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Detailed Heat Transfer Distributions Under an Array
of Orthogonal Impinging Jets

Yizhe Huang,* Srinath V. Ekkad,f and Je-Chin Hani
Texas A&M University, College Station, Texas 77843-3123

Detailed heat transfer distributions are presented for an array of in-line jets impinging orthogonally
on a target plate with different crossflow orientations. A transient liquid crystal technique was used to
measure the detailed heat transfer coefficients on the target surface. Different crossflow directions are
created by changing the test section open ends. For each exit orientation, measurements are made at four
flow Reynolds numbers between 4.8 3 10> and 1.83 3 10% Results show that the flow exit crossflow
direction significantly affects the flow and heat transfer coefficient distributions on the target plate. Local
heat transfer coefficient increases with an increase in average jet Reynolds number over the entire im-
pingement target surface. Highest heat transfer coefficients are obtained for a crossflow orientation where
flow exits in both directions. Nusselt number results are correlated for the various exit flow orientations.

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
m. = crossflow mass flow rate, Ibm/s
m; = jet hole mass flow rate, lbm/s
N Nusselt number, hd/k .
ambient pressure
Prandtl number
pressure in the pressure chamber
pressure in the impingement channel
average jet Reynolds number, pVd/u
= jet-jet spacing
= initial temperature of test section
mainstream temperature of the flow
= color change temperature of the liquid crystal, red-to-
green
= time of liquid crystal color change
= average jet velocity
axial distance of the impingement surface
= spanwise distance of the impingement surface
= distance between jet plate and target plate
= thermal diffusivity of acrylic material, and also jet
inclination angle
= fluid dynamic viscosity
= time step
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Introduction

ET impingement heat transfer has become well established
J as a high-performance technique for heating, cooling, or
drying a surface. Impingement jet cooling systems have been
used in advanced gas turbine engines, which operate at a high
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gas temperature (1300- 1500°C) to improve thermal efficiency
and power output. Gas turbine blades need to be cooled to
operate under the allowable temperature condition without fail-
ure. Cooling by impinging jets on the heated interior surface
of the turbine components is used in turbine blade internal
cooling and combustion liner cooling.

There have been many experimental investigations and the-
oretical studies on the heat transfer characteristics of jet im-
pingement. Chupp et al.' evaluated the internal heat transfer
coefficient for impingement cooling on the leading edge of a
turbine blade. Studies®’ summarized findings relating to par-
ametric effects of geometry, temperature, crossflow, turbu-
lence, etc., on jet impingement heat and mass transfer. Flor-
schuetz et al.” determined the heat transfer characteristics for
jet array impingement with the effect of an initial crossflow
rate. They presented correlations for both in-line and staggered
hole patterns, including effects of geometric parameters for one
crossflow direction. Downs and James® presented a compre-
hensive literature survey of most jet impingement studies be-
fore 1987 and the correlations developed by those studies. Vis-
kanta’ reviewed the heat transfer characteristics of single and
multiple isothermal turbulent air and flame jet impingement on
the surface. Metzger and Bunker'® and Bunker and Metzger''
studied impingement cooling on turbine airfoil leading-edge
regions with and without film coolant extraction. Huber and
Viskanta'>"? studied the effect of jet- jet spacing and compared
heat transfer from target plate perimeter and center jet im-
pingement in a confined, impinging array of axisymmetric air
jets. All of the previously mentioned studies observed an in-
crease in heat transfer with jet impingement. They presented
the effects of various geometrical and flow parameters on jet
impingement heat transfer. However, the effect of crossflow
direction has not been investigated in the previous studies. The
present study measures detailed heat transfer coefficient dis-
tributions under an array of impinging in-line jets under the
effects of different crossflow orientations. The jet plate and
impingement surface geometry have been maintained constant
for all three crossflow orientations. Detailed heat transfer dis-
tributions are presented using a transient liquid crystal tech-
nique. Only Van Treuren et al.'"* have presented detailed dis-
tributions under impinging jets. They measured both local heat
transfer coefficient and adiabatic wall temperature under the
impinging jets. They used the Hue, saturation intensity (HSI)
method for analyzing the liquid crystal color changes.

The present study employs a transient technique in conjunc-
tion with a thin thermochromic liquid crystal coating on the
test surface. The liquid crystal technique in the present study
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is similar to the one presented by Ekkad and Han."” The thin
coatings are sprayed directly on the impingement target surface
and observed during a transient test with an automated com-
puter vision and data acquisition system. The time of color
change of the liquid crystals to green is measured using an
image processing unit. The high resolution of the technique
will provide a detailed understanding of the jet impingement
cooling process. This transient technique using liquid crystals
is well established and can be applied to complex geometry,
as well as provide a high resolution that cannot be achieved
using multiple thermocouples. The detailed results will also
help in validation of computational methods to model jet im-
pingement flows.

Test Description and Apparatus

Reorientation of the crystal lattice displays liquid crystal
color with different wavelengths of light reflected, depending
on the coating temperature. The time of color change of the
liquid crystals during a transient test is measured using a red,
green, blue (RGB) camera and a computer vision system.

Figure 1 shows the entire test setup. The computer vision
data acquisition system consists of an RGB camera to view
the liquid-crystal-coated test surface during the thermal tran-
sient test. The composite color signal is split into red, green,
and blue colors and is passed on to the color frame grabber
board in the personal computer. The frame grabber board is
programmed to analyze the color change using image pro-
cessing software. The picture can be adjusted using a video
monitor as a reference. The software analyzes the picture
frame-by-frame for color changes. The analysis records the
time of transition of the liquid crystals from colorless to green
at each point on the test surface during the transient test.

Figure 2 shows the three-dimensional schematic diagram of
the test section. It consists of two compartments joined by an
orifice plate, which has an array of jet holes with diameters of
0.635 cm. The jet orifice plate thickness is equal to the jet hole
diameter. There are 12 rows of 4 holes, and a total of 48 holes
on the orifice plate. The jet-to-jet spacing is 4 hole diameters.
The length of the test section is 30.48 cm. The inlet pressure
chamber has a cross-sectional area of 10.16 X 2.54 cm, and
the impingement channel has a cross-sectional area of 10.16
X 1.905 cm. The distance between the jet orifice plate and the
impingement target surface is three times the jet hole diameter.
The jet plate geometry was chosen to be a typical case based
on results from other studies. Since the focus of this paper is
on the effect of crossflow orientation, a typical jet plate ge-
ometry was chosen for representation. The perforations in the
jet plate result in a series of jet flows when a pressure differ-
ence is applied across the orifice plate. The test section is made
of clear acrylic material. The impingement target surface is
made from black acrylic sprayed with liquid crystals on the
inside surface. The thickness of the test plate is 0.508 cm. A
camera observes the test surface through the transparent walls
(Fig. 1).

Figure 3 shows the schematic of a series of jets in the im-
pingement test section. The three flow orientations are obtained
by changing the discharge openings. Note that the top chamber
is the pressure chamber and the bottom chamber is the im-
pingement channel. There is a 91.44-cm plenum chamber
through which the flow develops before entering the pressure
chamber. The three orientations provide different crossflow ef-
fects created by the spent jets exiting out of the impingement
channel. The three exit flow orientations are studied to deter-
mine which orientation provides the better impingement cool-
ing effect.

The test section connects to a compressor-based air supply
with a standard orifice meter measuring the airflow rate. The
airflow is controlled to the required flow rate and heated to a
preset temperature using an in-line air heater. A three-way ball
diverter valve routes the air away from the test rig when no
test is in progress. A strip chart recorder measures the main-
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stream flow temperature from a thermocouple during the tran-
sient test (Fig. 1).

Pressure taps are instrumented into the test section at various
locations in the pressure and impingement channels to measure
the pressure drop across the jet plate. The measured pressure
drop values are used to calculate the mass flow rate through
jet holes and the amount of crossflow in the impingement
channel.

Procedure

The test section is assembled after spraying the liquid crys-
tals. The camera is set up and focused on the coated surface.
Each test run is a thermal transient, initiated by the sudden
introduction of heated air to the test section, which results in
a color change of the surface coating. 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 (65-45°C for Re = 4.85 X 10°-1.83
X 10% have been achieved in the diversion flow loop. Then,
the valve is switched to route the hot air into the test section,
and the computer data acquisition program and the chart re-
corder are simultaneously switched on to measure time and
temperature data. The data acquisition system records the tran-
sition time for the color change to green (32.7°C), and transfers
the data into a matrix of time of the color change over the
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entire surface. The time and temperature data are entered into
a computer program to obtain the local heat transfer coeffi-
cient. The average uncertainty in heat transfer coefficient mea-
surement, estimated by the method of Kline and McClintock,'®
is about £5.9%. The individual uncertainties in the measure-
ment of the time of color change (A7 = 0.5 s), the mainstream
temperature (A7,, = =1°C), the color change temperature (AT,
= *0.2°C), and the wall material properties (Aalk® = =5%).
These uncertainties were included in the calculation of the
overall uncertainty in the measurement of h.

Heat Transfer Theory
A one-dimensional transient conduction model into a semi-
infinite surface with a convective boundary condition at the
surface is assumed.'> The surface temperature response is de-
scribed by the following solution:

T, —T; Rat h'Vat
_—] - exp 2 erfc (1

T, - T, k

The coefficient & can be calculated from Eq. (1), by knowing
the initial temperature (7; =~ 27°C) of the test surface and the
mainstream temperature (7,, =~ 50°C), and measuring the color
change 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 the semi-infinite solid as-
sumption is valid for the test plate of 0.508 cm thickness. The
mainstream is heated to a temperature that produces color
change times from 10-60 s. The testing time is much shorter
than the time required for the temperature to penetrate the
acrylic material. The chart recorder measures the gradual
change of the mainstream temperature during the transient test.
Figure 4 presents a typical mainstream temperature variation
with time during the transient test. The mainstream tempera-
ture is measured at the inlet of the pressure channel. The heat
transfer coefficients calculated on the impingement surface are
based on this measured temperature. The chart recorder output
is the spline curve. The mainstream temperature cannot be rep-
resented as a single step change. Since the mainstream tem-
perature now depends on time, the solution must include the
gradual change of the temperature. The time history of the
mainstream temperature is reproduced as a series of step func-
tions as shown in Fig. 4. Using the Duhamel’s superposition
theorem, the solution in Eq. (1) is represented as

N
ha(t — 1
T, — T = Z |:1 — exp (%)
J=1

X erfc (%)] [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 local heat transfer coefficient at every point on the mea-
sured region (250 X 100 points). The average Nusselt number
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Fig. 4 Typical mainstream temperature distribution during tran-
sient test.

variation with Reynolds number for all three flow orientations
compared with the multiple jet heat transfer correlations™>'?
will be presented.

Results and Discussion

Jet impingement heat transfer is dependent on several flow
and geometrical parameters. The jet impingement Nusselt
number is presented as a functional form of these parameters:

Nu = (hdlks) = f[Re, Pr, (X/d, Y/d, Z/d, ),

flow orientation, surface geometry, jet inlet condition . . .]

(3)

where Re and Pr are the flow parameters. The jet spacing to
diameter ratio (X/d, Y/d), jet plate to target plate distance to
diameter ratio (Z/d), and the jet inclination angle « are the
geometric parameters. The flow exit direction and the target
surface geometry are also important parameters having a sig-
nificant effect on impingement heat transfer. The jet inlet con-
dition is the direction in which the flow enters the pressure
channel.

Flow Distributions

The local pressure distributions are measured by placing
static pressure taps inside the test section. Static pressure was
measured at each location for each Reynolds number and flow
orientation. The static pressure differences between the pres-
sure chamber and the impingement channel, and also the am-
bient, help determine the impingement and crossflow mass
flow rates. The heat transfer distributions have to be consistent
with the static pressure distributions to obtain a better under-
standing of the flow through the impingement channel. The
tests are performed at four average jet Reynolds numbers of
4.85 X 10°,9.55 X 10° 1.28 X 10% and 1.83 X 10* for all
three flow orientations.

The X location starts from the supply end of the channel.
For the exit flow orientation 1, flow enters at X/d = 0 and exits
at X/d = 48. For exit flow orientation 2, flow exits from both
ends (X/d = 0 and X/d = 48), and the flow exits at X/d = 0
for orientation 3. Figure 5a presents the mass flow rate through
each of the 12 rows of holes for each exit flow orientation.
The jet flow distribution through each row is presented here
for Re = 1.83 X 10% Because the flow enters the pressure
channel from one end of the channel, it is imperative that there
be a slightly uneven distribution of flow through each jet row.
However, from the figure, it is evident that the entrance effect
is small. It appears that the jet flow rate increases with increas-
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Fig. 5 Jet flow rate and crossflow rate distributions for the three
exit flow orientations.
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ing X/d for flow orientations 1 and 2. More jet exits out of
the holes with least resistance. In the case of orientation 3, the
jets appear to exit more toward the exit opening end at low X/

Figure 5b presents the mass flow ratio of crossflow-to-total
jet flow for all three exit flow orientations. For orientation 1,
crossflow develops at low X/d and increases toward the exit.
At large X/d, nearly 80% of the total flow exits the test section
as crossflow. This is typical of that seen by Florschuetz et al.’
Florschuetz et al.” also studied a crossflow that is similar to
that of flow orientation 1 from the present study. For flow
orientation 2, there is a stagnation point in the middle of the
target plate where the crossflow develops toward both ends of
the test section. However, the stagnation location is not in the
middle of the test section, which causes more crossflow toward
the opening at large X/d. For flow orientation 3, crossflow
develops at large X/d and increases toward the exit at X/d =
0. The heat transfer distributions are significantly affected by
the crossflow development and direction.

Detailed Local Heat Transfer Coefficients

Figures 6-8 show detailed local Nusselt number distribu-
tions for the three flow orientations as the function of nondi-
mensional location Y/d and X/d on the test surface for all four
Reynolds numbers. The results are presented from X/d = 3.5
to X/d = 44.5 in the streamwise or axial direction over the
entire span, where X is defined from the supply side of the test
section. The hole locations are indicated on the detailed dis-
tributions for each case. Results are shown for the 10 middle
rows; measurements were not taken for the jet rows near the
ends of the plate.

Figure 6 presents the detailed distributions for flow orien-
tation 1. Results show an increase in the local Nusselt number
for an increase in jet Reynolds number. For this flow orien-
tation, the flow enters the pressure chamber from one direction
(X/d = 0) and exits the impingement channel in the same di-
rection on the opposite end (X/d = 48). The heat transfer co-
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Fig. 6 Detailed Nusselt number distributions for exit flow ori-
entation 1.
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Fig. 7 Detailed Nusselt number distributions for exit flow ori-
entation 2.

efficient decreases as X/d increases. From Fig. 5b it is evident
that the crossflow increases with increasing X/d. The jets show
strong impingement at small X/d, where the crossflow is very
weak. Further downstream, the jets are pushed away from the
target surface because of a stronger crossflow. This reduces the
jet impingement, thus decreasing the local heat transfer coef-
ficient underneath the jets. Also, the jets appear to show a shift
in impingement location at large X/d because of the crossflow
effect.

Figure 7 presents the detailed distributions for flow orien-
tation 2. In this case, the flow exits in both directions. The
highest heat transfer coefficients are under the jets near the
center of the test plate. The heat transfer coefficients decrease
toward the exit ends with the development of crossflow. As
seen from Fig. 5b, the heat transfer coefficients are highest
around X/d = 22, where the crossflow is minimum. Crossflow
is stronger at large X/d, causing lower heat transfer coefficients
than at small X/d.

Figure 8 presents the detailed distributions for flow orien-
tation 3. In this case, the flow exits at the supply end of the
test section. The detailed Nusselt number distributions show
that the crossflow reduces local heat transfer coefficients under
the jets at small X/d. Jet impingement is stronger at large
X/d, where crossflow is minimum. However, it can be noted
that the highest heat transfer coefficient underneath the jets at
large X/d is lower than that for the other two cases in regions
with minimum crossflow. This may be because more flow exits
at holes near the exit. Lower mass flow rate through holes at
large X/d produces lower heat transfer coefficients. A shift in
the jet impingement location occurs at small X/d because of
the increased crossflow effect.

The effect of jet Reynolds number for flow orientations 2
and 3 is similar to that for flow orientation 1. An increase in
Reynolds number increases local heat transfer coefficients over
the entire target surface.
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Fig. 8 Detailed Nusselt number distributions for exit flow ori-
entation 3.

Span-Averaged Nusselt Number Distributions

Figure 9 shows the effect of Reynolds number on span-
averaged Nusselt number distributions for three flow orien-
tations. The arrows along the nondimensional axial location
X/d indicate the locations of the 12 rows of impingement jets.
However, results are presented only for the middle 10 rows.
The entrance and exit flow directions are shown for each flow
orientation. Note that the Nusselt numbers increase with an
increase in Reynolds number for all three flow orientations
over the entire channel. For flow orientation 1, the Nusselt
numbers decrease toward the exit direction (large X/d). The
effect of crossflow reduces the Nusselt number at large X/d.
The jets also appear to tilt toward the crossflow direction for
large X/d. For flow orientation 2, the crossflow appears to have
an effect only on the two end jets on both sides. Since cross-
flow is in both directions in this case, the Nusselt numbers at
small and large X/d are both lower than that in the middle of
the channel. For flow orientation 3, the crossflow reduces the
Nusselt number at small X/d. In this case, the jets at large
X/d away from the channel exit also produce low Nusselt num-
bers because of decreased jet velocities. Although jet velocities
increase near the exit, the Nusselt numbers are lower because
of the crossflow effect that decreases the impingement effect
of the jets at low X/d.

Figure 10 presents the effect of flow orientation on the span-
averaged Nusselt numbers for Re = 9.55 X 10°. Flow orien-
tation 2 provides the highest heat transfer coefficients over the
entire surface, while flow orientation 3 provides the lowest.
The crossflow has a limited effect for flow orientation 2 com-
pared to that for orientations 1 and 3. The Nusselt numbers
for flow orientation 3 might be lower because of the exit of
the impingement channel being on the same side as the inlet
to the pressure chamber. The tilt in the direction of the Nusselt
number distributions under the jet clearly indicates the cross-
flow direction for flow orientations 1 and 3. Flow orientation

2 provides the highest impingement heat transfer performance
at all jet Reynolds numbers.

Prior studies on jet impingement have involved studying the
effects of several geometrical and flow parameters to develop
a correlation for the heat transfer coefficient under jet impinge-
ment. Correlations by Kercher and Tabakoff,”> Florschuetz et
al.,”> and Van Treuren et al."* are compared to the averaged
results from the present study (Fig. 11). Kercher and Tabak-
off’s investigation” involved a crossflow effect that is similar
to that of orientation 1 from the present study. They varied the
number of jets, the jet hole diameter, the hole spacing in x, y
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Fig. 9 Effect of Reynolds number on span-averaged Nusselt
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Fig. 11 Overall-averaged Nusselt number comparisons with ex-
isting multiple jet correlations.

direction (X/d = Y/d), and the jet plate to target plate distance.
Based on all of these geometrical parameters, they proposed a
correlaion of the form Nu = ¢,p.Re”(z/d P,
where ¢, and ¢, are constants based on X/d and Y/d, re-
spectively. Florschuetz et al.” presented correlations with dif-
ferent coefficients for in-line and staggered rows. They pre-
sented a correlation that is jet impingement for minimum
crossflow, and also a correlation for developing crossflow. The
correlation for jet impingement with minimum crossflow is
given as Nu = 0.363(X/d) > (Y/d) **(ZId)**®Re{ 7 Pr'”.
Van Treuren et al." correlated their Nusselt number underneath
the jet for Reynolds number dependence. They studied the ef-
fect of jet plate to target plate distance. Their hole spacing was
eight hole diameters in the X and Y directions. They studied
both in-line and staggered arrays. Their correlation for Nusselt
number underneath the jets was Nu = 0.685Re***,

The detailed results from the present study are averaged over
the entire target plate to produce a single averaged Nusselt
number. The averaged Nusselt numbers for each orientation
are plotted against the Reynolds number. The present results
for the orientations 1 and 3 correlate for Reynolds number
dependence as Nu = 0.035Re®”. The correlation of Kercher
and Tabakoff” is in good comparison with the results for ori-
entations 1 and 3. Kercher and Tabakoff” presented results for
crossflow effect similar to that for flow orientation 1. The cor-
relation from Florschuetz et al.” is for the case with minimum
crossflow. The results are higher than the present study results,
which include the effects of crossflow. Similarly, the results
for Van Treuren et al." are also for the jet stagnation Nusselt
numbers, which are higher than the averaged Nusselt numbers
from the present study. The results for orientation 2 correlate
with the Reynolds number as Nu = 0.082Re®’”. This corre-
lation is in good agreement with the correlation of Florschuetz
et al.> From the results, it is evident that the crossflow has a
stronger effect for orientations 1 and 3, compared to orienta-
tion 2.

Conclusions

The effect of exit flow orientations on local heat transfer
coefficients for multiple jet impingement under four jet Rey-
nolds numbers is investigated. The conclusions are as follows.

1) Detailed heat transfer coefficient distributions are mea-
sured using a transient liquid crystal technique. The detailed
distributions provide a better understanding of the heat transfer
enhancement by impinging jets on a surface, and they also
provide a reference for computational fluid dynamics-based
studies relating to jet impingement heat transfer. The effect of

crossflow orientation was studied for various jet Reynolds
numbers.

2) The local Nusselt number on the entire impingement sur-
face is dependent on the average jet Reynolds number. The
local Nusselt numbers increase with an increase in jet Rey-
nolds numbers.

3) The heat transfer coefficient distributions are significantly
affected by crossflow direction. A crossflow direction where
the flow exits both sides of the chamber provides the highest
Nusselt numbers on the surface. Jet impingement is least af-
fected by oncoming crossflow compared to the other two
cases.

4) Overall average Nusselt numbers are correlated with
Reynolds number dependence. Results compare well with pub-
lished correlations. Overall averaged Nusselt numbers can be
correlated together for crossflow orientations with only one
side open. However, the Nusselt numbers for crossflow ori-
entation with both sides open is represented by a different
correlation.
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