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Introduction

J ET impingement is a commonly used technique for heat trans-
fer enhancement. Several applications such as heat treatment

of metals, paper drying, electronic component cooling, and turbine
component cooling have bene� tted from the high heat transfer rate
associated with jet impingement. Several geometrical and � ow pa-
rameters are known to affect the heat transfer rate for jet impinge-
ment. Perry,1 Chupp et al.,2 Kercher and Tabakoff,3 Flourschuetz
et al.,4,5 Behbahani and Goldstein,6 and Downs and James7 studied
the effects of various parameters relating to jet impingement heat
transfer. All of these studies had orthogonal jet impingement. They
summarized the effects of geometry, temperature, interference and
cross� ow, turbulence levels, surface curvature, and nonuniformity
of jet array on heat and mass transfer.

Goldstein and Franchett,8 Steven and Webb,9 and Ichimaya10

studied the effects of inclined jet impingement and found that in-
clined jets produce less heat transfer enhancement than orthogonal
jets. However, they did not investigatethe effectsof cross� ow on in-
clined jet impingement.Huang et al.11 studiedthe effectof cross� ow
direction on jet impingement heat transfer for orthogonal imping-
ing jets. They reported the highest heat transfer coef� cients for the
jets where the cross� ow exits in both directions. The present study
investigatesthe same cross� ow effects of Huang et al.11 for inclined
jet impingement.

The present study provides detailed surface heat transfer coef� -
cient distributionsfor the target plate using a transient liquid crystal
technique.This is the same methodologyappliedby the same group
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of authorsas in the studies by Huang et al.11 and Ekkad et al.12 In the
present study, the effect of cross� ow direction and jet inclination
angle is presented for a single jet average Reynolds number of
1.28 £ 104.

Test Description and Apparatus
A detailed description of the test setup and instrumentation is

provided by Huang et al.11 The test section has been modi� ed to
accept jet impingementplates with inclined angled holes. There are
48 impingement holes of 0.635-cm diam arranged in an array of 12
columns and 4 rows. The jet-to-jet spacing S /d is four hole diam-
eters. The jet plate to target plate spacing H / d (shortest distance
between jet hole plate and target plate) is three hole diameters. The
� ow enters the pressure plenum through a narrow channel and exits
through the impingement holes and impinges on the target surface.
The � ow exit (cross� ow) direction can be altered by changing the
discharge openingsafter impingement.Figure 1 shows the schemes
of the impinging jets at §45 deg to the vertical on to the targetplate.
Cases 1–3 are for different cross� ow directionsfor the +45-deg an-
gled jets, and cases 4–6 are for different cross� ow directionsfor the
¡ 45-deg angled jets. The axial location is measured from the inlet
side of the pressureplenumbefore impingement.The plate length X
is normalized with the hole diameter d from 0 to 48. The hole L / d
ratio is 1.0 for the orhtogonal jets and is 1.41 for the inclined jets.
The hole length is not long enough to provide a fully developedand
directed jet. However, the jet appears to be inclined suf� ciently to
providedifferentsurfaceheat transfer results than for the orthogonal
jets.

To avoid redundancy, details on the experimental technique and
test procedure are not repeated. Huang et al.10 and Ekkad et al.11

describe the test section, experimental technique,and testing proce-
dure in detail. A transient liquid crystal technique is used to obtain
the two-dimensional surface heat transfer coef� cient distributions.
The test surface is coated with a thin layer of thermochromic liquid
crystals.A heated� ow is suddenlydirected into the test section.The
time of color change from colorless to green at every pixel location
on the targetsurface is measuredusing the image processingsystem.
The heat transfer coef� cient at every location is calculatedusing the
one-dimensional transient conduction equation and a semi-in� nite
solid assumption. The average experimental uncertainty in the heat
transfercoef� cientmeasurementis around §6.4% with a maximum
of around §10% near edges.

Results and Discussion
Figure 2 presents the detailedNusselt number (Nu = hd / kair) dis-

tributions on the target plate for the six cases shown in Fig. 1 at a
jet average Reynolds number (Re j = q V j d / l ) of 1.28 £ 104 . The
results are presented from X / d = 3.5 to 44.5. The total length to
jet hole diameter ratio of the target plate is 48. The measurements
are presented over the entire span of the test section, Y / d = 24.
Figure 2a shows the detailed Nusselt number distributions for the

Fig. 1 Schematic of the inclined jet geometry and cross� ow directions,
cases 1–6.
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Fig. 2 Detailed Nusselt number distributions for all cases shown in
Fig. 1.

+45-deg impingement angle with different cross� ow orientations.
Case 1, where the � ow exits in both directions after impingement,
provides the highest Nusselt numbers for most of the test surface.
This may be due to the minimum cross� ow effects in the center
of the channel because the � ow exits in both directions. The cross-
� ow originates around X / d = 21 (Huang et al.11) for this case. The
Nusselt numbers are highest around X /d » 8 ¡ 30. Nusselt num-
bers decrease with increasing and decreasing X / d from around the
middle of the channel as the cross� ow effect increases and pushes
the jets away from the surface. Both cases 2 and 3 provide lower
Nusseltnumberscomparedto case1. For cases2 and3, thecross� ow
develops from the closed end of the channel to the exit. If the angle
of the jets is in the direction of the cross� ow, as is for case 2, the
decrease in Nusselt numbers is signi� cant at large X /d locations.
However for case 3, the heat transfer coef� cient is also lower at
larger X /d . This may be because most of the � ow exits through the
holes near the exit at small X / d, and that causes reduced impinge-
ment near the closed end. The cross� ow and jet inclination angle
are opposed to each other for case 3, causing higher heat transfer
coef� cients for the jets impingingnear the exit end. Because of this,
the impinging jets closer to the exit get swept away from the sur-
face, and this caused reducedNusselt numbers on the target surface.
The jets appear to stretch and merge due to the combined effect of
cross� ow and inclination at the exit planes.

Figure 2b shows the detailedNusselt number distributionsfor the
¡ 45-deg impingement angle with different cross� ow orientations.
As for the +45-deg impingement, Nusselt numbers are highest for
case 4, where the � ow exits in both directions.Cases 5 and 6 show
distributionssimilar to thoseof cases2 and3 with only one side open
for the � ow exit after impingement. For case 5, the jet angle and
cross� ow directions are the same. This causes the Nusselt numbers
to decrease toward the exit. For case 6, the jet angle and cross� ow
are in opposite directions. This causes signi� cantly lower Nusselt
numbers near the exit as the jets impinging into the cross� ow are
swept away from the surface.

Figure 3 presents the span-averagedNusselt numberdistributions
for all of the cases. Figure 3a shows the effect of cross� ow exit di-
rection for the jets inclined at §45 deg. The exit directions for each
case are clearly indicated. Nusselt number distributions show peri-
odic peaks where the jets impinge and periodic lows in the regions
between the jets. As cross� ow increases, the jets are swept away
reducing impingement and, thus, reducing the differences between
the peaksand the valleys.Case 1 shows the highestNusselt numbers
decreasing toward the large X /d side. Case 2 shows similar distri-
butions with the cross� ow exit toward the large X / d end. However,
case 3 shows lower Nusselt numbers at large X / d even though the
� ow exits at X /d = 0. This may be due to � ow de� cit through the

Fig. 3 Effect of cross� ow direction on span-averaged Nusselt number
distributions: a) ++45-deg angle and b) ¡ ¡ 45-deg angle.

Fig. 4 Effect of jet angle on span-averaged Nusselt number distribu-
tions for cross� ow exiting in both directions.

impingement holes at large X /d . Huang et al.10 explain this effect
in detail.

Figure 3b shows the effect of cross� ow exit direction for the jets
inclinedat ¡ 45 deg. The differencebetweencases4 and 5 is smaller
than that seen for cases1 and 2. The jets are inclinedagainstthe main
cross� ow direction for case 4 causing reduced impingement in the
middle of the channelcomparedto that for case 1. This impingement
angle appears to provide uniform peak-to-valley Nusselt number
distributionsalong the entire streamwise distance of the channel for
both cases 4 and 5. For case 6, there is a low Nusselt number region
at large X / d due to a � ow de� cit.

Figure 4 compares the angled impingement data from this pa-
per with orthogonal jet impingement data from Huang et al.11 for a
cross� ow orientation where the � ow exits in both directions to de-
termine the best of the three jet angle con� gurations.The orthogonal
jet impingement clearly provides highest Nusselt numbers under-
neath the jets. The peak-to-valleydifferences are signi� cant for or-
thogonal impingement. Case 1 for +45-deg impingement produces
higherNusselt number at smaller X / d regioncomparedto case 4 for
¡ 45-deg impingement. At the large X /d region, where cross� ow
effects are signi� cant, all three impingement angles produced simi-
lar Nusselt number levels. In accord with previouspublishedstudies
on jet impingement,1 ¡ 6 jet plate to target plate distance signi� cantly
affects heat transfer augmentation.For inclined jets, the jet distance
from the hole exit to target surface is longer than for orthogonaljets.
Therefore, the inclined jets produce around » 12 ¡ 20% lower test-
plate-averaged (overall average) Nusselt numbers for jet distances
about 41% longer than for orthogonal jets.
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Conclusions
The effects of impinging jet angle on target surface heat transfer

distributions for an array of impinging jets are presented. The de-
tailed distributions clearly indicate the jet angle and cross� ow exit
direction effects. The cross� ow effects for orthogonal jets are dis-
cussed in detail by Huanget al.11 The span-averagedNusseltnumber
distributions show periodic peak and valley distributions with de-
creasingvaluesalong thecross� ow direction.Nusseltnumberdistri-
butionsare signi� cantlyaffectedby the combinationof jet exit angle
and cross� ow exit direction. More important, orthogonal jets pro-
vide higher Nusselt number underneath the impingement location
compared to angled jets. Angled jets have » 40% longer impinge-
ment distances from the hole exit to the target plate and produce
12–20% lower overall-averaged Nusselt numbers. Although local
differences in Nusselt numbers are signi� cantly affected by jet in-
clination, the inclined jets produce more uniform Nusselt number
distributions than the orthogonal jets, which may be considered a
positive result for some practical applications.
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