with a high heat transfer
enhancement technique such as impingement. This find-
ing is clearly the most important result of this study.

Fig. 10 presents the overall area-averaged Nusselt
number ratio (Nu/Nug). The local Nusselt number val-
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Fig. 9. Effect of dimple depth on spanwise Nusselt number ratio dis-
tributions for both dimple configurations at Re = 9800.

ues at every location on the detailed distributions are
taken and area averaged to determine the overall Nus-
selt number ratio. The dimpled surface has a larger
surface area exposed to the jet impingement than the flat
target surface. However, this has not been considered in
presenting the overall averaged comparisons. The results
from the present study are based on the projected area
of the dimple and not the true surface area of the dim-
ples. The results for each dimple configuration are
plotted against average jet Reynolds number. Results
show that the ratio values are close to 1.0 for a low
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Fig. 10. Comparison of overall-averaged Nusselt number ratio trends
versus jet Reynolds number for all the tested configurations.
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Reynolds number of 4800, then decreases to values
around 0.6 for Re = 9800 and then increase to around
0.7 for Re = 14800. The trend is the same for all the
cases. The in-line dimple configuration with deeper
dimples provides the highest overall heat transfer ratio
of the four-tested configurations. The staggered dimple
configuration with shallow dimples provides the lowest
overall heat transfer ratio.

5. Conclusions

Heat transfer measurements are presented for a jet
impingement target plate with dimples. Two-dimple
configurations, in-line and staggered with respect to the
jet impingement hole position, are compared. The effect
of dimple depth has also been investigated. Results in-
dicate that the presence of dimples produces lower heat
transfer coefficients on the target surface compared to
the plain target surface. Heat transfer coefficients in-
crease as cross-flow increases confirming the enhance-
ment of heat transfer coefficients for channel flow
behavior. The jet structures on impingement in and
around dimples seem to be affected by the bursting
phenomena of the flow inside the dimples resulting in
reduced impingement effect. Unlike in channel flows, the
bursting phenomenon produces local turbulence, flow
separation and reattachment, the bursting phenomenon
with jet impingement breaks up the impingement core.
The present pattern of impingement inside and between
dimples along axial directions may not be the optimum
pattern for heat transfer enhancement.
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