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A nine-by-nine jet array impinging on a flat plate at Reynolds numbers from 15,000 to
35,000 has been studied by the transient liquid crystal method. The spacing between the
impingement plate and target plate is adjusted to be 1, 2, 3, 4, and 5 jet diameters. The
effect of jet-to-plate spacing has been investigated for three jet-induced crossflow
schemes, referred as minimum, medium, and maximum crossflow, correspondingly. The
local air jet temperature is measured at several positions on the impingement plate to
account for an appropriate reference temperature of the heat transfer coefficient. The jet-
to-plate spacing, H/d¼ 3, is found to be better than the others for all the crossflow
schemes. Jet-to-plate spacings H/d¼ 1 and H/d¼ 2 result in a sudden decrease in the
stagnation zone. The large jet-to-plate spacings H/d¼ 4 and H/d¼ 5 could not provide
higher heat transfer performance with higher crossflow. [DOI: 10.1115/1.4023562]
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1 Introduction

The last 20 years have seen a large improvement in gas turbine
technology, mainly due to an increase in turbine pressure ratios
and turbine inlet temperature. The effect of firing temperature is
very important, as for approximately every 55K increase in tem-
perature, the work output increases by approximately 10% and the
overall efficiency by 1%–1.5%, as shown by Boyce [1]. In prac-
tice, high-turbine inlet temperatures have been achieved because
of the growth of material technology, new coatings, and new cool-
ing schemes. Film cooling has become an established technology
for the conventional cooling of turbine vanes and blades or com-
bustor liners. In particular, for combustors, emission restrictions
in recent years have accelerated the development of modern con-
cepts, such as the dry low emission (DLE) combustor with low
production of NO and NO2 (NOx) emissions. However, control of
the NOx emissions requires a minimization of film cooling and
dilution air. Consequently, these combustors are typically cooled
by enhanced backside convective heat transfer. Combustion liners
typically have a double-wall structure, and impingement cooling
is often used to keep the cooling effectiveness high. Therefore, the
impingement hole shape, size, and location have to be tailored to
attain both sufficiently high average heat transfer coefficient and
uniformity in the surface heat transfer distribution to avoid local
hot or cold spots.

Hollworth and Berry [2] measured the heat transfer values for
impinging jet arrays with large jet-to-jet spacings, which are
X/d¼ 10, 15, 20, and 25. They found that the local heat transfer
coefficients are influenced by interference from neighboring jets
and the averaged heat transfer coefficient is sensitive to jet-to-
plate spacing only when the jet-to-jet spacing is less than five
jet diameters. Metzger et al. [3] compared heat transfer character-
istics for inline and staggered impingement patterns. The particu-
lar impingement geometries are in the range of X/d¼ 5 and 10;
Y/d¼ 4, 6, and 8; and H/d¼ 1–3. They showed that the area-
averaged heat transfer coefficients for the inline pattern are, in

every case, equal to or larger than those for the corresponding
staggered pattern. Although the spanwise heat transfer coefficients
can vary significantly with H/d, especially with dense spanwise
spacings, the area-averaged values remain relatively insensitive to
jet-to-plate spacing. Andrews et al. [4] studied the effect of jet-to-
jet spacing for the impingement heat transfer by varying the diam-
eter of the jet at a constant pitch (X) and constant impingement
gap (H). There are six different jet diameters, corresponding to six
jet-to-jet spacings (1.9–21.5) and jet-to-plate spacings (0.4–5.15).
They concluded that there is little influence of H/d on the heat
transfer values. Obot and Trabold [5] made a comparison of the
effects of three jet-induced crossflow schemes on impingement
heat transfer. The study covered the jet Reynolds numbers of
1000 to 21,000, jet-to-jet spacings (X/d, Y/d) are (10,8), (10,4),
and (5.6, 4), and jet-to-plate spacings ranging from 2 to12. The
results showed that the best heat transfer performance is obtained
with minimum crossflow scheme. And there is no advantage in
using dense spanwise spacing when designing for larger jet-to-
plate spacing. Van Treuren et al. [6] measured the local heat trans-
fer coefficients of inline and staggered impinging jets array for the
Reynolds numbers ranging from 10,000 to 40,000 and jet-to-plate
spacings of 1, 2, and 4. They found that the averaged Nusselt
number value for H/d¼ 2 is the highest with the value for H/d¼ 4
being the lowest. San and Lai [7] investigated the influence of the
jet-to-jet spacing on the staggered impingement heat transfer per-
formance. The comparisons are based on the stagnation values.
Jet spacing values (X/d, Y/d) of 4, 6, 8, 12, and 16, jet-to-plate
spacings (H/d) varying from 2 to 5, and Reynolds numbers rang-
ing from 10,000 to 30,000 have been investigated. They con-
cluded that the optimum jet-to-jet spacing for the H/d of 2 is 8;
the optimum jet-to-jet spacing for the H/d of 3 is 12; and the opti-
mum jet-to-jet spacing for the H/d of 5 is 6. Garimella and
Schroeder [8] investigated the local heat transfer distributions in
confined multiple air jets for the jet-to-jet spacings of 3 and 4 and
jet-to-plate spacings (0.5–4) and different Reynolds numbers
(5000–20,000). The results showed that the averaged heat transfer
coefficients are appreciably larger at lower jet-to-plate spacing;
however, the heat transfer distribution over the stagnation point is
more uneven at smaller H/d. Brevet et al. [9] studied the heat
transfer characteristics of one row of impinging jets by varying
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the Y/d from 2 to 10 with the same jet-to-jet spacing X/d¼ 10.
The jet-to-plate spacings H/d¼ 1, 2, 5, and 10, and Reynolds
numbers ranging from 3000 to 20,000 were measured. They found
that the optimum jet-to-plate spacing is within the range from 2 to
5. Bailey and Bunker [10] tested the local heat transfer coeffi-
cients for impinging jet arrays with the jet-to-jet spacings X/d and
Y/d of 3, 6, and 9. The jet-to-plate spacings have been varied from
1.25 to 5.5 and Reynolds numbers ranging from 14,000 to 65,000.
They found that the heat transfer value for H/d¼ 2.75 is better
than those of H/d¼ 1.25. While they did not compare the heat
transfer values for different H/d in detail, Gao [11] studied the
effect of the jet-to-plate spacing on impingement heat transfer for
X/d¼ Y/d¼ 4; H/d¼ 1, 3, and 5; and Reynolds numbers ranging
from 5000 to 15,000. He found that the jet-to-plate spacing H/d is
optimum at a value of 3. Dano et al. [12] studied the effect of noz-
zle geometry on the heat transfer performances of a semiconfined
impinging jets array. The results showed that the averaged Nusselt
numbers decrease with increasing jet-to-plate spacing when
1�H/d� 4. Katti and Prabhu [13] investigated the influence of
the spanwise jet-to-jet spacing on local heat transfer distribution
for inline impingement arrays, the jet-to-plate spacings (H/d¼ 1,
2, and 3), and Reynolds numbers ranging from 3000 to 10,000.
They also concluded that the averaged Nusselt numbers decrease
with increasing jet-to-plate spacing. Geers et al. [14] reported the
heat transfer performance of inline impinging jets arrays for the
Reynolds numbers ranging from 5000 to 20,000 and jet-to-plate
spacing H/d¼ 3, 4, 6, 8, and 10. The experiments indicated that
the multiple jet heat transfer is strongly influenced by jet interac-
tions and the averaged Nusselt numbers decrease with increasing
jet-to-plate spacing. Son et al. [15] performed a study of the
impinging cooling system for different jet-to-jet spacings and jet-
to-plate spacing H/d from 1.875 to 3. They found that the change
of jet diameter and crossflow can influence the heat transfer distri-
bution on the target plate. Park et al. [16] investigated the influ-
ence of Mach number and Reynolds number on the impingement
heat transfer for H/d¼ 3 and Reynolds number ranging from
15,000 to 60,000.

Figure 1 shows the dependency of the area-averaged Nusselt
number on the jet-to-plate spacing for inline multiple jet configu-
rations of different jet-to-jet spacings (X/d, Y/d). One can see that
the slopes of the changes in area-averaged Nusselt number with
H/d are significantly affected by the jet-to-jet spacing. The aver-
aged heat transfer coefficient is more sensitive to jet-to-plate spac-
ing for denser jet-to-jet spacing. Table 1 summarizes the relevant

literature based on the particular impingement geometries for
inline impingement. It may be noted that there are very detailed
heat transfer results for the jet-to-jet spacing X/d of round 10. The
jet-to-plate spacings covered from 1 to 10 for Reynolds numbers
up to 65,050, while for the dense jet-to-jet spacings (X/d� 5), it
appears that there is only little information available on the jet-to-
plate spacing H/d of 1. Only Metzger et al. [3] measured the
heat transfer value for jet-to-plate spacing H/d¼ 1 for the maxi-
mum crossflow scheme and the Reynolds number of 10,000.
Higher Reynolds numbers and local heat transfer values should be
investigated. It has been consistently reported that the optimum
jet-to-plate spacing for multijet impingement occurs between 1
and 3. Katti and Prabhu [13] found that H/d¼ 1 reaches the high-
est heat transfer rate, while Geers et al. [14] reported that H/d¼ 3
has the highest heat transfer rate. For dense jet-to-plate spacings,
there is no information so far covering the jet-to-plate spacing
from 1 to 5.

In the present study, a large scale impingement array is used to
accurately investigate the heat transfer for different impingement
cooling configurations. Particular attention is paid to measure the
effect of jet-to-plate spacing for different crossflow schemes.
Results are evaluated in the form of local heat transfer coeffi-
cients, which provide significantly more detailed information
than average values using the liquid crystal measurement method.
The most important of the unexplored areas are the higher jet
Reynolds numbers (Reynolds number from 15,000 to 35,000),
three crossflow schemes (that is minimum crossflow, medium
crossflow, and maximum crossflow), and the full coverage range
at smaller jet-to-plate spacing H/d from 1 to 5. The present study
will focus on the optimum jet-to-plate spacing for different
crossflows.

2 Experimental Setup

2.1 Test Section. Figure 2 shows a sketch of the experimen-
tal setup. A vacuum pump system is used to generate the desired
air flow in the test channel. The air enters the channel under
atmospheric conditions via a filter and a heater. The heater con-
sists of several meshes made out of stainless steel and is able to
heat the air from ambient temperature up to 100 �C in less than
0.3 s. Downstream of the heater, the air enters the inlet plenum
and then the impingement model shown in Fig. 3. This model is
equipped with thermocouples and pressure taps for the measure-
ment of the heat transfer and pressure loss. It consists of an orifice
plate, a target plate, and side rims with effusion outlet holes, as
shown in Fig. 3. The spent air flows through the outlet holes on
the exit rim to the outlet plenum. The target plate is made out of
Perspex (thickness 20 mm). It has a low thermal conductivity and
allows optical access needed for the heat transfer measurements.
The target plate is observed from the outside of the outlet plenum
with two CCD video cameras. Because the outflow pipe is located
in the middle of the outlet plenum, which blocks the view of the
camera when using one camera, two CCD video cameras are used
here to catch the whole view of the target plate.

There are 81 impingement holes (d¼ 10 mm) for the inline
impingement plate. The ratios of jet-to-jet spacing in both direc-
tions on the impingement plate are the same (X/d¼ Y/d¼ 5).
Because of a temperature gradient of the inlet flow from center to
corner, it is necessary to install many thermocouples on the
impingement plate to measure the local reference temperature
that is needed for the heat transfer evaluation. In the present study,
the jet temperature is used as the reference temperature to evaluate
the heat transfer coefficients. Figure 4 shows the inline impinge-
ment pattern used in the scope of the present work and the posi-
tions of the thermocouples measuring the reference temperature
used for the data evaluation. Because of the symmetry of the
impingement plate, only half of it is presented. These thermocou-
ples are placed directly in the center of the impinging hole at the
jet exits. Three ratios of the jet-to-plate spacing (H/d¼ 1, 2, 3, 4,

Fig. 1 Effect of jet-to-plate spacing on area-averaged Nusselt
number for inline arrays with different jet-to-jet spacings at
a Reynolds number of around 10,000 (numbers in brackets
indicate jet-to-jet spacings (X/d, Y/d))
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and 5) as well as three crossflow schemes (arranged by changing
the exit rim) are investigated, as shown in Fig. 5. Three jet Reyn-
olds numbers in the experiments are 15,000, 25,000, and 35,000.
Xing et al. [17] shows that the discharge coefficients of the exit
rims are nearly independent of Reynolds numbers. The discharge
coefficient of H/d¼ 5 is 8% lower than that of H/d¼ 3. So we
think the restriction of the exit rims is large enough for crossflow
to be uniform.

2.2 Transient Measurement Technique. A transient method
using thermochromic liquid crystals (TLC) is applied for the mea-
surement of heat transfer, as described by Ireland and Jones [18].
Narrow bandwidth liquid crystals (with an indication temperature
of 31 �C) are used in the present work. The TLC indication tem-
perature is measured with a calibration unit consisting of a copper
block, an electric heater, and a water cooler. The calibration unit

Table 1 Summary of relevant previous studies

(X/d, Y/d) Cross flow H/d Re Author(s)

(1.9, 1.9) Minimum 0.4, 0.73, 1.47, 4.5 1000–3800 Andrews et al. [4]
(3, 3) Minimum 0.5, 2, 4 5000–20,000 Garimella and Schroeder [8]
(3, 3) Maximum 1.25, 2, 2.75, 4, 5.5 14,858–58,063 Bailey and Bunker [10]
(3,3.75) Maximum 1.875, 3 19,552–28,870 Son et al. [15]
(4.8,6)
(4, 4) Minimum 0.5, 1, 2, 4 5000–20,000 Garimella and Schroeder [8]
(4, 4) Minimum 3, 4, 6, 8, 10 5000–20,000 Geers et al. [14]
(4.7, 4.7) Minimum 1, 1.83, 3.67, 4.5 1000–8000 Andrews et al. [4]
(5, 2)
(5, 4) Medium 1, 2, 3 3000–10,000 Katti and Prabhu [13]
(5, 6)
(5, 4), (5, 8) Maximum 1, 2, 3, 6 10,000 Metzger et al. [3]

Minimum
(5.6, 4) Medium 2, 4, 6, 8, 12, 16 1300–5500 Obot and Trabold [5]

Maximum
(6, 6) Maximum 1.25, 2.75 29,520–57,522 Bailey and Bunker [10]
(6.36, 6.36) Maximum 1, 2, 3, 4 5600–11,500 Dano et al. [12]
(6.8, 6.8) Minimum 1.42, 2.58, 4.5, 5.15 1000–15,000 Andrews et al. [4]
(8, 8) Maximum 1, 2 10,000–40,000 Van Treuren et al. [6]
(8,8) Maximum 3 15,000–60,000 Park et al. [16]
(9, 9) Maximum 1.25, 2, 2.75, 5.5 15,803–65,050 Bailey and Bunker [10]
(10, 2)
(10, 4) Maximum 1, 2, 5, 10 3000–20,000 Brevet et al. [9]
(10, 6)
(10, 10)
(10, 4)
(10, 6) Maximum 1, 2, 3 10,000–20,000 Metzger et al. [3]
(10, 8)
(10, 4) Minimum
(10, 8) Medium 2, 4, 6, 8, 12, 16 1000–21,000 Obot and Trabold [5]

Maximum
(10, 10) Minimum 1, 2.5, 5, 10 3000–35,000 Hollworth and Berry [2]

Fig. 2 Sketch of the experimental setup

Fig. 3 The impingement model

Fig. 4 The inline impingement pattern and positions of
thermocouples
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provides a 1D heat conduction situation, enabling easy calibration
of the liquid crystal coating. The crystals are sprayed directly onto
the target plate and covered with a coating of black paint in order
to provide a uniform background for image acquisition.

The local heat transfer coefficients are determined using the
measured wall temperature and a solution of the one-dimensional
transient heat conduction equation in a semi-infinite solid. For
short measurement times, one can assume a semi-infinite wall.
For a flat surface, the wall surface temperature and the heat trans-
fer coefficient are related by the expression

H ¼ Tw � T0

TB � T0

¼ 1� expð~h2Þ � erfcð~hÞ (1)

where ~h ¼ h

ffiffiffiffiffiffiffiffi
t

kqc

r
(2)

Equation (1) has been solved numerically to obtain the heat trans-
fer coefficient for a measured wall temperature, TW, and time, t,
by which this temperature is reached (indicated by the color
change of the liquid crystals). It is valid only for an ideal tempera-
ture step within the flow, but in reality the thermocouple records a
smoother time-dependent temperature evolution. To overcome
this problem, the temperature data are divided into a series of
small discrete intervals (N). Within these intervals, the tempera-
ture evolution could be considered to be an ideal temperature step.
Thus, Eq. (1) can be extended for a temperature evolution accord-
ing to the Duhamel principle described by Kays et al. [19],

Tw � T0 ¼
XN

i¼1

Hðt� tiÞðTB;i � TB;i�1Þ (3)

where TB,i is the bulk-temperature at one specific time ti.
In a detailed impingement array, there is a spatial variation in

the local temperature distribution. In the present experimental
configuration, the channel widens up considerably downstream of
the heater. This causes a noticeable temperature gradient from the
center of the impingement plate towards the side rims. Typical
temperature evolutions during an experiment are shown in Fig. 6
(for the positions of the thermocouples, refer to Fig. 4).

Due to the presence of a temperature gradient for the inlet flow,
it is necessary to install a large number of thermocouples on the
impingement plate to determine the local reference temperature
distribution. This, in turn, was needed for precise calculation of
heat transfer coefficients. Based on the temperature data for
certain locations temporally, which are recorded with time by the
thermocouples, a numerical method is applied to the experimental
data in order to calculate the complete fluid temperature distribu-
tion during a transient experiment [20]. A two-dimensional inter-
polation scheme for an unknown pixel at (x, y) is based on the
assumption that, for each time step, the fluid temperature distribu-
tion T (x, y, t) can be described by the Laplace equation. Although
Laplace equation typically describes conduction within a solid, it
is used as a diffusion model here for interpolation purposes only.
It is solved with a finite-difference scheme for typical time

steps of 0.2 s originating from the synchronized temperature
measurements.

According to technical specifications as well as the characteris-
tics of typical TLCs, the green color channel has been chosen
to be evaluated for maximum intensity in time of a transient
experiment using the data from the CCD video cameras. When
the reference temperature at any pixel of the geometry has been
determined, the heat transfer coefficient is determined using
Eq. (3) [20].

2.3 Measurement Uncertainties. The approach used here
for the measurement error analysis is based on the description by
Kline and McClintock [21]. The accuracy of the measured heat
transfer coefficients depended mainly on the accuracy of the ther-
mocouples, the calibration of the liquid crystals, and the detection
time.

The accuracy of the Reynolds number depends on the accuracy
of the volume flow measured by the vortex meter and on the range
of the static pressure sensors. The resulting uncertainty for the jet
Reynolds number is below 2.5%. For narrow band TLC, the tran-
sitional temperature range is 1 �C and the typical uncertainty in
measuring this temperature is approximately 0.1 �C according to
Yan and Owen [22]. Temperatures TB and T0 are measured with
thermocouples. A thermocouple calibration procedure shows that
the error on temperature measurement is below 0.2 �C.

It should be noted that the measurement uncertainties vary with
the adiabatic wall temperature and therefore are different at every
position at the target plate. In particular, in the stagnation point
under the impinging jets, lateral heat conduction will have an
effect. According to the method by Kingsley-Rowe et al. [23], the
maximum error of the Nusselt number due to lateral heat conduc-
tion has been calculated to be below 2% when the dimensionless

Fig. 5 The crossflow schemes

Fig. 6 Measured temperature evolution of thermocouples
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temperature ratio H, as in Eq. (1), is in the range of
0:3 � H � 0:7.

The total measurement uncertainty for the Nusselt number is
below 9% for all experiments that have been carried out in this
study.

3 Results and Discussion

3.1 Maximum Crossflow. Figure 7 shows the local Nusselt
number distributions on the target plate for a Reynolds number of
35,000 and the maximum crossflow scheme, which the spent air
exhausts only in one direction. Because of the symmetry of the
plate and the crossflow, only one jet row zone (4th row) on the tar-
get plate has been shown. The positions of the impingement jets
are clearly visible in the heat transfer pattern on the target plate.
After the jet impinges on the target plate, the heat transfer rates
are very high but decrease quickly towards the sides. The exhaust
flow is cooled by the target flow and is then entrained back into
the jet, particularly in the wall jet region. This entrainment will
degrade the heat transfer. One can see that, as the crossflow
increases, the heat transfer coefficient increases first. It is because
the back pressure decreases the jet velocity, where the crossflow
velocity is small. For jet-to-plate spacing of H/d¼ 1, lower heat
transfer coefficients at stagnation points are obtained, because the
jet flow could not develop fully enough before reaching the target
plate. Multiple jet impingement for the maximum crossflow
scheme can be thought of as a coupled effect of jet impingement
and channel flow caused by the crossflow. Heat transfer for the
part of the channel flow can be enhanced because of the higher
crossflow velocity with narrow jet-to-plate spacing, so the heat
transfer performance in the downstream part is even better
than that in the upstream part. Cases with jet-to-plate spacings of
H/d¼ 2 and H/d¼ 3 get a more uniform heat transfer distribution
in stagnation zones on the target plate, because the small jet-to-
plate spacings ensure that the jets reach the target plate before
mixing with the crossflow. One can see that the local values in the
stagnation zone are higher but decrease very fast for the spacing
H/d¼ 2. The jet-to-plate spacing H/d¼ 4 results in lower heat
transfer coefficients in the downstream region compared with jet-
to-plate spacing H/d¼ 3. A larger jet-to-plate spacing allows a
longer distance for the jet to mix with the recirculation flow before
the jet reaches the target plate. The jet-to-plate spacing H/d¼ 5
provides the lowest heat transfer because of the larger spacing and
also the smaller crossflow velocity.

For quantification of the effect of jet-to-plate spacing,
spanwise-averaged Nusselt numbers (averaged over half of the
target plate) on the target plate are compared for different arrange-
ments. The results are shown in Fig. 8. Apparently, the jet-to-plate
spacings H/d¼ 1 and H/d¼ 5 provide lower heat transfer rates
compared to the others. No big differences are apparent in the

upstream zone (jet rows from 1 to 5) between the jet-to-plate spac-
ing H/d¼ 2, 3, and 4. As the crossflow develops, the peak position
was shifted downstream as the increased crossflow displaced the
jets. The shifted distances remain nearly the same for different jet-
to-plate spacings. At the last two jet rows near the exit rims, lower
heat transfer performance is obtained for different jet-to-plate
spacing, due to the influence of the crossflow confining the jet and
reducing its coverage.

The jet Reynolds number has a similar effect on impingement
heat transfer. An increase in jet Reynolds number increases the
local heat transfer coefficient over all of the target plate. The form
of the correlation developed in Ref. [24] is

Nu ¼ /1/2RemPr1=3ðH=dÞ0:091
(4)

For the present geometry, m¼ 0.8. In order to normalize the heat
transfer value, the area-averaged Nusselt number has been
referred to Re0:8, as shown in Fig. 9. Only minor variations in
overall Nusselt numbers could be observed when the jet Reynolds
number is varied. This confirmed that the selected scaling is
valid for the present cases. One can see that the jet-to-plate spac-
ing H/d¼ 3 results always in the highest area-averaged Nusselt
number, while the spacing H/d¼ 5 leads always to the lowest.
The jet-to-plate spacing H/d¼ 1 gets a higher normalized Nusselt
number for a lower Reynolds number.

Fig. 7 Local Nusselt number distribution (maximum crossflow,
Re 5 35,000)

Fig. 8 Spanwise-averaged Nusselt number (maximum cross-
flow, Re 5 35,000)

Fig. 9 Normalized area-averaged Nusselt numbers for maxi-
mum crossflow
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3.2 Medium Crossflow. Figure 10 shows the local Nusselt
number distributions on the target plate for a Reynolds number of
35,000 and the medium crossflow scheme, where the outlet holes
are arranged in two opposite directions. For the jet-to-plate spac-
ing H/d¼ 1, lower heat transfer coefficients between the jets are
visible, especially near the exit holes. This is because the jet flow
could not develop sufficiently before reaching the target plate.
Comparing the spacings H/d¼ 2 and H/d¼ 3, one can see that the
local heat transfer rates in the stagnation zone are higher but
decrease very fast for the spacing H/d¼ 2 case. For jet-to-plate
spacing H/d¼ 4, the local values on the target plate are nearly the
same as those for H/d¼ 3. The jet-to-plate spacing H/d¼ 5 results
in the lowest heat transfer performance because of the larger spac-
ing and, thus, the lower crossflow velocity.

The spanwise-averaged Nusselt numbers on the target plate are
compared for different arrangements as shown in Fig. 11. No
differences are apparent in the middle zone (jet rows from 4 to 6)
for different jet-to-plate spacings. The heat transfer rates increase
with an increasing crossflow.

In order to normalize the heat transfer value, the area-averaged
Nusselt numbers are again scaled by Re0:8

, as shown in Fig. 12.
One can see that the jet-to-plate spacing of H/d¼ 3 results always

in the highest area-averaged Nusselt number. The jet-to-plate
spacing of H/d¼ 1 provides higher normalized Nusselt numbers
for lower Reynolds numbers, and the spacing H/d¼ 5 results in
higher values for higher Reynolds numbers.

3.3 Minimum Crossflow. Figure 13 shows the local Nusselt
number distributions on the target plate for a Reynolds number

Fig. 10 Local Nusselt number distribution (medium crossflow,
Re 5 35,000)

Fig. 11 Spanwise-averaged Nusselt number (medium cross-
flow, Re 5 35,000)

Fig. 12 Area-averaged Nusselt numbers for medium crossflow

Fig. 13 Local Nusselt number distribution (minimum cross-
flow, Re 5 35,000)
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of 35,000 and the minimum crossflow scheme. Because of sym-
metry, only the upright quarter of the target plate is traced to
take heat transfer measurements. One can see the apparent differ-
ences of heat transfer on the target plate with jet-to-plate spacings
of H/d¼ 1 to 5. Zooming in on one jet for a jet-to-plate spacing
H/d¼ 1, one can see that there is a local maximum ring near the
stagnation zone because the jet jumps after impinging on the
plate. Comparing jet-to-plate spacings of H/d¼ 2 and H/d¼ 3
shows higher heat transfer values in the stagnation zone by
H/d¼ 3, while higher heat transfer values between the jets are
reached by H/d¼ 2. There is nearly no difference in values
between cases with spacings H/d¼ 3 and H/d¼ 4. The jet-to-plate
spacing H/d¼ 5 results in lower heat transfer values in the stagna-
tion zone compared to those for the jet-to-plate spacings H/d¼ 3
and H/d¼ 4.

The spanwise-averaged Nusselt numbers on the target plate are
compared for different arrangements in Fig. 14. No differences
are apparent for different jet-to-plate spacings. In order to normal-
ize the heat transfer value, the area-averaged Nusselt number has
again been referred to Re0:8, as shown in Fig. 15. One can see that
the jet-to-plate spacing H/d¼ 3 results always in the highest area-
averaged Nusselt number.

3.4 Comparisons With Literature Data. The jet-to-plate
spacing H/d¼ 3 is compared with literature data from Son et al.
[15], Park et al. [16], and El-Gabry and Kaninski [25] and with a

correlation presented by Florschuetz et al. [26] for the maximum
crossflow case. Figure 16 shows the comparison of the present
data and the literature data. All experiments were conducted for
the case of maximum crossflow. A good overall agreement is
found. Although the geometric parameters for the different cases
differ, the dependence of the area-averaged Nusselt number on jet
Reynolds number shows generally the same trend.

4 Conclusions

The heat transfer characteristics in an inline impingement array
with high Reynolds numbers on a flat target plate are investigated
in the present work. Nusselt number distributions have been meas-
ured on the target plate using a transient liquid crystal technique.
The jet exit temperature are interpolated both spatially and tempo-
rally to determine the reference temperature for the calculation of
the heat transfer performance. The jet-to-plate spacing H/d¼ 3 is
found to be better than the others for all the crossflow schemes.
The jet-to-plate spacing H/d¼ 1 and H/d¼ 5 provide lower heat
transfer rates compared to the other spacings. The jet-to-plate
spacing H/d¼ 2 provides higher heat transfer rates in the stagna-
tion zone, but the values decrease very rapidly upon traverse from
that zone. The jet-to-plate spacing H/d¼ 4 did not provide higher
heat transfer performance with higher crossflow compared to that
of H/d¼ 3.
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Nomenclature

c ¼ specific heat (J/(kgK))
d ¼ impingement jet diameter (m)
h ¼ heat transfer coefficient (W/(m2K))
H ¼ jet-to-plate spacing (m)
k ¼ thermal conductivity (W/(mK))
L ¼ target plate length (m)
N ¼ discrete interval

Nu ¼ Nusselt number, based on jet diameter
Nu ¼ spanwise-averaged Nusselt number
Nu ¼ area-averaged Nusselt number
Pr ¼ Prandtl number
Re ¼ Reynolds number, based on jet diameter

T ¼ temperature (K)
t ¼ time (s)

Fig. 14 Spanwise-averaged Nusselt number (minimum cross-
flow, Re 5 35,000)

Fig. 15 Area-averaged Nusselt numbers for minimum
crossflow

Fig. 16 Comparison with literature data for the maximum
crossflow scheme (bars devote uncertainties of individual
measurements)
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x,y ¼ coordinate (m)
X ¼ spanwise jet-to-jet spacing (m)
Y ¼ streamwise jet-to-jet spacing (m)

Greek Symbols

q ¼ density (kg/m3)
H ¼ dimensionless temperature ratio

Subscripts

0 ¼ initial condition
B ¼ bulk
i ¼ index

W ¼ wall
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