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Impingement Heat Transfer on Dimpled Surfaces
Using a Transient Liquid Crystal Technique

Gm. S. Azad,* Yizhe Huang,"' and Je-Chin Han?*
Texas A&M University, College Station, Texas 77843-3123

Jet impingement heat transfer measurements are done for an array of inline air jets (four rows with each row
having 12 jet holes) impinging orthogonally on dimpled (rough) target surfaces. Dimples 0.635 cm in diameter
(equal to the jet diameter) and 0.3175cm deep on the target surfaces are madein two different patterns (23 X 9 =207
dimples and 11 X 5 =55 dimples) to make it a dimpled surface. Detailed measurements are done using a transient
liquid crystal technique. Three different spent air crossflow orientations are studied. Measurements are done at
four jet Reynolds numbers ranging from 4.85 X 10° to 1.83 X 10*. The results show that the Nusselt numbers for
a dimpled and a smooth surface are about the same. However, the dimpled surface provides a higher heat transfer
due to an increased surface area when compared with a smooth surface. Similarly, the dimpled surface produces
Nusselt numbers comparable to those of a pinned surface (a surface having pins of same size and number instead
of dimples) for spent air crossflow orientations 2 and 3 but generates lower Nusselt numbers for orientation 1.

Nomenclature

heat transfer surface area

impingement jet hole diameter

local convection heat transfer coefficient, W/m? - K

thermal conductivity of acrylic material

thermal conductivity of air

local Nusselt number, hd/ ky;

span-averaged Nusselt number

Prandtl number

average jet Reynolds number, pVd/pu

= initial temperature of the target surface

= local bulk mainstream temperature of the flow

= color change temperature of the liquid crystal, red to green

= transition time for liquid crystal color change

= average jet velocity

= axial distance of the impingement target surface

= spanwise distance of the impingement target surface

= distance between jet plate and target plate

= thermal diffusivity of acrylic material, and also jet
inclination angle

= dynamic viscosity of air

= time step

SEYHEI TN
| | [ [ [ 1l

RINNX<™ NN
|

a0

Introduction

MPINGEMENT with high-velocity gas jets is a common method

of cooling, heating, or drying surfaces in a wide variety of pro-
cess and thermal control applications. Heat transfer for impinging
jetsis generally higher than conventionalmethods. Thus, most prac-
tical applications of jet impingementoccur in industries where high
heating and cooling load is needed. Examples include cooling of
gas turbine airfoils and electronic equipment, drying of paper and
textiles,annealingof metals, and glass tempering operations. A two-
dimensionalarray of impinging jets is alsoused to cool the midchord
region of a gas turbine blade interior of an advanced gas turbine en-
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gine that operates at a high gas temperature (1300-1500°C). The jet
air, after impingement, flows toward the rear of the blade through a
channel formed between the jet orifice plate and the inner surface
of the blade. In this configuration, impinging air from upstream jets
imposes a confined crossflow to downstream jets. Thus, researchers
investigate heat transfer and flow patterns for impinging jets that
closely simulate a gas turbine airfoil internal cooling and combus-
tion liner cooling applications.

Kercher and Tabakoff! investigated the effect of jet diameter, jet
spacing, and jet-to-surface distance for a round air jet impinged on
a flat surface. Florschuetz et al.? studied the effect of jet spacing,
jet-to-surface distance, and crossflow for a two-dimensional array
of circular air jets impinging on a flat surface. They also presented
a correlation for inline and staggered hole patterns, including the
effects of geometric parameters: streamwise hole spacing, span-
wise hole spacing, and channel height to jet diameter ratio for one
crossflow direction. Chupp et al.? evaluatedthe internal heat transfer
coefficient forimpingement cooling on the leadingedge of a turbine
blade. Bunker and Metzger* and Metzger and Bunker’ also studied
impingement cooling with and without film coolant extraction on
the leading edge of a turbine airfoil. Van Treuren et al.® studied de-
tailed heat transfer distributions under impinging jets. In an earlier
paper, Huang et al.” also studied detailed heat transfer distributions
on a smooth surface with different spent air crossflow orientations.
All of these studies observed an increase in heat transfer with jet
impingement and presented the effects of various geometrical and
flow parameters on jet impingement heat transfer.

The cited data reported impingement jet heat transfer on smooth
surfaces. However, jet impingement heat transfer on rough surfaces
is important in many applications, including gas turbine blades. A
surface may become rough from manufacturing process or a long
service time, or roughnessmay be imposed intentionallyto increase
heat transfer performance. Haiping et al.® studied jet impingement
heat transfer from a rib-roughened surface in the presence of an
initial crossflow. They investigatedthe effect of the relative position
of the jet hole to the ribs. They concluded that higher heat trans-
fer values are obtained with jets impinging midway between the
ribs compared with other locations. Chakroun et al.? studied jet im-
pingement heat transfer on both smooth and rough surfaces. They
investigatedthe roughnesseffect on impingementheat transfer. The
roughness was composed of cubes of 1-mm dimension distributed
uniformly along the plate. They did not present a detailed distribu-
tion, and the effect of different spent air crossflow orientation was
not considered.

Trabold and Obot'° studied impingement heat transfer on ribbed
walls with different crossflow schemes. They measured the effect
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of geometrical and flow parameters on the heat transfer coefficient.
They observed a small reduction in heat transfer coefficients in
smaller X/d locations, but higher heat transfer coefficients in larger
X/d locations for unidirectionalcrossflow scheme. They concluded
that roughness elements (ribs) can compensate for the degradation
in heat transfer usually associated with impingement crossflow on
smooth surfaces. Gau and Lee!! studied flow structure and heat
transfer along ribbed walls impinging from a single slot air jet.
They investigated the effect of rib heights, rib pitch-to-height ra-
tio, slot width-to-rib heightratio, and nozzle to target wall distance.
They concluded that heat transfer on ribbed surfaces are enhanced
over a smooth surface. In a related study, Azad et al.'? studied jet
impingement heat transfer on a pinned surface with different cross-
flow orientations. They presented a detailed heat transfer coefficient
distribution and concluded that jet impingement heat transfer coef-
ficients on a pinned surface can be higher or lower than that on a
smooth surface, depending on spent air crossflow direction.

It is a common practice to use a rough surface for heat trans-
fer enhancement. A surface can be made rough in many different
ways, for example, inserting ribs, pins, or making dimples on a
surface. Ribs or pins are commonly used because many studies es-
tablished that a rib-roughenedor a pin-roughenedsurface enhances
heat transfer coefficient. A dimpled surface may behave differently
than a ribbed or a pinned surface under an impinging jet. Because
a rib or a pin acts as a turbulator to the crossflow, it also disturbs
the crossflow velocity. However, dimples may agitate the crossflow
due to the ups and downs of the flowfield and may produce differ-
ent heat transfer coefficients. A recent study by Chyu et al.!> may
support this phenomenon. They dealt with concavity-type dimples
with convection and showed that dimples can enhance heat trans-
fer, while the pressure losses were nearly one-half of the protruding
elements. They used different dimple geometry from our studied
dimple case. Schukin et al.'"* provided limited data downstream of
the single concavity in a diffuser channel. Afnasyev et al.!> experi-
mentally studied the friction and heat transferin a dimpled channel
and reported a 30-40% heat transfer enhancement without any ap-
preciableeffecton the hydrodynamicloss. This study, however, was
localized only at the midpoint (outside of concavity) of a staggered
dimpled plate. Terekhov et al.'® concentrated on the surface within
a concavity and concluded the existence of an optimum concavity
depth. Our study investigateda different dimple geometry than oth-
ers, with three different crossflow orientations. Thus, the present
study will fulfill the need for this additional heat transfer data on a
dimpled targetsurface. This study also considersthe effect of differ-
entspentair crossflow orientationson jetimpingementheat transfer.
Detailed heat transfer behavior on such a dimpled surface with dif-
ferent crossflow orientations under impinging jet is measured using
a transient liquid crystal technique. Two different arrangements of
dimples (many dimples and less dimples) on the target surface are
studied. In the many-dimplescase, the target surface has 9 rows with
each row having 23 dimples (9 X23 =207). Similarly, in the less-
dimples case, the target surface has 5 rows with each row having 11
dimples (5 X 11 = 55). Detailed heat transfer coefficient distribu-
tion data is collected for four different Reynolds numbers ranging
from4.85 X 10> to 1.83 X 10*. The data for the less-dimples case are
presentedonly for Re =9.55 X 103. The detailed heat transfer coef-
ficient distributionresults are presented and compared with smooth
and pinned surface data.

Experimental Setup

Figure 1 shows the entire setup. The experimental setup consists
of a computerized data acquisition system, an electric heater, an
orifice plate, a diverter valve, a plenum, and the impingement test
section itself. The computerized data acquisition system consists of
ared-blue-green charge-coupleddevice camera, a computer with a
frame grabber board, and a video monitor. The camera focuses on
the liquid crystal-coated test surface and catches the color signals
during the thermal transient test. The camera splits the color signal
intored, green, and blue and passes the signals to the frame grabber
board in the computer. The frame grabber board is programmed to
analyze the color change using an image processing software. The
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Fig. 1 Schematic of the experimental setup.

video monitor works as a reference to adjust the camera focus. The
software analyzes the picture frame by frame for a color change.
The analysisrecords the time of transition of the liquid crystal color
change from the initial colorless state to the onset of green during
the transient test. We used a lighting intensity threshold method.
This method requires a background lighting intensity correction.
This ensures that all of the points in the region of interest are at
a lower intensity than the color change transitional intensity. The
high resolution of the technique provides detailed distribution data
at each point on the surface, which cannot be achieved by multiple
thermocouples.

The inline air heater controls the required airflow rate and heats
up the air to a preset temperature. The three-way ball diverter valve
routes the air away from the test rig when no test is in progress.
The orifice plate measures the steady-state airflow rate, and a strip
chart recorder measures the mainstream flow temperature from a
thermocouple during the transient test. The test section consists of
two compartments joined by a jet plate having an array of jet holes
of diameter 0.635 cm. The top compartmentis a pressure chamber,
whereas the bottom compartmentis the impingement channel. The
plenumis a 91.44-cm-long chamber through which the flow devel-
ops before entering to the pressure chamber. The jet plate thickness
is equal to the jet hole diameter. The plate has 4 rows of holes, each
row has 12 holes through the length of the plate. The jet-to-jet spac-
ing is four times the hole diameter (X/d =Y/d =4). The length of
the test sectionis 30.48 cm. The inlet pressure chamber has a cross-
sectional area of 12.7 X2.54 cm, and the impingement channel has
a cross-sectionalarea of 12.7 X 1.905 cm. The distance between the
jet plate and the impingement target surface is three times the jet
hole diameter (Z/d =3).

Because the study focuses on a dimpled surface, a typical jet
plate geometry is selected. The target surface has a constant cross
sectionof 30.48 X 12.7 cm. Dimples of 0.635 cm in diameter (equal
to the jet diameter) are fabricated in different patterns on the target
surfaces. In one case (many-dimples case) 9 rows of dimples with
each row having 23 dimples (23 X9 =207) are made on the target
surface. Similarly, the other case has 5 rows of dimples with each
row having 11 dimples (11 X5), machined on the target surface. In
both cases, the dimple depth below the target surface is 0.3175 cm.
The test section is made of clear acrylic material. The impingement
target surfaceis made from black acrylic sprayed with liquid crystals
on the inside surface. The dimples are also sprayed with liquid
crystals. However, the heat transferdata are taken only on the bottom
surface of the dimples and the impingement target surface between
the dimples. The data on the peripheralsurface of the dimples are not
consideredfor heat transfer coefficient calculations. This peripheral
surface is about 33.8 and 9% of the total projected surface area for
the many- and the less-dimples cases, respectively.

Figure 2 shows the target surfaces with three different exit flow
direction for the many-dimples case. The three flow directions are
obtained by changing the discharge openings. The orientations pro-
vide three differentcrossflow effects created by the spentjets exiting
out of the impingement channel. Figure 3 shows the target surface
for the less-dimples case, the jet plate, and an enlarged view of a
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QO indicates the dimples

<4 indicates the corresponding jet hole location

** All dimensions are in cm
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Fig. 2 Impingement target surface with different exit flow direction (many-dimples case).

dimple in the target plate. The dimple is machined into the target
surface. The edges are kept as they are; no chamfering or any other
treatment is done.

Theory and Test Procedure

Liquid crystal is sprayed over the target surface, and the test sec-
tion is assembled accordingto the desired exit flow orientation. The
camera is set up and focused on the target surface. A threshold in-
tensity method of transient liquid crystal technique is used. This
method requires a background intensity correction based on the
lighting conditions on the region of interest (ROI). This ROI is our
data collection region. This background light intensity correction
ensures that all of the points in the ROI are at intensity lower than
the real color change transition. Our test surface is kept at a room
temperature, and heated air is introduced through the test section.
Each test run is a thermal transient initiated by the sudden intro-
duction of heated air into the test section, which results in a color
change of the surface liquid crystal coating. Heated air is diverted
away from the test section at the beginning of every test run so that
the channel walls remain at the laboratory ambient temperature.
The valve remains in the diverted position until steady flow and a
preset temperature have been achieved in the diversion flow loop.
The valve is then switched to route the hot air into the test section.

Accurate and coordinated measurement of air temperature and the
color change time is very important for reliable data. To reduce any
measurement uncertainty, the automated computer data acquisition
program and the chart recorder are simultaneously switched on to
measure the color change (from red to the onset of green) transition
time and temperature data. A typical air temperatureis about 50°C,
the initial temperature of the target plate is 24°C, the liquid crystal
color change (from red to the onset of green) temperatureis 32.7°C,
and the color change time ranges from 10 to 40 s throughout the
surface. Each test is repeated to check data repeatability. The data
acquisition system transfers the data into a matrix of color change
time over the entire surface. A computer program calculates the
local heat transfer coefficient from the time and temperature data.
The test condition is assumed to be a one-dimensional transient
conduction model through a semi-infinite solid with surface con-
vection. The following equation describes the surface temperature:
T,

Il at)erfc(h\lf(;) (1)

/’12
A e

where T;(~24°C), T,,(~50°C), t(~10-40 s), 7,,(32.7°C), k, and
a(k/pc) of the solid are known and / is unknown. Note that the
target surface is made of acrylic, which has a very low thermal
conductivity (~0.18 W/m K). The test duration is smaller than the
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11x5 =55 dimples
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Fig. 3 Target surface for less-dimples case, the jet plate, and a dimple.

time required for the temperature to penetrate the full thickness
of the insulating acrylic material. The time for the color change
transitionis captured at the surface, which was initially at a uniform
room temperature. Thus, we can consider a one-dimensional semi-
infinite solid assumption. This assumption is even valid near the
cornersof the dimplesexceptthe exactcorneredge. The heattransfer
coefficient & can be calculated from Eq. (1).

The mainstream air is heated to a preset temperature (50°C),
which makes the color change time from 10 to 40 s. The chart
recorder measures the gradual change of the mainstream tempera-
ture during the transient test. The mainstream temperature is mea-
sured at the inlet of the pressure channel. However, we need to
know the temperature of the air immediately before impingement.
The mainstream temperature cannot be represented as a single step
change. Because the mainstream temperature depends on time, the
solution represented by Eq. (1) must include the gradual change of
the temperature. The time history of the mainstreamair temperature
is reproduced as a series of step function, and then using Duhamel’s
superposition theorem, the solution in Eq. (1) is represented as

N
ot —t;
Tw—Ti=Z{1—eXP[%]

j=1

X erfc a(ltc — %) } [AT,;] 2)

where AT,,; and 7; are the temperature and time step changes from
the chart recorder output. Equation (2) is solved to obtain the lo-
cal heat transfer coefficient at every point on the measured region
(250 X 100 points). The uncertainty in the Nusselt number, esti-
mated by the method of Kline and McClintock,!” is +5.9%.

Results and Discussion

Several flow and geometrical parameters affect jet impingement
heat transfer. The jet impingement Nusselt number can be repre-
sented as a functional form of these parameters as

Nu = (hd/ ky) = f[Re, Pr,(X/d,Y/d, Z]d, o),

surface condition, flow orientation, etc.] 3)

where Reynolds number Re and Prandtl number Pr are flow param-
eters, and jet spacing to diameterratio (X/d, Y/d), jet plate to target
plate distance to diameter ratio (Z/d), and the jet inclination angle
a are the geometric parameters. The target surface condition and the
flow exitorientationare important parameters that have a significant
effect on impingement heat transfer. This work studies the effect of
a dimpled surface (target surface condition) with different spent
air crossflow orientations on local heat transfer from impinging air
jet. The heat transfer data are collected and presented for Reynolds
numbers ranging from 4.85 X 10° to 1.83 X 10*. The results are pre-
sented for different crossflow orientations.Detailed local heat trans-
fer coefficients and span-averaged Nusselt number distributions are
presented, and the results are compared with existing data.

Detailed Local Heat Transfer Coefficients

The local Nusselt number distributionsas shown in Figs. 4-6 are
presented as a function of nondimensional location X/d and Y/d.
The results are presented from X/d =3.5 to 44.5 in the streamwise
direction over the entire span. Results shown in the detailed distri-
bution correspond to the 10 central jet row locations out of the 12
jet rows of the plate. Results corresponding to the two end rows
are not shown in the distributions. The jet mass flow distribution
pattern is helpful to interpret the heat transfer results. In an earlier
related study by Huang et al.,” the pressure distributionand the cor-
respondingjet mass flow were measured for the same flow condition
with a smooth target surface instead of a dimpled surface. The re-
sults show that the jet mass flow rate jumps from first hole location
to the second hole location and then slightly increases toward the
higher X/d for crossflow orientation 1, whereas it slightly increases
from first jet hole toward the higher X /d for orientation2. However,
it remains almost constant for orientation 3. The maximum varia-
tion of jet mass flow rate occurs for orientation 1, and the variation
is about £6% from its average value. The same jet plate and the
pressure chamber are used for this dimpled surface. We expect an
approximately similar jet flow distribution patterns in this dimpled
case.
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Fig. 4 Detailed Nusselt number distributions for orientation 1.
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X/d=3.5 X/d=44.5

Fig. 5 Detailed Nusselt number distributions for orientation 2.
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Fig. 6 Detailed Nusselt number distributions for orientation 3.

Figure 4 presents the local detailed distributions for flow orien-
tation 1. In this orientation, the flow enters the pressure chamber at
one end (X/d =0) and exits the impingement channel on the other
end (X/d =48). The flow enters and exits in the same direction. The
result show that the local heat transfer coefficient increases with an
increase in the jet Reynolds number. The heat transfer coefficient
slightly decreases as X/d increases. The portions of the surface that
are directly under the jets (jet spots) have higher heat transfer coeffi-
cients than the neighboringspace. In the many-dimplescase, the jets
directly impinge on some dimples. Thus, those dimples have higher
heat transfer coefficients than the neighboring dimples. However,
in the less-dimples case, the jets impinge on the surface between
dimples. Thus, those jet spots have higher heat transfer coefficients
than neighboringspace and dimples. The jet air, after impingement,
passes over the dimpled surface as a crossflow. While passing over
the dimples, the disturbanceof the crossflow created by the dimples
only increases the heat transfer coefficient slightly. The amount of
spent air crossflow increases with increasing X/d. Toward higher
X/d, the strong crossflow velocity deflects the jets. Thus, the jets
cannot penetrateto the target surface. Therefore, the local heat trans-
fer coefficient decreases in the exit flow direction (at higher X/d).

Figure 5 shows a detailed distribution for flow orientation 2. In
this orientation, the flow enters the pressure chamber at one end
(X/d =0) and exits at both ends. The highest local heat transfer
coefficients are at the midportion of the surface, where the jets im-
pingenormally. The heat transfercoefficients around the edges of the
dimples are also higher due to a thinner boundary layer around the
edges. At both ends, the heat transfer coefficient decreases slightly
because the crossflow deflects the jets and the jets cannot penetrate
into the target surface. This decrease in heat transfer coefficient is
prominent at higher X/d than at lower X/d. This happens because
of a stronger crossflow at higher X/d because the flow enters the
pressure chamber at X/d =0 toward a direction of higher X/d.
Thus, the crossflow velocity is stronger at higher X/d even though
the flow exits in both higher and lower X/d directions.

Figure 6 shows the detailed distributions for flow orientation 3.
In this orientation, the flow exits in the opposite direction of the
flow entrance. This means that the flow exits and enters at X/d =0.
The local heat transfer coefficients are relatively small compared
with the other two flow orientations. In this orientation, most of the
spent air exits easily through the exit end (see Fig. 2¢) and does
not possess a longer distance of crossflow. At higher X/d, the spent
air crossflow is minimum, and the amount of spent air crossflow
increases toward lower X/d. Because of this higher mass flow rate,
the crossflow velocity also increases with decreasing X/d. Thus, the
jets cannot penetrate the surface due to this strong crossflow effect,
which results in a decrease in the heat transfer coefficient at lower
X/d.

The jet Reynolds number has similar effect on jet impinge-
ment heat transfer for all three flow orientations. An increase in
jet Reynolds numbers from 4.85 X 10° to 1.83 X 10* increases the
local heat transfer coefficient throughout the target surface.

Span-Averaged Nusselt Number Distributions

Figure 7 shows the jet Reynolds number effect on span-averaged
Nusselt number distributions with three exit flow orientations for
the many-dimples case. In every orientation, the Nusselt numbers
increase with an increase in jet Reynolds number. The Nusselt num-
bers decrease toward the exit direction in all three crossflow orien-
tations. A strong crossflow when passed over the dimples enhances
the heat transfer coefficient. However, a strong crossflow deflects
the jets and prevents the jets from impinging the target surface. An
impingingjet always predominatesover the crossflow effect for heat
transfer enhancement. Thus, a stronger crossflow toward the exit di-
rection deflects the impinging jets. It prevents the jets impinging the
target surface, which results in a slightly lower heat transfer coeffi-
cient toward the exit direction for all three exit orientations, as also
happened for a smooth surface case as shown by Huang et al.” In
flow orientation 2, this decrease is prominent at higher X/d even
though the flow exits in both higher and lower X/d direction. In
flow orientation 3, this decrease in the exit direction (lower X/d)
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Fig. 7 Effect of Reynolds number on span-averaged Nusselt number
(many-dimples case).

is very small. The arrows at the bottom of each Fig. 7 part indicate
the impinging jet hole locations. The peaks in Figs. 7 correspond to
jet impingement and dimple locations. The peaks correspondingto
jet impingement locations have higher Nusselt number values than
those at dimple locations. The jet hole and the jet impingementloca-
tions should match, as happened for midsection of exit orientation
2, where the flow exits in both directions, as seen in the second part
of Fig. 7. However, the jet impingementlocations are shifted (as the
jets are deflected) from the jet hole locations due to the crossflow
effect, as seen for orientations 1 and 3, and toward the exit ends
of orientation 2. The impingement locations shifted toward higher
X/d for orientation 1 because the crossflow exits in that direction.
Similarly, the impingement locations shifted toward lower X/d for
orientation 3 because the crossflow exits in that direction.

Figure 8 shows the flow orientation effect on span-averaged
Nusselt numbers for Re =9.55 X 10°. Flow orientations 1 and 2
provide higher heat transfer coefficients compared to orientation 3
for both cases (many-dimples and less-dimples cases). In orienta-
tion 3, most of the spent air exits easily through the exit end, and
the impinging jet mass flow rate is smaller toward the higher X/d
location, compared with the other two orientations. Because the
crossflow exit direction is opposite to the flow direction in the pres-
sure chamber, the overall flowfield in the impingementchannel may
be retarded. This results in a lower heat transfer coefficient. Flow
orientation 2 provides the highest heat transfer coefficient for both
the many- and less-dimples cases. It is clear from the less-dimples
case that the jet impinges normally on the target surface for orien-
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Fig. 8 Span-averaged Nusselt number as a function of exit flow direc-
tion (Re =9.55 X 10%).

tation 2. However, the jet is deflected toward right for orientation 1
and toward left for orientation 3 due to the crossflow effect. Thus,
the Nusselt number peaks also shifted toward the right and the left
from the jet hole location for orientations 1 and 3, respectively.

Comparison with Existing Data

The results are compared with some smooth and rough surface
data that are available in the existing literature. Detailed heat trans-
fer coefficient distributions from this study are averaged over the
entire target surface to get a single value for each Reynolds number
and each orientation. Note that the heat transfer data are collected
only on the bottom surfaces of the dimples and the smooth target
surface between dimples. The data from the peripheral surface of
the dimples are not considered here. This peripheral area is 33.8
and 9% of the total projected surface area for the many-dimples and
the less-dimples cases, respectively. The heat transfer coefficient on
this peripheral area could be higher or lower. Whatever the value
is, this increased area will further increase the total heat transfer
from the dimpled surface because this is an additional surface area.
However, the total averaged (when this peripheral area is consid-
ered) heat transfer coefficient or the Nusselt number could be lower
or higher than the presented value depending on the heat transfer
coefficient of this peripheral area. The averaged Nusselt numbers
for each orientation are plotted as a function of Reynolds number
to compare with the existing data as shown in Figs. 9 and 10. The
present data without the peripheral surface data correlate with the
Reynolds number dependenceas Nu = 0.049Re*7*, 0.029Re"#2, and
0.023Re"3, for orientations 1, 2, and 3, respectively.

Figure 9 compares the same three spent air crossflow orientations
in this study on dimpled surfaces and an earlier related study on
a smooth surface by Huang et al.” The correlation developed by
Kercher and Tabakoff! is also included for comparison. The smooth
surface result of Huang et al.” reveals that flow orientation 2 pro-
vides the highest heat transfer coefficient over the entire surface,
whereas flow orientation 3 provides the lowest. The heat transfer
coefficient for flow orientation 3 might be lower because of the exit
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Fig. 9 Comparison of averaged Nusselt number with smooth surface
data.
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Fig. 10 Comparison of averaged Nusselt number with pinned surface
data.

of the impingement channel being on the same side as the inlet to
the pressure chamber. Smooth surface data of Huang et al. for ori-
entation 1 and Kercher and Tabakoff’s’ correlated data are about
the same. The crossflow effect in Kercher and Tabakoff’s study is
similar to that for flow orientation 1 in the Huang et al.” study.
This study uses similar geometrical parameters, X/d, Y/d, and
Z/d, and spentair crossflow orientationsas used in the Huang et al.’
study, except the smooth target surface is replaced by the dimpled
one. The dimpled surface Nusselt numbers for orientations 1 and
2 are higher than orientation 3. In orientation 3, most of the spent
air exits easily and does not posses a longer distance of crossflow
because the exit end is on the same side of the flow entrance in
the pressure chamber. These results when compared with smooth
surface data of Ref. 7 reveal that the Nusseltnumbers for the dimpled
surface (many-dimples case) are higher than the smooth surface at
low Reynoldsnumbers butaboutthe same at high Reynoldsnumbers
for orientation 1. The Nusselt numbers for both cases are about the
same for orientation2 exceptat Re =4.85 X 10° the Nusselt number
for the smooth surface is higher. Similarly, for orientation 3, the
Nusselt numbers for the dimpled surface (many-dimples case) and

the smooth surface are about the same. For the less-dimples case,
the Nusselt numbers are obtained at only one Reynolds number
(Re =9.55 X 10°), and the Nusselt numbers are lower than for the
many-dimples case.

The Nusselt numbers for the many-dimples case in flow orienta-
tions 1 and 2 are higher than the correlated results of Kercher and
Tabakoff.! This result demonstrates that crossflow has a stronger
effect on the heat transfer coefficient. Nusselt numbers for a smooth
surface and a dimpled surface are about the same; however, a dim-
pled surface can provide higher heat transfer than a smooth surface
due to an increased surface area as compared to a smooth surface
case. A dimpled surface with many dimples, as studied here, has
about 33.8% more surface area (peripheral area) than a smooth sur-
face. Thus, it can provide higher heat transfer from impinging jets
compared to a smooth surface.

Figure 10 compares the Nusselt numbers between the many-
dimples case and the many-pins case studied by Azad et al.!* This
study uses similar geometrical parameters, X/d, Y/d,and Z/d, and
spentair crossflow orientationsas usedin Azad’s study,'* except the
pinned target surface is replaced by a dimpled one. The dimples are
made at same locations as of the pins. They are of same size and
number. The dimpled surface Nusseltnumbers for orientations2 and
3 are about the same as for the pinned surface. The Nusselt numbers
for the dimpled surface are slightly lower than the pinned surface for
orientation 1. However, from application point of view, a dimpled
surface is advantageous over a pinned surface. Pins increase mate-
rial cost and add more weight to a surface, whereas dimples reduce
material cost and weight. Thus, for applications such as internal
cooling passage of a gas turbine blade, where material weight is an
important factor, a dimpled surface may be an alternate option for
enhancementof surface heat transfer rate. The designer should also
consider that the dimples reduce wall thickness and may increase
local stress. From heat transfer viewpoint, both dimpled and pinned
surfacesare better than smooth surfacesif the increased surface area
is taken into account.

The number of dimples (many or less as tested here) does have a
positive influence on the heat transfer coefficient enhancement. The
less-dimples case produces lower Nusselt number than the many-
dimples case. Note that the data from the increased surface area due
to the dimples (circumferentialsurface area), which is about 33.8%
and 9% of the total projected surface area (for the many-dimplesand
the less-dimples cases, respectively), are not included in the calcu-
lation of the average heat transfer coefficient. The many-dimples
case would provide even higher heat transfer compared to the less-
dimples case due to its increased surface area. This study also pro-
vides a detailed measurement through the entire target surface.

Conclusion

The effect of a dimpled surface on local heat transfer coefficients
for multiple jet impingement with three crossflow orientations is
studied here. The local and averaged Nusselt numbers are measured.
The results conclude the following.

1) Detailed measurement provides a better understanding of the
jet impingement on a dimpled surface. These detailed heat transfer
coefficient results also provide a reference for further experimental
or computational study.

2) The jet Reynolds number has a strong effect on local heat
transfer coefficient distribution. The local and the averaged Nusselt
numbers increase with an increase in the jet Reynolds number.

3) For a smooth target surface, crossflow orientation 2 provides
better heat transfer coefficient than orientation 1 and 3 (Ref. 7). Sim-
ilarly, for a dimpled surface, crossflow orientation 2 also provides
higher heat transfer coefficients than orientations 1 and 3.

4) The Nusselt numbers for a dimpled surface and a smooth sur-
face are aboutthe same. However, adimpled surface provides higher
heat transfer due to increased surface area (circumferential area),
which is about 33.8 and 9% for our many-dimples and less-dimples
cases, respectively.

5) The numberof dimples does have a positiveeffecton heat trans-
fer enhancement. The many-dimples case produces higher Nusselt
numbers than the less-dimplescase in this study. The many-dimples
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case provides even higher heat transfer if the dimple increased
circumferential area is considered, which is 33% in the many-
dimples case compared to 9% in the less-dimples case.

6) The Nusselt numbers for a dimpled surface are about the same
as for a pinned surface for spent air crossflow orientations 2 and
3, but lower for orientation 1. However, pins increase material cost
and add weightto the surface, whereas dimples reduce both material
cost and weight. A dimpled surface is as good as a pinned surface
from an application point of view and provides an alternate option
for enhancement of surface heat transfer for such applications as
internal cooling passage of a gas turbine blade, where component
weight is an important factor.
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