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Detailed heat-transfer distributions are presented for an array of jets impinging on a target plate with a staggered
array of film cooling holes. The flow impinges on the target plate through a row of impingement holes and exits the
channel from the sides and through the film holes. The top plate has 12 rows of impingement holes, and the target
plate has 11 rows of film holes. The impingement holes and the film holes have the same diameter and are staggered
such that the air from the impingement hole does not exit directly through the film hole. The setup is typical of an
impingement/transpiration cooled gas turbine airfoil. Additional to the flow exiting through the film holes, there
is an exit for crossflow after impingement. The exit opening of the impingement channel is changed to provide
three different spent air exit directions. The detailed heat-transfer coefficient distributions were measured using
a transient liquid crystal technique. Results are presented for a range of jet Reynolds numbers between 0.4 x 103
and 2.0 x 10* with different exit flow orientations. Heat-transfer results for the target plate with film holes are
compared with those without film holes under the same flow conditions. Film extraction reduces crossflow effects
on jet impingement heat transfer. However, overall averaged heat-transfer rates on the target surface appear less

affected by presence of film hole for cases where the crossflow is generated in only one direction.

Nomenclature

A = heat-transfer surface area

d = impingement jet hole diameter and coolant extraction hole
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

ky: = thermal conductivity of air

. crossflow mass flow rate

film hole mass flow rate

= impingementhole mass flow rate

Nusselt number, hd / ky;

Prandtl number

j average jet Reynolds number, pV;d/u

jet-jet spacing

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

initial temperature of test section

mainstream temperature of the flow

= time of liquid crystal color change

= 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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Introduction

EAT-TRANSFER enhancement using jet impingement is a
commonly applied technique for several convective applica-
tions such as heat treatment of metals, paper drying, electronic com-
ponentcooling, and turbine component cooling. With increased tur-
bine inlet temperatures heat-transfer enhancement to remove heat
from the airfoil external surface has gained importance. Jet im-
pingement has been used as a heat-transfer augmentation method
inside gas turbine airfoils for several decades. A combination of
jet impingement with transpirationfilm cooling has been identified
as a possible highly effective cooling system. The results from this
study can also be applied to any geometry with double-wall cooling
schemes where crossflow is an important effect. One such example
is Rolls-Royce Allisons’ Lamilloy cooling pattern.
Experimental studies of impingement surface heat transfer for
gas turbine applications were reported by Chupp et al.,! Kercher
and Tabakoff? Florschuetz et al.,>* and Behbahani and Goldstein.
Downs and James® summarized findings relating to parametric ef-
fects of geometry, temperature, interference and crossflow, turbu-
lence levels, surface curvature, and non-uniformity of jet array on
jet impingement heat and mass transfer. Obot and Trabold’ show
that heat transfer for an array of jets increases with decreasing jet-
to-jet spacing. Viskanta® and Huber and Viskanta®!® pointed out
many differentfactors that influence heat transfer in multiple jet im-
pingementsystems such as wall-jet interaction, separation distance,
jet-jetspacing and diameter, crossflow or exit of spent air, the orifice
arrangementin line or staggered and target surface condition.
Kercher and Tabakoff? and Florschuetz et al.»* presented heat-
transfer correlations for jet impingement with crossflow effects on
surface without film extraction. They presented correlationsfor both
in-lineand staggeredjethole patterns,includingeffects of geometric
patterns. Bunkerand Metzger!! measuredlocal heat-transfercharac-
teristicsin large-scalemodels of turbine blade impingement-cooled
leading-edgeregions. Results indicated an increase in heat transfer
with approximatelya 0.6th power of jet Reynolds number. Increases
in heat transfer were noted with decreasingleading-edge sharpness
as well as with decreasing nozzle-to-apex distance. An increase in
spanwise-averageheat transfer was noted with decreasingjet pitch-
to-diameter ratio. Van Treuren et al.'> studied impingement heat
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transfer under in-line and staggered arrays of jets using a transient
liquid crystal technique. They measured both local heat-transferco-
efficient and adiabatic wall temperatureunder the impingementjets;
however, they studied the effect of crossflow in only one direction.
Huang et al.!> presented results for impinging orthogonal jets on a
target surface without film holes and three exit-flow orientations.
They confirmed that the heat-transferdistributionson the target sur-
face are significantly affected by crossflow direction. Crossflow ef-
fects are minimal when the flow exits toward both directions after
impingement. Results were correlated for all three exit directions
with the jet Reynolds number as parameter. The present study uses
the same test setup used by Huang et al.'* However, the target sur-
faceis replaced with a new target surface with film holes. The results
from Ref. 13 are compared to the results from the present study.

In the past there have been a few investigations on impingement
heat transfer for a target surface with film extraction (so called
impingement/effusion cooling, impingement#ranspiration cooling,
and impingement with removal through vent holes). In this study
the internal surface heat transfer is affected by three parameters:
the jet impingement through the jet orifices, the crossflow induced
by jet impingement in the channel, and the flow through the film
holes. Several works by Andrews et al.'* have focused on the effect
of impingement and/or effusion (transpiration) cooling on external
surface heat transfer. The focus of the present study is the internal
surface heat transfer.

A target surface with film holes allows for extraction or bleeding
of aportionof the internal cooling flow to provide film cooling along
the airfoil external surface. Film extractionhas been investigatedby
Hollworth and Dagan'> and Hollworth et al.'® They presented av-
eraged and local heat transfer for an impingement target surface
that also had film extractionthrough orifices. The jet spacing varied
from 5 to 20 jet diameters in square arrays and jet Reynolds num-
ber varied from 0.3 x 10° to 3.5 x 10* in their tests. The averaged
heat-transferresults indicated that a staggered configuration of the
jetholes and film extraction holes was better than the in-line config-
uration. Metzger and Bunker'” investigated the local heat transfer
in internal impingement cooled turbine airfoil leading-edgeregions
with film extraction. Results suggest that heat transfer primarily de-
pends on jet Reynolds numbers with smaller influences from the
flow extractionrate. They pointed out that with jet holes and bleed
holes in line bleed flow leads to generally increased heat trans-
fer, which is the exact opposite conclusion presented by Hollworth
et al.!® Hence, it is clear that the jet holes and film hole configura-
tiondependon the locationon the airfoil. On a flat surface staggered
configurationprovidedhigherheat transfer,and on an airfoil leading
edge in-line configuration provided higher heat transfer. Recently,
Gillespie et al.'® studied the heat transfer inside cast impingement
cooling configuration. The cooling application is for double-wall
cooling applications where the air goes through jet holes impinge-
ment into a small cavity between the internal wall and the external
wall. The coolant is then ejected on the external surface through
film cooling holes. Their geometry does not have the array of jet
and film holes as in the present study. Also, this geometry produces
no crossflow effect.

The present study provides detailed heat-transferdistributionson
an impingement target surface with film extraction. This study is a
continuation to the study by Huang et al.'3 This is the first study
to focus on impingement heat transfer to a target plate with film
holes affected by differentcrossflow directions. The transient liquid
crystal image method usedin this study is the same as that presented
by Huang et al.!> Three spent air exit directions are employed to
evaluate the crossflow effecton the detailed heat-transfercoefficient
distributionsof the targetsurface. Comparisons with theresults from
Huang et al."® can help understand the effects of film extraction on
heat transfer levels over the target surface.

Test Description and Apparatus

Figure 1 shows the schematic of the test section. There is a plenum
chamber (91.44 cm long) through which the flow develops before
entering the test section. The test section consists of two channels
joined by a jet plate, which has an array of jet holes with diameter
d of 0.635 cm. The length of the test section is 30.48 cm. Top
chamber is denoted the pressure channel, and the bottom chamber
is denoted the impingement channel. The pressure channel has a
cross-sectionarea of 10.16 x 2.54 cm, and the impingementchannel
has a cross-sectionarea of 10.16 x 1.905 cm. The jet-plate thickness
is equal to the jet hole diameter such that the L /d ratio of the hole
is 1.0, which is typical for effusion/ranspiration cooling. There are
12 rows of 4 holes each, and a total of 48 holes on the jet plate.
The jet-to-jet spacing s is four times the jet hole diameter in both
X and Y directions. The distance between the jet plate and the
impingement target surface H is three times the jet hole diameter.
The film hole diameter d is 0.635 cm (same as jet hole diameter).
The target impingement surface has 11 rows of 3 holes and a total
of 33 holes on the target impingement surface. The jet holes and
the film holes are staggered in location such that the air from the
jetholes always impinges on the target plate midway between holes
(without crossflow effects). The total area ratio of the all film holes
to all jet holesis 33/48. The jet-plateand target-plate geometries are
typical in airfoils cooled by a combination of jet impingement and
transpiration cooling as shown in Fig. 1. The entire test section is
made of acrylic material to minimize conduction losses during the
transient test. The impingement target surface is painted black and
sprayed with a thin coating of thermochromic liquid crystals.

The data acquisition system consists of a red- green-blue (RGB)
camera, a PC with a frame grabber board, and commercial image
processing software. The composite color signal is split into red,
green, and blue colors and is passed on to the color frame grabber
boardin the PC. The frame grabberboard is programmed to analyze
the color change using the software package. The software analy-
zes the picture frame by frame for color changes. The analysis
records the time of transition of the liquid crystals from colorless
to start of green band at each point on the test surface (100 x 280
data points). A time-of-color change from colorless to appearance
of greenis measured at every pixel location on the test surface. More
details are presented by Huang et al.!?

Figure 2 shows the sketch of the channel with three exit flow ori-
entations. The three exit flow orientationsare obtained by changing
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Fig. 1 Schematic of the test section.
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the flow discharge openings. The three exit openings provide differ-
ent local jet velocities and flow rates through the jet impingement
holes and the film extraction holes. The inlet flow in the pressure
channel and the exit flow in the impingementchannel are coflowing
(flow direction is same) for orientation 1, co- and counterflowing
for orientation 2, and only counterflowing for orientation 3.

Theory

The local heat-transfer coefficient /2 can be calculated from the
following equation by knowing the initial temperature (T; ~27°C),
mainstream temperature (7,, ~ 50°C), and by measuring the color
change from time ¢ for the liquid crystal coated surface to reach
color change temperature (7, ~ 32.7°C). The duration of the testing
time is kept small so that a semi-infinite solid assumption is valid
for a test plate of 0.508-cm thickness. The mainstream is heated to
a temperature that produces color change times from 10-70 s. The
testing time is much lower than the time required for the temperature
to penetrate the acrylic wall. Because the test surface does not see
a true step change in mainstream temperature, the solution must
include the time history of the mainstream temperature:

T, - T,

g i

-y {1 . exp[“““‘fﬂ}rfc[”v ““‘ff)“(um,)

k2 k

j=1

A chartrecorder measures the gradual change of the mainstream
temperature at the entrance to the test section during the transient
test. The time history of the mainstream temperature is reproduced
as a series of step functions. AT, ; and 7, are the temperature and
time-step changes from the chart recorder output. Huang et al.'
presentmore details on the theory used to calculate the heat-transfer
coefficients. The preceding equation is solved to obtain the local
heat-transfercoefficient at every point on the measuredregion (there
are totals of 280 points in the X direction and 100 points in the Y
direction). The heat-transfercoefficient obtained from the preceding
equation is based on the inlet temperature to the pressure channel.

Procedure

The test section connects to a compressor-basedair supply with a
standard orifice meter for measuring the flow rate. The mainstream
flow rateis controlledand heated to a presettemperatureusing an in-
line air heater. A test run begins with heated air diverted away from
the test section so that the test channel walls remain at the laboratory
ambient temperature. The valve remains in the diverted position
until steady flow and a preset temperature have been achievedin the
diversion flow loop. Then, the valve is suddenly switched to route
the hot air into the pressure channel, expend through the jet orifice
plate, and impinge on the target test surface. The data acquisition
programand the chartrecorder simultaneously switch on to measure
color change time and mainstream temperature data, respectively.
The data acquisitionsystemrecords the transitiontime for the liquid

crystal color change from colorlessto green at every pointon the test
surface and transfers the data into a matrix of times of color change
over the entire surface. A strip chart recorder measures the varying
mainstream flow temperature 7, during the test. The heat-transfer
coefficient is then calculated using the preceding equation at every
pointon the test surface.

The average uncertainty in heat-transfer coefficient measure-
ment, estimated by the method of Kline and McClintock," is about
£6.5%. The individual uncertainties in the measurement of the
time of color change (At ==£0.5 s), the mainstream temperature
(AT, = £1°C), the color change temperature (AT,, = £0.2°C), and
the wall material properties (Aa/k> ==+5%) are included in the
calculation of the overall uncertainty in the measurement of /. The
worst region for uncertaintyis in the region where one-dimensional
solid assumption may be violated. This region is around the edges
of the film holes. The heat-transfercoefficients in these regions may
be overpredictedby as much as 17%.

Results and Discussions

Flow Measurements

Local pressure distributions were measuring by placing static-
pressure taps inside the test section for a target plate with film holes.
Static pressures were measured inside the pressure channel and the
impingement channel. Based on local pressure measurements, the
local jet mass flow rates can be calculated. Also the difference in
local pressure to ambient pressure in the impingement channel is
used to obtainthe exitcrossflow rates. The impingementjet flow rate,
film hole flow rate, and crossflow rate distributionsalong the channel
are presented for an average jet Reynolds number of Re; =9600.
The flow enters the pressure channel of the test section from one
directioncausing an unevendistributionof flow througheach jetrow
for all three cases. The results are presented as a ratio of local mass
flow with respect to the total mass flow through the test section.

Figure 3a presents the impingement jet flow rate distributions
for all the three exit flow orientations. The jet mass flow rates are
almost uniform across the channel for orientations 1 and 3, which
may be because the flow enters the pressure channel with a strong
axial velocity then enters the impingementchannel through jet holes
and exits in the only one direction. For orientation2 in which case
the flow exits both directions after impingement, the flow rates are
higher through jet holes farther downstream. The cross velocity of
the flow into the pressure channel may induce more flow to exit in
the same direction as the entrance flow. However, the same does
not happen for orientation 1. Compared to the flow data of Huang
et al.,'”® flow orientation 1 appears to be significantly affected by the
presence of film holes on the target surface. Flow orientations2 and
3 appear less affected in the flow distributions through the holes.

Figure 3b presents the flow rates exiting through the film holes
on the target surface. Flow orientation 1 shows an increase in exit
flow rates from the first row to the sixth film hole row, and then the
flow rates appear to stay constant. If you observe the direction of
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Fig. 3 Jet flow rate, film flow rate, and crossflow rate distributions.

the crossflow, it appears consistent. For orientation 2 the flow rates
increase from small X /D locations to about middle of the channel,
the flow rates drop significantly in the middle rows, and then the
distributions appear uniform through the holes at large X /D. For
orientation 3 the flow rates are around 4% at low X /d for the first
five film hole rows, then the exit flow rates increase a little for the
rows at large X/D.

Figure 3c presents the ratio of the crossflow rate to total mass
flow rate across the length of the channel. The crossflow develops
from small X /d to exit for orientation 1. The crossflow is a mini-
mum at the center of the channel for orientation 2 where the flow
exits in both directions. The crossflow exits toward the low X /d
direction for orientation 3. Compared to the flow data presented by
Huang et al.,1 the crossflow rates are much lower. The flow rate
at the exit for orientation 1 is around 50% of total flow rate in this
case compared to 100% for the case without film holes. That implies
that about 50- 60% of the flow that enters the impingement channel
leaves through the film holes depending upon the crossflow orienta-
tion. The heat-transferdistributions and jet impingementare signif-
icantly influenced by the jet hole flow, film hole flow, and crossflow
rate distributions. The effect of crossflow combined with loss of
flow through film holes contributes to different heat-transferlevels
compared to the study by Huang et al.,'> where the jet impingement
was dominated by crossflow effects.

Heat-Transfer Coefficient Measurements

Heat-transfer tests were performed at four average jet Reynolds
numbers Re; of 4850; 9550; 12,800; and 18,300 for all three flow
orientations.Figures 4- 6 present the detailed Nusselt number distri-
butions for all three exit flow orientations at different jet Reynolds
numbers. The two-dimensional surface plots show the Nusselt num-
ber variations on the target surface in the X /d (crossflow-axial) di-
rection and in the Y /d (spanwise) direction. Results are presented
from X /d =3.5 to 44.5 along the axial direction X over the entire
span of the target surface. The impingement and film hole locations
are indicated for each flow orientation. The impingement hole lo-
cations are shown with upward arrows indicating inflow, and the
film hole locations are shown as downward arrows indicating out-
flow. Nusselt numbers increase on the entire target surface with an
increase in jet Reynolds number for all three flow orientations.

Figure 4 presents the detailed Nusselt number distributions for
exit flow orientation 1. The inlet flow and exit flow are coflowing

Inlet Exit

Re=4850

Re=18300

X/d=3.5 X/d=44.5

Fig. 4 Detailed Nusselt number distributions for flow orientation 1.

in this case. The jets impinge completely on the target surface at
small X/d locations as no crossflow exists in that region. As the
flow from the jets at small X /d develop a crossflow, the jets from
the holes at large X /d are sweptaway from the test surface reducing
impingementheat-transferlevels. Also the jet impingementlocation
on the target surface is skewed depending on the crossflow strength.
Compared to the cases in Huang et al.,!* the presence of film holes
causes the impinging air to also exit through the film holes after
impingement. This reduces the crossflow levels compared to the
target surface without film holes as shown in Fig. 3. The Nusselt
numbers in the regions between the impinging jets are enhanced
becauseof the flow migrating toward the film holes at higher velocity
than the crossflow. Because of crossflow effect, the migration of the
impinging air to the film hole is only from the upstream (direction
of crossflow) jet holes. The presence of the film holes was expected
to reduce crossflow effects and increase target surface heat-transfer
coefficients. However, that does not seem to be the case as seen from
the detailed distributions. The jet impingement from the jet holes at
the outer edges of the channel (¥ direction) is reduced because of
edge effects producing lower Nusselt number values.

Figure 5 presents similar detailed Nusselt number distributions
for flow exit orientation 2. In this case the exit crossflow is in both
directions. The highestimpingement Nusselt numbers are obtained
in the region of X/d ~ 14-22, because of the minimum crossflow
in that region, except for Re; = 4850. The jet impingement Nusselt
numbers appear higher for this case than orientation 1. The im-
pinging air, unaffected by crossflow in the bulk of the impingement
channel, exits freely out through the film holes causing significantly
reduced impingement. The migration of impinging air is toward
all the film holes around it in the middle of the channel. At small
and large X /d locations, the direction of the migration is only to
the holes decided by the direction of the crossflow. As in Huang
et al.,!3 the bulk of the impinging jets for this case are unaffected
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Fig. 5 Detailed Nusselt number distributions for flow orientation 2.

by the crossflow. The crossflow strength is smaller (Fig. 3) in both
directions.

Figure 6 presents the detailed Nusselt number distributions for
flow exit orientation 3. In this case the exit flow direction is
counterflowing to the inlet flow. Because of this reason, the cross-
flow effect is stronger at the small X /d locations. The jet impinge-
ment would be expected to be strongest at large X /d because of
small crossflow. However, it is not true. More coolant exits out of
the impingement holes at small X /d because of large pressure dif-
ference and lesser resistance to flow. The effect of the crossflow is
to push the jets away from the target surface as evidenced by the
heat-transfer distributions. The coolant migration toward the film
holes is in the direction of the induced crossflow in this case also
because of the alteration of jet structures such that the impinging air
is pushedin the direction of the crossflow and thus feeding only the
two holes on the downstream side.

The shape of the jet impingement heat-transfer pattern for all
three exit flow orientations is interesting. For orientation 1 the jet
impingement heat-transfer pattern shows high heat transfer in the
core of the jet but slightly shifted toward the large X/d direction
(crossflow). For exit orientation 2 the jet appears to be imping-
ing completely on the target surface because of reduced crossflow
effects. For flow orientation 3 the jet impingement heat-transfer
patterns appear reverse compared to the pattern for orientation 1.
The direction of crossflow significantly affects the jet impingement
heat-transfer pattern underneath the jet and also the direction of
jet impingement flow migration toward the film holes. The jet im-
pingement region appears to be wider and the local heat-transfer
coefficients are comparatively lower than the data of Huang et al.'®
The presence of film holes between the jet holes makes the jet flows
tomigrate toward the film holesreducingjet impingementlevels and
spreading the jets over a larger surface area. This causes spreading

Re=18300

X/d=3.5 X/d=44.5

Fig. 6 Detailed Nusselt number distributions for flow orientation 3.

of heat-transfer coefficients with a lower jet core heat-transfer coef-
ficient. This is the main effect of the film extraction on heat-transfer
coefficients. Also, the crossflow effect is reduced so the jets are not
pushed away from the surface as strongly as in the case of Huang
et al.!*> More uniform and higher heat-transfer coefficients caused
by jet impingement produces similar overall heat-transferlevels as
in the case of the target plate without film holes.

Figure 7 presents the effect of Reynolds number on spanwise-
averagedNusseltnumberdistributionsfor all three flow orientations.
The arrows indicate the jet hole location, and the black dots indicate
the film hole locations. The Nusselt numbers at every crossflow
streamwise location X, from the detailed distributions presented
earlier are averaged over the entire span Y. The area averaging
technique discounts the film hole area on the target surface. Nusselt
numbers increase with increasing Reynolds number for all the three
exitflow orientations. The highestNusseltnumberunderneaththe jet
occurs to the right of the jet hole location for orientation 1, directly
underneaththe jetholelocationfor orientation2, and to the left of the
jethole location for orientation 3. This observationclearly indicates
the crossflow effect for each case. Nusselt number decreases with
increasing X /d for orientation 1. High Nusselt numbers beneath
the jets appear to be similar for all three crossflow orientations.
This is different than the pattern observed by Huang et al.,'> who
observedthat flow orientation 2 produced much higherheat-transfer
coefficients underneath the jet than the other two flow orientations.
Determining the effect that the presence of film holes has on the
target surface heat transfer from this plot is difficult.

Figure 8 presents the comparison of spanwise-averaged Nusselt
number distributions for a target surface without film holes'? to a
targetsurface with film holes for Re; = 4850. The comparisonshows
that for flow orientations 1 and 3 the spanwise-averaged Nusselt
numbers are similar for the two target plates. However, there is a
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significant drop for orientation2 from a target surface without holes
to a target surface with holes. The increasedjet impingementcaused
byreducedcrossflow and spreadingof jets becauseof flow migration
in regions between impingement produces similar levels of Nusselt
numbers for orientations 1 and 3. For flow orientation2 the effectof
coolant holes is to reduce jet impingement heat transfer because of
the some flow migration toward the film hole before impingement.
This reduces the heat-transfercoefficient directly underneath the jet
but increases slightly the Nusselt numbers in the region between
the jets. Because crossflow effect for this flow orientation was not
an issue even when the target plate was without film holes,"® film
extraction is the main cause of the drop in heat-transfer levels for
orientation 2. This comparison is expected to change because the
Nusselt numbers are computed using local bulk fluid temperatures.

Figure 9 compares the overall averaged Nusselt number for each
case and Reynolds number with existing published correlations*>:!3
for target surface without film holes and corelation'” for a target sur-
face with film extraction. Kercher and Tabakoff? studied impinge-
ment on a target surface with strong crossflow effect similar to that
inorientation 1. Based on all geometrical parameters, they proposed
a correlation of the form Nu = ¢, ¢,Re" (Z /d)*®'Pr'/3, where ®,
and ®, are constants based on X/d and Y /d. Florschuetz et al >
proposed a correlation for jet impingement for minimum crossflow
given as Nu=0.363(X/d) "3*(Y /d)~0**(Z /d)* RS> Pr!/3.
The correlations from Huang et al.!> are also included. The cor-
relation for orientation 2 from Huang et al.’s'> study is given as
Nu=0.082Re""* (corr. 1). The correlation for orientations 1 and
3 is given as Nu = 0.035Re%® (corr. 2). Also shown is the relation
between Nusseltnumber and jet Reynolds number from the study by
Hollworth et al.!” The data from this study is plotted as a line though
Hollworth et al.!” did not provide any correlation for their data.

Comparing the various correlations to the data from this study,
the Nusselt number variation with jet Reynolds number for orienta-
tions 1 and 3 do not deviate much from Huang et al.’s'* correlation
2. This was quite evident from the span-averageddata plotin Fig. 8.
However, there is a significant drop in Nusselt numbers comparing
Huang et al.’s'® correlation 1 with the data for orientation 2, which
is also well explained in Fig. 8. Kercher and Tabakoff’s correlation
is lower than the data for orientations 1 and 3 because of the strong
crossflow effectin their study. Florschuetzet al.>** show much higher
Nusselt numbers for their pure impingement correlation with mini-
mum crossflow. Finally, Hollworth et al.!” correlation matches well
with the data for orientations 1 and 3.

Conclusions

The effect of exit flow orientation on heat transfer to a target sur-
face with film holes for multiple jet impingement arrays has been
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investigated. The results are compared to the results for a target
surface without film holes." This is the first study to focus on heat
transfer to a target plate with film holes affected by crossflow direc-
tion. The conclusions are the following:

1) Different exit flow orientations produce different heat-transfer
distributions on the target plate. Results show that flow orientation
2 produces the highest Nusselt numbers compared to orientations
1 and 3 because the crossflow effects are smaller for orientation 2
compared to that for the other two orientations.

2) For flow orientations 1 and 3 Nusselt number distributions
are not significantly affected by the presence of film holes on the
target surface. However, for orientation 2 there is a 20% reduction
in Nusselt numbers for a target surface with film holes because
of the migration of impinging air toward the film holes and thus
reducing strong impingement effect. The direction and strength of
the crossflow also dictates the direction of flow migration toward
film holes on the target surface.

3) The highest Nusselt number for flow orientation 1 occurs to
the right side of the jet hole location, underneath the jet location for
orientation 2, and to the left side of jet location for orientation 3.
Crossflow direction and strength depending on axial location along
the channel affect jet impingement heat transfer significantly.

4) Although the heat-transfer coefficient is only slightly affected
for orientations 1 and 3 and significantly (20%) for orientation 2,
the benefit of additional cooling in the form of film cooling on the
outer surface is extremely valuable. The coolant exiting the target
plate forms a film on the outer surface and reduces heat flux into
the target plate from the hot side. This additional cooling greatly
improves cooling for components such as turbine blades operating
in high-temperature environments.
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