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Abstract

The effect of jet arrangements on flow and heat transfer characteristics was experimentally and numerically investigated
for arrays of impinging jets. The air jets discharge from round orifices and perpendicularly impinge on a surface within a
rectangular duct. Both the in-line and staggered arrangements, which have an array of 6x4 nozzles, were examined. A jet-to-
plate distance (H) and jet-to-jet distance (S) were fixed at H=2D and S=3D, respectively (where D is the round orifice
diameter). The experiments were carried out at jet Reynolds number Re=5,000, 7,500 and 13,400. Temperature distributions on
the impingement surface were measured using a Thermochromic Liquid Crystal sheet, and Nusselt number distributions were
evaluated using an image processing method. The flow characteristics on the impingement surface were visualized using the
oil film technique. The numerical simulation employed to gain insight into the fluid flow of jets between the orifice plate and
the impingement wall was via computational fluid dynamics. The results reveal that the effect of crossflow on the impinging
jets for the staggered arrangement is stronger than that in the case of in-line arrangement. In the latter case of in-line arrange-
ment, the crossflow could pass throughout the passage between the rows of jets, whereas in the former case the crossflow
was hampered by the downstream jets. The average Nusselt number of the in-line arrangement is higher than that of the
staggered arrangement by approx. 13-20% in this study.

Keywords: array of impinging jets, in-line and staggered arrangement, crossflow, thermochromic liquid crystal sheet (TLCs),
oil film technique, CFD

1. Introduction

Jet impingement is a high-performance technique for
heat transfer enhancement in thermal equipment. It has also
been used in industrial processes for heating, cooling and
drying. Since the heat transfer rate is very high at the area
where the jet directly impinges on, it provides rapid cooling
or heating on the local heat transfer area (Ashforth-Frost and
Jambunathan, 1996; Colucci and Viskanta, 1996). However,
many thermal industrial applications have large surface area
of heat transfer such as combustor chamber wall and gas
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turbine blade cooling, steel and glass quenching, and textile
and paper drying. When high and uniform heat transfer rate
is required over the entire surfaces, multiple impinging jets
or array of impinging jets are applied.

An important factor affecting flow and heat transfer
characteristics of multiple impinging jets in a confined space
is the crossflow. Crossflow is defined as fluid flow in the
perpendicular direction to the jet impingement flow. It can be
formed by either external flow or accumulating spent jet flow.
In the case of multiple impinging jets in a confined space, the
spent jet is accumulated from upstream to the downstream
end of the channel. The flow rate, or velocity of the crossflow,
is thus increased from upstream to the downstream of the
channel. Consequently, the flow and heat transfer of the
impinging jets located at downstream of the channel is signi-
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ficantly influenced by the crossflow (Viskanta, 1993).

Various previous studies have shown the effects of
crossflow on the flow and heat transfer characteristics of
multiple impinging jets. Florschuetz ez al. (1981) investigated
the Nusselt number correlation for both the in-line and
staggered arrangements in case of jet-to-jet distance of S>4D
(where D is the nozzle diameter). Brizzi ef al. (2000) illustrated
flow and temperature patterns on the impingement surface of
an array of jets with in-line arrangement and confirmed that
flow patterns correspond to the temperature distributions.
Katti and Prabhu (2008) studied heat transfer on an impinge-
ment surface under an array of jets, also in an in-line arrange-
ment. Results shown by their study are that the heat transfer
rate under jet-to-jet distance in spanwise direction for S=4D
is higher than for either S=2D or S=6D. However, the optimal
jet-to-jet distance in streamwise direction has not been
reported.

Not many works have been conducted on the flow
characteristics of multiple impinging jets with the effect of
crossflow (Carcasci, 1999; Brizzi et al., 2000). It is difficult to
identify the interaction between the crossflow and the jet in
the case of multiple impingement flows. To illustrate the ratio
of jet velocity to the crossflow velocity influencing the flow
and heat transfer of impinging jet, a single impinging jet
with simulated crossflow was experimentally investigated
(Bouchez and Goldstein, 1975; Goldstein and Behbahani,
1982; Nakabe et al., 1998; Barata and Durao, 2004). Recently,
a numerical simulation has also been used for a flow field
study of a single impinging jet with simulated crossflow (Shi
et al., 2003; Yang and Wang, 2005). In order to illustrate the
interaction between the jet and the crossflow in case of
multiple impingement flows in the present study, numerical
simulation has been adopted.

In more recent works is was shown that in order to
enhance the heat transfer rate under an array of impinging
jets with in-line arrangement, an impingement surface with
mounted ribs was applied (Rallabandi et al. 2010; Xing et al.,
2011; Caliskan and Baskaya, 2012). However, there had been
no investigations on staggered arrangement in their works.
Hoberg et al. (2010) investigated experimentally the imping-
ing jet array together with the use of effusion holes in an
effort to enhance the heat transfer rate reduced in the cross-
flow by a staggered arrangement. Nevertheless, this investi-
gation was observed solely for an average heat transfer
without details on its flow characteristics and local heat
transfer. A more vigorous study in the work on the flow
characteristics and heat transfer to identify and illustrate the
effects of crossflow on jet impingement arrays with compari-
son of in-line and staggered arrangement is thus needed.

The aim of the present study is to investigate the
effect of nozzle arrangement for array of impinging jets in
case of low jet-to-plate distances. The in-line and staggered
arrangement were experimentally and numerically conducted.
The temperature distribution on the impingement surface
was investigated using a Thermochromic Liquid Crystal sheet
(TLCs), and the Nusselt number distribution was evaluated
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using an image processing method. The characteristic of the
flow on the impingement surface was visualized employing
the oil film technique. The numerical simulation employed to
gain insight into the fluid flow of multiple impinging jets
under crossflow was via a commercial ANSYS ver. 12.0, Fluent
software.

2. Experimental Setup and Method
2.1 Experimental model and parameters

An experimental model displaying jets discharging
from round orifice and impinging normal to the opposite
surface in a confined rectangular duct is shown in Figure 1.
Crossflow is generated by accumulation of spent jet (jet after
impinging) at the upstream terminal that flows out to the exit
at the other end of the duct. A Cartesian coordinate system
with its origin allocated at the impingement surface is as
shown in Figure 1 and 2. The Y-axis is normal to the target

S/2 S=3D
!
| |
=D Jets Orifice plate
Y > Outlet
X
]

Impingement plate

Figure 1. Experimental model of array of impinging jets.

Confined wall

(a)

Confined wall

Figure 2. Experimental model of jet arrangement (D=13.2 mm,
W=180 mm): (a) In-line arrangement and (b) staggered
arrangement.
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surface, while the X- and the Z-axes are along the streamwise
and the spanwise directions of the crossflow, respectively.

The arrays of jet arrangements are as shown in Figure
2 which depict the in-line configuration in (a) and the
staggered arrangement in (b). The diameter D of each round
orifice, having a smooth square-edge nozzle through a plate
of 2 mm thickness, is 13.2 mm. Both jet arrangements have
the same array of 6x4 jet holes; 6 on the streamwise and 4 on
the spanwise direction. Both arrangements have constant
jet-to-jet distance S=3D and jet-to-plate distance H=2D.
In the case of staggered arrangement, as shown in Figure
2(b), a jet-to-sidewall distance of S/2 (=1.5D) is assigned to
the nearest nozzles to the wall. Dimensions of the duct for
the staggered arrangement, both height and width, are thus
fixed by these requirements. The same sidewall distance is
assigned to the in-line arrangement, and hence the same duct
dimension is applicable for both configurations. The experi-
ments were carried out at jet Reynolds number of Re=5,000,
7,500 and 13,400 that calculate jet velocity at center of nozzle
outlet.

2.2 Experimental setup

The schematic diagram and photographs of the ex-
perimental apparatus are shown in Figure 3. A 3-HP blower
(Artith Machinery, Av-D1216, Thailand) accelerates the air
which flows through a temperature controlled chamber
equipped with a 2-kW heater (Sangi Electric, FU-4010, Thai-
land). The heated air is then forced through a calibrated

[

Computer

Digital camera

s
Light ?" .
\ ~

"

205

orifice flow meter and into a jet chamber having a cross-
section of 360 mm x 360 mm and a height of 850 mm. The jet
chamber is equipped with two layers of perforated plates and
two layers of mesh plates to ensure a uniform flow field when
the air approaches the orifice plate. Finally, the compressed
air in the chamber forces through the jet orifice and enters
the test section.

The test section is directly mounted on top of the jet
chamber, as shown in Figure 3. Under all experimental condi-
tions, the jet temperature was controlled at 27°C by a tem-
perature controller (Shinko, JCS-33A, Japan) and a power
controller (Sangi Electric, SCR-1A030, Thailand). In these
experiments, temperature variations of the jet can be
controlled within 0.2°C.

2.3 Heat transfer measurement

Figure 3 also outlines details of the test section for
heat transfer measurement. Air with constant temperature is
discharged through the orifice plate and impinges upon the
heat transfer surface. The heat transfer surface, made of
stainless steel foil (30 um thick), is attached with the TLCs
(Omega, LCS-95, U.S.A.) on the rear side of the impingement
surface. The stainless steel foil is stretched between a couple
of copper bus bars. The heat transfer surface is heated by a
DC power supply (Silicon, WYK-15V50A-H, Thailand) that
can supply a current up to 50 A through the copper bus bars.
Electrical energy dissipated in the stainless steel foil can be
calculated from:

Power supply

Thermachromic Screw
liquid crystal
Acrylc
SUS304 foil
Copper bus bar

== Spent air axil

Thermocouple

Mesh plate

V) wolt
=2 mater Temperature
controller

Jat chambear
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]
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Figure 3. Schematic and photographs of the experimental apparatus.
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Oppu =1 R 1)

where [ is the electrical current, and R is the thermal eletrical
resistance of the stainless steel foil.

The local heat transfer coefficient by forced convec-
tion of the jet, /4, can be evaluated from:

_ Qmput Qlosses q.input - q.r - q.c (2)
AT, -T)) T,-T,

where A4 is area of stainless steel foil, ¢, = o¢,, . (T, —T,) and
g, =h.(T, —T,)are the heat losses to the environment by
radiation and convection, respectively, 7, and 7 are the
wall and jet temperatures, o'is the Stefan-Boltzman constant,
Exc 18 the emissive coefficient of the TLC sheet (Geers et
al.,2008), T. is the surrounding temperature, and /4, is the
natural heat transfer coefficient calculated from natural con-
vective heat transfer from the heat transfer surface to the
surrounding.

The wall temperature (7 ) on the impingement surface
was measured using the TLCs attached at the rear side of the
jet impingement surface. A digital camera (Creative, Live Pro,
1,280%960 pixels, China) was used to capture color on the
TLCs under manual brightness mode. Images of color pattern
on the TLCs were converted from RGB (Red, Green and Blue)
system to HSI (Hue, Saturation, and Intensity) system. The
Hue (H) value provides a convenient way to correlate color
of the TLCs to the temperature. The TLCs was calibrated
under the same conditions of the experimental runs.

The local Nusselt number can be calculated from:
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N hD )
u = —
k
where D is the round orifice diameter, and £ is the jet thermal
conductivity.
The average Nusselt number can be calculated from:
— kD
Nu = — )
k

where /1 is the average heat transfer coefficient, calculated
from Equation 2 by replacing 7, with the average temperature
on the impingement surface, TT . Details of the heat transfer
measurement adopted here have been described in two recent
studies, Nuntadusit ef al. (2012a and b).

2.4 TLCs temperature calibration

Temperature calibration of the TLCs was carried out
under similar experimental conditions as that applied to the
test section, with same viewing angle and lighting in an
effort to keep external factors constant. The calibration rig
composes of layers of materials and equipment, respectively,
a 75%x105 mm acrylic back-plate (10 mm thick, acting as
thermal insulator), a thin coil heater (Kyohritsu, 802, 12 VDC,
Japan), an aluminum plate (3 mm thick), four thermocouples,
and the TLC sheet to be calibrated, as schematically shown
in Figure 4, left view. A DC current was constantly applied to
the thin coil heater by a DC power supply (KBM Engineering,
PS-3002, Thailand). The maximum average temperature of
close to 40°C is measured via four wires of the thermocouples

Thermocouples
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Power supply
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TLC
Thermocouples
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\
K Heater
“
— \ Acrylic
Digital S
camera {,’
’
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Light Left view
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To data logger
Haatar
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Figure 4. Schematic and photographs of the calibration rig.
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mounted at assigned locations on the aluminum plate. Colors
on the TLCs and temperatures were simultaneously recorded
when an average temperature becomes steady. The electrical
current thereafter was gradually decreased to yield lower
temperatures. Calibration data were recorded in 0.2°C decre-
mented steps as average temperature until it approached
27°C. Calibration was carried out on five different locations
on the calibration rig positioned on the impingement surface.
Relationship of the recorded temperature versus the normal-
ized hue value from the color change observations is plotted
in Figure 5 for all calibration positions.

2.5 Flow visualization on the impinged surface

Flow visualization on the impingement surface was
carried out using the oil film technique. The oil mixture was
prepared by mixing 20 g of liquid paraffin with 8.5 g of tita-
nium dioxide and 3.5 g of oleic acid. A transparent plastic
plate was used as the jet impingement wall and was uniformly
painted coated by the oil. The same camera that has been
employed throughout was used to record oil film patterns on
the impingement surface at a 30-second time interval. The oil
film image was captured in RGB system, as that employed
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2.6 Numerical simulation

Flow characteristics of the impinging jet in the
confined channel were numerically simulated using the com-
putational fluid dynamics (CFD) technique. Commercial
package ANSYS (ver. 12.0) was used in this present study.
The numerical model was identical to the experimental model
schematically shown in Figure 6. Computations were
conducted by solving continuity and Navier-stokes equations
under existing boundary conditions. This k-¢ turbulence
model with general wall-function mode has been used in
solving many numerical simulation problems (Shi et al., 2003;
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Figure 5. Temperature versus normalized hue value of TLCs cali-

in capturing the TLCs image. bration.
27.3D
~ -~ . Velo,t_:jty inle; _ ~
{ G ——F=—=5
13.6D Jet chamber
D 0.15D
J 804 o .
1 |Hgni I'\r}l [l |pul I{}I - Pressure
Y{ :
‘ X 2D outlet

(@)

Orifice holes

(b)

-
Impingement surface
27.3D

Pressure outlet

Figure 6. Domain of numerical simulation: (a) Schematic of domain and (b) 3-D numerical domain.
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Yang and Wang, 2005).

Figure 7 details the internal grid used in this computa-
tion domain. The non-uniform grid system was finely gener-
ated for regions near the orifice holes and the impingement
surface. A wall inflation function was used to concentrate
the elements near the impingement surface. The impact of
grid size on the static pressure on the impingement surface is
shown in Figure 8. It can be noticed that the trend of static
pressure having 1,603,186 and 1,934,306 cells exhibits less
discrepancy than most others. The node with 1,603,186 cells
was chosen for further simulations to minimize computation
costs.

All boundary conditions applied were identical to
those specified in experimental conditions. The inlet was
regulated to give a constant inlet velocity of 0.36 m/s to
maintain an average Reynolds number of the jets at Re=
13,400. The outlet pressure was kept constant at 1 atm. The
solution method was based on SIMPLE algorithm with
second order upwind for all spatial discretizations (Versteeg
and Malalasekera, 1995). Solutions were considered con-
verged when the normalized residual of all algebraic equa-
tions is less than the prescribed value of 1x10™.

Figure 7. Internal grid system of in-line arrangement.
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Figure 8. Effect of grid dependence on static pressure on the im-
pingement surface for in-line arrangement (vertical arrows
indicate the locations of column jets).
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3. Results and Discussions
3.1 Flow characteristics

Flow characteristics derived from an array of imping-
ing jets calculated using the CFD technique at Re=13,400 for
the in-line and the staggered arrangements are shown in
Figure 9 and 10, respectively. Velocity vectors and velocity
contours of the flow field in the X-Y plane and the Y-Z plane
are shown at major cross sections in the flow channel. In the
case of in-line arrangement, the crossflow accumulated from
the surface jets meanders between the rows of the jets to the

atZ=15D. -
™~

Figure 9. Flow characteristics in the case of in-line arrangement at
Re=13,400.

O

atZ=0.75D —
2

atZ=2.25D

©

)

Figure 10. Flow characteristics in the case of staggered arrangement
at Re=13,400.
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channel exit. The crossflow velocity increases along the
downstream direction to the channel exit, as notably shown
in Figure 9(e). In Figure 9(d), due to the higher crossflow
velocity further down the downstream region, deflection of
the downstream impinging jets (streamwise nozzles No. 4-6)
is larger than that of the upstream impinging jets (streamwise
nozzles No. 1-3). When the combined Figure 10(d) and (e),
respectively for streamwise nozzles No. 2, 4, 6 and stream-
wise nozzles No. 1, 3, 5, are compared to Figure 9(d) for
streamwise in-line nozzles No. 1-6, deflection of the imping-
ing jets for the staggered jet arrangement in Figure 10 is
noticeably larger than the case for the in-line jet arrangement.
The most prominent deflection appears for the impinging jets
at the last nozzle of the staggered configuration (streamwise
nozzle at columns No.6).

The flow characteristics of impinging jets on Z-X
plane near the impinged wall (1 mm above the wall) for
Re=13,400 are shown in Figure 11. The velocity vector and
contour in the Y-axis are shown along the location of each
orifice. The Y-component velocity represents the velocity in
the direction normal to the impingement surface. Its positive
direction is towards the downstream of the jet that impinges
on the wall. The velocity in the region near each center of
impingement is high; impingement regions having velocity
higher than 0.5 m/s are clearly seen around the centers of
impingement. The impingement surface positioned below the
jet having the maximum Y-component velocity in each cell is
designated the stagnation point.

The impingement regions in the case of in-line
arrangement, shown in Figure 11(a), are clearly shifted
towards the downstream direction due to the effect of
crossflow. The displacement of each stagnation region (the
distance from the centerline of each orifice to the stagnation
point of each cell) increases along the downstream direction.
These deflections are, however, larger for the case of
staggered arrangement as shown in Figure 11(b). Moreover,
the stagnation regions of the downstream impinging jets (in
column No. 5 and 6) for the staggered arrangement cannot
be identified due to strong collision of the crossflow on the
jets before impingement.

Flow visualization of jets on the impingement surface
using the oil film technique is shown in Figure 12. The black
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Figure 11. Flow characteristics on Z-X plane near the impinged
wall (1 mm above the wall) for Re=13,400: (a) In-line
arrangement and (b) staggered arrangement.

and white regions represent the areas where the oil film is
completely blown off and the area with original oil film coat-
ing, respectively. The cluster of white spots in the middle of
the black area in each impinging cell represents the stagna-
tion point of the impinging jet bounded in the jet impinge-
ment region. The flow patterns of both the in-line and
staggered arrangements agree well with the contours of
velocity in the Y-component near the impingement surface
shown earlier in Figure 11.

The impingement region of each cell expands in the
downstream direction and contracts in the upstream direction
for the case of the in-line arrangement, as shown in Figure
12(a). Expansions of impingement regions in the downstream
direction are more obvious further downstream to the

B oil film removed

10 12I|14 16 18 20
XD

Figure 12. Flow patterns on the impingement surface with oil film technique for Re=13,400: (a) In-line arrangement and (b) staggered

arrangement.
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channel exit. This characteristic of the flow pattern agrees
with the flow visualization study of multiple jets investigated
by Brizzi et al. (2000).

The impingement regions of the in-line arrangement
in Figure 12(a) obviously express themselves throughout all
orifice locations while they express indistinctly especially for
columns No. 5 and 6 in the case of staggered arrangement as
shown in Figure 12(b). This is due to strong deflection of the
jets before impingement in the location of jet columns No. 5
and 6 as previously shown in Figure 10(d) and (e).

The effect of crossflow on jet impingements for the
staggered arrangement is stronger than the case for the in-line
arrangement. Schematic outlines of the flow patterns of
crossflow that meander through the jets for the in-line and
staggered arrangements are shown in Figure 13. The cross-
flow passes easily through channels between the rows of jets
in the case of in-line arrangement, whereas crossflow from a
former column of impinging jets strongly exerts impact on
the downstream impinging jets in the case of staggered
arrangement.

3.2 Heat transfer characteristics on impingement surface

The contours of local Nusselt number on the impinge-
ment surface for Re=13,400 are shown in Figure 14, and the
local Nusselt number distributions along X-axis at different
Z/D are shown in Figure 15. The contours of Nusselt number
in Figure 14 correspond to the flow patterns on the impinge-
ment surface in Figure 12, as well as the contours of velocity
in Y-component near the impingement surface in Figure 11.

In the case of in-line arrangement shown in Figure
14(a) the Nusselt number is higher at the inner impingement
region and becomes lower around the outer region. The area
ofhigh Nusselt number in each impingement cell shifts to the
downstream direction (X-axis direction) and tends to contract
in the spanwise direction (Z-axis direction); the further along
downstream to the channel exit, the more. Figure 15 shows
the plots of Nusselt number versus X/D for both jet arrange-
ments but at different Z/D indicated dash line in Figure 14.
The peak Nusselt number at each impingement region
increases continuously from column No. 1 to column No. 4

M. Wae-hayee et al. / Songklanakarin J. Sci. Technol. 35 (2),203-212,2013

Crossflow —
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Figure 13. Schematic outlines of crossflow characteristics through
difference of jet arrangement: (a) In-line arrangement and
(b) staggered arrangement.

for the in-line case at Z/D=1.5 (note the black bold solid line
peaks in the figure). The highest peak Nusselt number,
approx. Nu=190, takes place at column No. 4 and the peak
decreases again for columns No. 5 and 6. This characteristic
of peak Nusselt number at stagnation regions agrees with the
result of Katti and Prabhu (2008) in the case of jet-to-plate
distance H<2D.

This result can be explained by the effect of crossflow
velocity on the jet impingement flow. The Nusselt number
at the stagnation point in the case of in-line arrangement is
increased by the interaction of crossflow with moderate
velocity on jet impingement. It can be attributed that turbu-
lent intensity of the jet is increased by the moderate velocity
of crossflow. However, in the case of high crossflow velocity,
the jet is deflected downstream, so the peak Nusselt number
at stagnation region decreases due to low momentum of jet
impinging on the surface. This takes place at columns No. 5
and 6.

The Nusselt number distributions in the upstream
regions (from columns No. 1 to No. 3) for the staggered
arrangement (Figure 14(b)) are not much different when
compared to the case of the in-line arrangement (Figure 14
(a)) at same locations. However, the Nusselt number decreases
rapidly for the downstream regions (from columns No. 4 to
No. 6) of the staggered arrangement because of direct colli-
sion of high crossflow velocity with the downstream jets.
So, the jets are strongly deflected downstream without
impingement as previously mentioned. This results in
apparently no stagnation region in the last column of flow
visualization in Figure 11(b) and 12(b).

220
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Figure 14. Nusselt number distributions on the impingement surface for Re=13,400 (TJ.=27"C): (a) In-line arrangement and (b) staggered

arrangement.
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= Inline, Re=13,400 at Z/D=1.5
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Figure 15. Local Nusselt number distributions along streamwise di-
rection at different Z/D (from dash line in Figure 14 and
each arrow indicates the location of orifice).

Figure 16 shows the distributions of spanwise average
Nusselt number for the case of Re=5,000, 7,500 and 13,400.
This average number is calculated by averaging all local wall
temperatures in the Z-axis at a particular X/D. Results show
that the spanwise average Nusselt number of the in-line
arrangement is generally larger than that in the case of stag-
gered arrangement for all Reynolds number, and certainly for
region X/D>7. The peak spanwise average Nussult number
for each impingement region decreases monotonically along
the downstream direction in the case of staggered arrange-
ment, whereas for the case of in-line arrangement it tends to
increase from jet column No. 1 to No. 3 and then decrease
monotonically along the downstream direction to the channel
exit. This result corresponds to the local heat transfer en-
hancement in the impingement region for jets at column No. 3
of the in-line arrangement.

3.3 Average Nusselt number

Variations of the average Nusselt number on the
impingement surface calculated from the average local wall
temperature for the entire surface versus the Reynolds
number are shown in Figure 17. The average Nusselt number
of both the in-line and staggered arrangements increases as
the Reynolds number increases. The average Nusselt number
ofthe in-line arrangement is higher than that of the staggered
arrangement throughout all Reynolds numbers. It has been
worked out that the average Nusselt number in the case of
in-line arrangement is larger than the case of staggered
arrangement by approx. 13-20% in the 5,000-13,400 Reynolds
number range in this study.

4. Conclusions

In this study, the effects of jet arrangement on the
flow and heat transfer characteristics on a surface under two
arrays of jet impingement have been experimentally and
numerically investigated. The main results for the in-line and
staggered arrangements are as follows:

1. The flow characteristics on the impingement
surface from the experiment agree well with numerical results:
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the area of high velocity in the Y-component corresponds to
its impingement region, and the area of peak velocity in the
Y-component corresponds to the stagnation point of each
impinging jet. The impingement region in each cell extends
more with further distance towards the downstream direction
and contracts more with distance towards the upstream one.
This flow pattern of impinging jets coincides with the local
Nusselt number distribution on the impingement surface.

2. The effect of crossflow on the jet in the staggered
arrangement is stronger than that for the in-line arrangement.
Crossflow can easily pass through the gaps between the
rows of in-line jets, whereas it appears to be directly blocked
by the downstream jet in the case of staggered arrangement.
The last column of the staggered jets is most affected by the
high crossflow velocity and deflects more to the downstream
direction.

3. Moderate crossflow velocity can increase the
peak heat transfer of jet impingement. This heat transfer
behavior is attributed to the interaction of moderate cross-
flow velocity that collides with the jet and increases the
turbulent intensity of the jet before impingement. However,
in the case of high crossflow velocity, the peak heat transfer
decreases due to the low momentum of the jet before im-
pingement.

4. The average Nusselt number of the in-line arrange-
ment is approximately 13-20% higher than that of the
staggered arrangement in the 5,000-13,400 Reynolds number
range.

——Inline , Re=13,400 ——Inline , Re=7,500

-----Staggered , Re=7,500

Inline , Re=5,000

-=-Staggered , Re=13,400 Staggered , Re=5,000
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Spanwise average Nusselt number

o

Figure 16. Spanwise average Nusselt number (vertical arrows indi-
cate the locations of column jets).
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Figure 17. Average Nusselt number for overall impingement surface.
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