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ABSTRACT

The aim of this research is to enhance the heat transfer on the impinged
surface by reducing the effect of cross-flow. The round orifice (4R=1) was replaced by
elongated orifices with a ratio of orifice length to orifice width of 4R=4 and 8 in based on
identical an exit area. For the case of elongated orifice, an attacking angles, defined as the
major axis of elongated orifice to the cross-flow direction, at #=0°, 15°, 30° and 45° were
studied. A jet-to-plate distance was fixed at H=2D; when D is an equivalent orifice diameter.
The research was categorized with three parts. The first and second parts are focused on a
single jet and a row of 4 jets that impinge on inner surface of wind tunnel under a simulated
cross-flow. Velocity ratios (jet velocity/cross-flow velocity) were varied at ¥R=3, 5 and 7 for
both these sections. For the case of jet row, effect of rotating directions of elongated orifices
with 3 types, (1) parallel, (2) counter-convergent and (3) counter-divergent configurations
were examined. For the third part, the impingement array of 4x6 jets arranged with inline and
staggered nozzle configurations were studied, and jet-to-jet distances were fixed at S=3Dy.
The Reynolds number was also varied at Re=5,000, 7,500 and 13,400. The local temperature
distribution on the impinged surface was measured using Thermochromic Liquid Crystal
sheet (TLCs), and the local heat transfer coefficient was evaluated using image processing
method. The oil film technique was used to visualize the flow patterns on the impingement
surface. The numerical simulation was employed to gain insight into the fluid flow.

The results show generally that the impinging jets discharging from both
elongated orifices, AR=4 and 8, at #=0° can minimize the cross-flow effect. The deflection of
jets toward cross-flow direction for elongated orifices is smaller than those conventional
orifice (4R=1). This affects directly to the heat transfer rate on the impingement surface that
the impinging jets from both elongated orifices with #=0° can increase the heat tranfer rate
higher than those the case of 4R=1. The effects of small attacking angle (9=15°) found that
the flow and heat transfer characteristics are rather similar to the case of attacking angle at

0=0°. However, the deflections of jets to the cross-flow streamwise become greater and
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impingement on the target surface is weaker when the attacking angle becomes larger, 6=30°
and 45°. This is due to increase the attacking area between the jets and the cross-flow; the heat
transfer was decreased by increasing the attacking angle, especially, for the case of high
cross-flow velocity, VR=3. The effect of orifice shape shows that the heat transfer rate for the
case of AR=4 is generally higher than those the case of AR=8. This reason is from that the
perimeter of jet discharging from the orifice with AR=8 is larger than those the case of AR=4
casing to increase contact area between the jet and the cross-flow. This make the effect of
cross-flow on jet impingements from AR=8 are prominent than those the case of 4R=4.

For the case of jet row, it was found that the impingement regions
corresponding to the areas of high heat transfer become smaller when compare with the case
of single jet. This is due to the jet row is confined by adjacent jets. The effect of elongated
orifice arrangement was found that the heat transfer rate of (3) counter-divergent
configuration is higher than the others; (1) parallel and (2) counter-convergent configurations.

For the case of jet impingement array, it was found that the heat transfer rate
of jet with inline arrangement is higher than those the staggered one. The cross-flow can
easily pass through the gaps between the rows of inline jets, whereas it appears to be directly
blocked by the downstream jet for the case of staggered arrangement. The jet impingement
from elongated orifice with AR=4 at #=0° can minimize the effect of cross-flow and can
increase the heat transfer rate for both inline and staggered arrangement. When compaire with
those the case of 4R=8 at #=0°, it can decrease the effect of cross-flow and can enhance the
heat transfer particularly for the inline arrangement. The effect of attacking angle for
impingement array was found that the increasing of the attacking angle case to slightly
increase the heat transfer rate particularly for the upstream region. For the downstream region,

the heat transfer rate decreases greatly.
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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. However,
many thermal industrial applications have large surface area of heat transfer such as
combustor chamber wall and gas 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 [1-5].

Upstream Downstream

!JJ G/l HL: U\:lklkz

Cross-flow direction

Fig.1. Flow characteristics of jet impingement array in confined channel [6]

An important factor affecting on flow and heat transfer characteristics of
multiple impinging jets in a confined space is the cross-flow. Cross-flow is defined as fluid
flow in the perpendicular direction to the jet impingement 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 as shown in Fig.1. The flow rate or velocity of the cross-flow
is thus increased from upstream to the downstream of the channel. Consequently, downstream
jets tend to deflect to cross-flow dirction and impinge weakly on impinged surface due to
significant cross-flow effect, and their heat transfers are significantly reduced by the cross-
flow [6].

To enhance the heat transfer by reducing effect of cross-flow on jet
impingement flow is very important. In more recent works, drilling of effusion holes, on the
upper surface (nozzle plate) [7, 8], and at the lower surface (impingement surface) [9], in
confined channel to eliminate the cross-flow has been attempted. In this work, to reduce the
interaction area between impingement flow and cross-flow by modified orifice geometry from
conventional round to elongated orifices as shown in Fig.2.

In addition, another approach to enhance the heat transfer rate is to produce
longitudinal vortices near the inclined rectangular blocks mounted on a smooth surface [10,

11]. To apply the inclination interaction between the cross-flow and the jet issuing from the



elongated orifice, the attacking angle, defined as the major axis of the elongated orifice to the

cross-flow direction, should be examined.
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Fig.2. Interaction of cross-flow through round and elongated round geometries

2. Objectives

The aim of this research is to enhance the heat transfer on the impinged
surface by reducing the effect of cross-flow. The round orifice (4AR=1) was replaced by
elongated orifices with a ratio of orifice length to orifice width, AR=4 and 8 in based on
identical exit area. Attacking angles, defined as the major axis of elongated orifice to the
cross-flow direction, at 6=0°, 15°, 30° and 45° were also studied experimentally and
numerically. A jet-to-plate distance is two times of the round orifice diameter. The research
was categorized by three parts; the first and second parts are focused on a single and a row of
impinging jet(s) under simulated cross-flow. Velocity ratios (cross-flow velocity/jet velocity)
were varied at VR=3, 5 and 7 in these sections. For the third one, the elongated orifices were
applied under impingement array that arrange with inline and staggered nozzle
configurations. The Reynolds number was also varied in this section at Re=5,000, 7,500 and

13,400.

3. Experimental model, parameters and apparatus

3.1 Experimental model
Experimental models are categorized with three parts; the single jet and the
row of jets impinging on the inner side of rectangular wind tunnel under simulated crossflow
as shown in Fig.3, and array of impinging jets with inline and staggered arrangement as
shown in Fig.4. The jets discharging from round orifices impinge on target surface. For the
single impinging jet and the row of impinging jets, the cross-flow was simulated by
introducing are thorough the test section. For the case of impingement array, the crossflow is

generated by accumulation of spent jet (jet after impingement) at the upstream side that flows



out to the exit at the other end of the duct as shown in Fig.4(a). The arrays of jet
configuration, both for the inline and staggered arrangements, consist of 24 jet holes

distributed in 6 columns and 4 rows as shown in Fig.4(b) and (c).
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Fig.3. Experimental model for single impinging jet and row of impinging jets

S/2 S=3Dg
e ———

| |=De | Orifice plate
Y H=2D Outlet
N ; E |:>

Impingement plate
(a) Side view

Confined wall Confined wall

12 3 4 5 8 o1 2 3

OO0 0000 O
O 000 00 L~ O
S | a—
MM}Q@@@ z
LD O @O O O @“nggs’@

S=3Dg S/2 T

(b) Top view for inline arrangement (c) Top view for staggered arrangement

Fig.4. Experimental model for array of impinging jets

3.2 Experimental parameters
All orifices having AR=1, 4 and 8 have the same exit area of 136.8 mm”, and

each round orifice has an equivalent diameter (Dg) of 13.2 mm, as shown in Fig.5. The



attacking angle, defined as the angle between the major axis of the elongated orifice to the
cross-flow direction (X-axis), was varied at 6=0°, 15°, 30° and 45°, as shown also in Fig.5.
The jet-to-plate distance was fixed at H=2Dy. For the single and the row of impinging jets, the
jet velocity was fixed corresponding to Re=13,400, and cross-flow velocity was varied
corresponding to velocity ratios (jet velocity/cross-flow velocity) VR=3, 5 and 7. In the case
of impingement array, both arrangements have constant jet-to-jet distance of S=3Dg. The
experiments were carried out at jet Reynolds number of Re=5,000, 7,500 and 13,400. In
addition, for the case of row of impinging jets, elongated orifices were arranged with parallel,

counter-convergent and counter-divergent configurations as shown in Fig.6.

AR=1 Dg=13.2 mm
AR=4 L=24 mm W =6 mm
AR=4 L=33.6mm [ W=4.2 mm

Attacking angle 6=0°, 15°,30° and 45°

AR=1 AR=4

Fig.5. The details of orifice geometries with identical cross-section area and attacking angle

Same size of
consideration area

\~3DE":

(a) Parallel configuration (b) Counter-convergent configuration (c) Counter-divergent configuration

Fig.6. Configuration of elongated orifice for row of impinging jets

3.3 Experimental setup
A schematic diagram of the experimental apparatus is shown in Fig.7 and 8.
For the single and the row of impinging jets as shown in Fig.7, air was introduced through the
inlet chamber of wind tunnel, flow straightener, two layers of mesh plates, the test section and
a chamber outlet by using a 3-HP blower. The cross-section of wind tunnel was with height of

26.4 mm (2D) and width of 300 mm. The length of calming section of wind tunnel was 200



cm which is sufficient to achieve fully developed flow in the test section. A Pitot-static tube
was located upstream of the test section to measure a cross-flow velocity at the center of
channel. The inlet temperatures of jets and cross-flow were kept constant by a temperature
and power controller.

For jet supplier, the apparatus of single, row and array of impinging jets can
be used together. The 3-HP blower was used to introduce air through a temperature controlled
chamber equipped with 2-kW heater, a calibrated orifice flow meter, a jet chamber (constant
cross-section of 360-mm x 360-mm and a height of 850-mm), and a jet orifice before entering
the test section. The jet chamber is equipped with two layers of perforated plates and two

layers of mesh plates to achieve uniform flow field approaching the orifice plate.

Perforated plate

Mesh plate
L 43 cm —| 200 cm | 67 cm
M;Sh plate Movable pitot tube
]t
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Fig.7. Schematic diagram of the experimental setup for single impinging jet and row of

impinging jets
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Fig.8. Schematic diagram of the experimental setup for array of impinging jets



4, Method

4.1 Heat transfer measurement

The test section was directly mounted to the jet chamber as shown in Fig.9.
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 pm thick), is
attached with the Thermochromic Liquid Crystal sheet (TLCs, Omega, LCS-95, U.S.A.) on
the rear side of the impingement surface. The stainless steel foil is stretched between couple
of copper bus bars. The heat transfer surface is heated by a DC power supply that can supply
electrical current up to 50 A through the copper bus bars. Electrical energy dissipated in the

stainless steel foil can be calculated from:
Oppe =1 R )
where [ is the electrical current, and R is the electrical resistance of the stainless steel foil.
The local heat transfer coefficient by forced convection of the jet, 4, can be

evaluated from:

b= Qin])ut - Q.Insses _ qil1pu! - q.r - q.( (2)
AT,-T) 1,1,

where A4 is area of stainless steel foil, g, :ggmc(ﬁ4 ~-7.*y and ¢ =h (T, -T,) are the heat
losses to the environment by radiation and free convection, respectively, ]TH and 7, are the

average wall temperature and jet temperature, O is the Stefan-Boltzman constant

(=5.670x10" J/K), &y 1 the emissive coefficient of the TLC sheet (=0.9), T is the
surrounding temperature, and 5 is the average natural heat transfer coefficient calculated

from natural convective 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 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 was provided 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:

Nu = - 3)

where D is the round orifice diameter, and £ is the jet thermal conductivity.

The average Nusselt number can be calculated from:



Nu = — “

where £ is the average heat transfer coefficient, calculated from Equation (2) by replacing

T, with the average temperature on the impingement surface, YTW

Power supply

Thermochromic
Screw liquid crystal

Digital camera

N
|
|
|
|
: Light
|
|
|
|

o /N 4

-

SUS304 foil ~N_ .-

[N
“ ~
\

I
I
I

d—
Jet

Jet chamber

Fig.9. Test section of heat transfer measurement
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4.2 Flow visualization on the impinged surface
The flow pattern on the impinged surface was visualized by using oil film
technique. The oil was mixed with 7 g of liquid paraffin, 3.5 g of titanium dioxide and 1.8 g
of oleic acid. The transparent plastic plate was uniformly painted with the oil under the same
film thickness was employed to represent the impinged surface. During the experiment, the

oil film pattern on the impinged surface was recorded using video camera.

4.3 Numerical simulation

A 3-D numerical simulation with the ANSYS Fluent 13.0 was employed to
investigate the flow characteristics of the jets and the cross-flow. The calculation based on
finite volume method was adopted to solve governing differential equations with boundary
conditions. A numerical model was identically created to the experimental model. A
turbulence model with SST was applied due to high accurate prediction in impingement
problems and moderate computational cost [12-14]. This turbulent model has also been
employed to accurately predict a flow and heat transfer characteristics of impinging jet under
the cross-flow [14 and 15].

The generated grid system was even rectangular, and the elements were
concentrated near the wall of wind tunnel and mixing region. The boundary conditions were
identically specified to experimental conditions. A solution method was based on SIMPLE

algorithm with second order upwind for all spatial discretization. The solution was considered



to be converged when the normalized residual of the algebraic equation was less than a

prescribed value of 1.0E-5 [15 and 16].

5. Results and discussion

5.1 A single impinging jet under simulated cross-flow
In the beginning of this section, flow and heat transfer characteristics for the
case of single jet with AR=1 will be explained, and heat transfer characteristic for 4AR=4 and 8
will be briefly discussed. More details of this section have been written in publication as

attached in Appendix A.

5.1.1 Flow and heat transfer characteristics for AR=1

Flow and heat transfer charateristics of single impinging jet with AR=1 under
simulated cross-flow are shown in Fig.10-13. The velocity vectors and velocity contours in Y-
component on Z-X plane at 1.5-mm above the impinged surface are shown in Fig.10. The Y-
component velocity represents the velocity in direction normal to the impinged surface. The
positive velocity of the downstream jet, indicates that the jet impinges on the wall. When the
cross-flow velocity increases, the impingement region shifts downstream, especially, at the
highest cross-flow velocity (Fig.10(c)). This is due to the significant jet deflection caused by
the cross-flow.

The turbulence kinetic energy contours on Z-X plane at 1.5-mm above the
impinged surface are shown in Fig.11. At low cross-flow velocity (VR=7) as shown in
Fig.11(a), the regions with high turbulance kinetic energy are detected in both upstream and
downstream wall jets, and the high intensity region of the upstream wall jet is larger than that
of the downstream one. In addition, the turbulance kinetic energy at stagnation region is very
low which is similar to that found in a common impinging jet without cross-flow. As the
cross-flow velocity increases, the region with high turbulance kinetic energy of upstream wall
jet shifts downstream, and the region with low turbulance kinetic energy at stagnation region

bocomes smaller.
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Fig.10. Velocity vectors and Y-component velocity contours on Z-X plane at 1.5-mm above
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the impinged surface (CFD result)

The flow visualization on the impinged surface by oil film technique is
shown in Fig.12(a-c). The black area is an impinged surface where an oil film removed while
the white area is a remaining oil film. A white point surrounded by black areas represents the
stagnation point of the impinging jet bounded by the impingement region. The visualization
shows that the upstream impingement region (X/D<0) and both lateral sides (+Z/D) are
contracted while the downstream impingement area is elongated as cross-flow velocity
increases.

The Nusselt number distribution along the cross-flow direction at Z/D=0, is
shown in Fig.14. The upstream Nusselt number (X/D<0) becomes lower when cross-flow

velocity increases. This corresponds to the contraction of the upstream impinged area as
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shown in Fig.12. In contrast, the downstream Nusselt number (X/D>0) becomes higher when
the cross-flow velocity increases. At VR=3, the downstream Nusselt number for 2<X/D<3 is
conspicuously enhanced, due to the high turbulance kinetic energy of the range as revealed in
Fig.15(b). In additon, the Nusselt number peak of the stagnation region increases with
increasing cross-flow velocity. The highest Nusselt number peak takes place at VR=3 and
X/D=0.2, as a result of the optimum synergy between the Y-component velocity and the
turbulence kinetic energy. As shown in Fig.15, at X/D=0.2, the jet and crosss-flow with VR=3
offer the peak of turbulence kinetic energy coupled with the moderate Y-component velocity.
However, for VR=3, at X/D=-0.8 or 1.8, the peak of turbulence kinetic energy takes place
with a low Y-component velocity, resulting in a low Nusselt number. The lower Nusselt
number peak at VR=5 and 7 as compared to that at VR=3 can be explained by the same fact.
The results in the present work reveal that at the low jet-to-plate distance
(2D), the increase of cross-flow velocity corresponding to the decrease of VR from 7 to 3,
result in the increase of Nusselt number peak of the stagnation area. This is different from that
found at large jet-to-plate distance (=3D). In the latter case, Nusselt number peak of the
stagnation area dereases as cross-flow velocity increases due to the large colliding area

between cross-flow and jet impingement [4, 17].

5.1.2 Heat transfer characteristics for AR=4 and 8

The effects of orifice geometry, attacking angle and cross-flow velocity on
local heat transfer distribution on impingement surface of single jet are shown in Fig.16.
Generally, the Nusselt number is high at impingement regions and low at upstream regions.
These areas of high Nusselt number are more contracted along upstream direction (-X axis)
and more extended along downstream one (X axis) when the cross-flow velocity increases.
The areas of high Nusselt number, in addition, are more obliquely extended along +Z axis
when the attacking angle is larger.

The Nussselt number at stagnation region of AR=4 and 8 at =0° (Fig.16(d)-
(f) and (m)-(0)) are higher than those AR=1 (Fig.16(a)-(c)) under the same VR. These results
show that the jet dicharging from elongated orifice with #=0° can minimize the cross-flow
effect. However, for the case of 6>0°, these area of high Nusselt number along upstream
direction are contracted, especially, for the case of large attacking angle (6=30°) and high
cross-flow velocity (VR=3) and longer orifice shape (4R=8) as shown in Fig.16(u).

The areas of high Nusselt number are extended in the X-axis and obliquely extended

in the +Z-axis when the attacking angle becomes larger. The extension of impingement

regions in the X-axis is from the effect of cross-flow, and the oblique extension of these
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regions in the +Z-axis is from the effect of attacking angle. More the detail of flow and heat

transfer characteristics of this section will be concisely discussed in the row jet section.
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Fig.16. Nusselt number distributions on the impinged surface for the single jet (Experimental
result, 7=27°C, Re; =13,400).
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5.1.3 The average Nusselt number

The variations of average Nusselt number calculated from the large heat
transfer area, -1.6<X/D<6.4, -3.2<7/D<3.2, and the small one, -1<X/D<1.5, -1<Z/D<1, are
shown in Fig.17(a) and Fig.17(b), respectively. For the large heat transfer area (Fig.17(a)), the
average Nusselt number in the case of 4R=1 is higher than the others at any VR. When
consider the small heat transfer area as shown in Fig.17(b), it was found that the average
values of some parameters of the elongated orifice are higher than those the case of round
orifice. This was shown that the jet from the elongated orifice can increase heat transfer rate
particularly in the stagnation region; the heat transfer at around stagnation region can not be
increased. However, when elongated orifice is applied on multiple of impinging jets, the area
around stagnation is confined by nearby jet. The heat transfer surface will be concentrated by
the enhancement heat transfer area in stagnation region corresponding to number of the

impinging jet. This matter will be shown in the section of multiple impingement.

5.2 A row of Impinging jets under simulated cross-flow
In this section, flow and heat transfer characteristics for the case of row of
jets with 4AR=1 will be initially explained, and the ones with AR=4 and 8 will be latterly
discussed. More details of this section have been written in publication as attached in

Appendix B.

5.2.1 Flow and heat transfer characteristics for 4AR=1

The effect of cross-flow velocity on flow and heat transfer charateristics of
AR=1 are shown in Fig.18-20. The Nusselt number distributions on impinged surface as
shown in Fig.20 coincide with flow patterns and Y-component velocity contours on the

impinged surface as shown in Fig.18 and 19. As cross-flow velocity increaed (VR decreased),
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the area with high Nusselt number (corresponding to black area of oil film pattern and high
Y-component velocity) shifted downstream. It should be mentioned that Nusselt number was
also high in the middle between the adjacent impingement regions. This location corresponds
to the area in which oil film was removed in Fig.18, where Y-component velocity was
negative in Fig.19. The flow and heat transfer characteristics of this row of impinging jet are
similar to those single impinging jet, but the areas of high Nusselt number (corresponding to
black area of oil film pattern and high Y-component velocity) are getting smaller due to

confinement of adjacent jets.
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Fig.18. Flow patterns on the impinged surface for AR=1 (Experimental result)
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result, above from target surface of 1.5-mm)

Nussal: nurber

40 €0 100 140 180
(c)vn—a

-

bt

T T e
-3 "-l 0 1L 2 3 4 5 6 7 532 -l 01 23 4 5 6 7T %
XD XD

Fig.20. Nusselt distributions on the impinged surface for AR=1 (Experimental result)
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5.2.2 Flow and heat transfer characteristics for AR=4 and 8

The effect of orifice geometry and arrangement on local Nusselt number
distributions on the impingement surface are shown in Fig.21. Areas of high Nusselt number
of AR=1 are more shifted to downstream directions when cross-flow velocity increases as
shown in Fig.21(a)-(c). For the case of A4R=4 and 8 with 6=0° as shown in Fig.21(d)-(f) and
(p)-(r), the shifting of areas of high Nusselt number to downstream direction at high cross-
flow velocity are minimized when compare with the case of AR=1. This is due to jets from
elongated orifices can more penetrate into the cross-flow.

When compare the effect of orifice arrangement, it is found that the area of
high Nusselt number are obliquely shifted in spanwise diretion (+Z-axis) depending on the
direction of orifice arrangement. In the case of parallel orifice configuration as shown in
Fig.21(g)-(i) and (s)-(u), the area of high Nusselt number are obliquely shifted in +Z-axis. For
the case of counter-convergent orifice configuration as shown in Fig.21(j)-(1) and (v)-(x), the
areas of high Nusselt number shift separately in Z-axis while they shift combinely in Z-axis
for the case of counter-divergent orifice configuration as shown in Fig.21(m)-(o) and (y)-(al).
These characteristics of Nusselt number distributions are corresponding to the deflections of
impinging jets in Z-axis as shown in Fig.22. In addition, the shifting of these areas along X-

and Z-axes are larger when the the cross-flow velocity increases.

5.2.3 The average Nusselt number

The average Nusselt numbers on the impingement surface versus the
attacking angle are shown in Fig.23. Almost all average values for AR=4 is higher than those
the case of AR=8. For the case of high cross-flow velocity, VR=3, the average Nusselt number
is decreased when the attacking angle increases. This average values of AR=4 with counter-
divergent orifice configuration for VR=5 and 7 are slighty increased when attacking angle
increases from 6=15° to 6=30°. For the other cases, the average values are decreaesed when
attacking angle increase.

When compare the effect of orifice configurations, almost all average values
of counter-divergent orifice configuration is higher than those the others. This can be noted
that the higher heat transfer for the case of counter-divergent orifice configuration is from
enhancement local heat transfer along orifice interval due to inclination interaction of both

adjacent wall jets.
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5.3 Jet impingement array
In this section, flow and heat transfer characteristics for the case of array of
impinging jet will be briefly discussed. To easily understand, the results of AR=1, 4 and § at

6=0° for both inline and staggered arrangement will be firstly explained, and the results with
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the same parameters at >0° will be secondly clarified. More discussion of this section has
been written in publication as attached in Appendix C.

Flow patterns on the impingement surface are shown in Fig.24 and 25, and velocity
vector and contour in the Y-axis on Z-X plane near the impingement surface (1 mm above the
surface) are shown in Fig.26 and 27. The Nusselt number distributions on the impingement
surface are shown in Fig.32 and 33. These contours of Nusselt number agree well with the oil
film patterns on the impingement surface, as well as the contours of Y-component velocity
near the impingement surface. Areas of high Nusselt number (Nu>180) are impingement
regions that relate to the black area of flow patterns and high Y-component velocity in flow
fields. This good agreement can be correspondingly used to explain the characteristics of jets

flow from the CFD results on the flow and heat transfer behavior from the experiment.

5.3.1 Flow and heat transfer characteristics for AR=1, 4 and 8 with 8=0°

To preliminarily discuss in this sub-section at 6=0°, Fig.24(a)-(c), Fig.25(a)-
(c), Fig.26(a)-(c) and Fig.27(a)-(c) will be presented for flow patterns, and the Fig.32(a)-(c)
and Fig.33(a)-(c) will be presented for heat transfer characteristics.

Flow characteristics; for both inline and staggered arrangements of AR=1 as
shown in Fig.24(a) and Fig.25(a), the impingement area of each cell are shifted to
downstream direction due to the effect of cross-flow. This cross-flow effect on jet
impingements with inline arrangement is less significant than on the ones with the staggered
arrangement by notifying cancellation of the impingements at downstream region
(13<X/D<20). This flow characteristic can be explained that the cross-flow can easily pass
through space between rows of inline jets, whereas it was blocked by downstream jets in the
case of staggered arrangement (more discussion in Appendix C3). It can be seen that there
are no impingement regions (Black areas) at the last jet column in Fig.24(a) and no areas of
high Y-component velocity contour at the same jet column as shown in Fig.26(a). It can also
be observed that the deflection of downstream impinging jets with staggered arrangement as

shown in Fig.29(a) is stronger than those with the inline one as shown in Fig.28(a).
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In the case of orifice with AR=4 and 8 at 6=0°, it is found that the cross-flow
effect can be minimized by these elongated orifices for the inline arrangement, notified by
getting the larger impingement region of AR=4 and 8 (black region in Fig.24(b) and (c)) than
those the AR=1 (Fig.24(a)). For the case of staggered arrangement, the impingement region
(Black region) at downstream region (10<X/D<20) of 4R=8 (Fig.25(c)) is larger than that
AR=1 (Fig.25(a)), but it seem to be smaller comparing to those AR=4 (Fig.25(b)). This is due
to the jet issuing from elongated orifice with AR=8 producing the longer circumference as
well as increasing contact area to mix with the cross-flow. It can also be observed that the Y-
component velocity areas at the downstream direction of AR=8 (Fig.27(c)) are smaller than
that the AR=4 (Fig.27(b)) and larger than those AR=1(Fig.27(a)). Corresponding to preceding
paragraph, with the case of #=0°, the use of jet with AR=4 and inline arrangement can be
minimized the cross-flow effect. More details of this section have been intensely discussed in
Appendix C4.

Heat tranfer characteristics; The Nusselt number distribution on the
impingement surface for AR=1, 4 and 8 at 6=0° with Re=13,400 for both jet arrangements are
shown in Fig.32(a)-(c) and Fig.33(a)-(c). Generally, the heat transfer rates of impinging jets
for AR=4 and 8 at 6=0° are higher than those for AR=1, and the areas of high heat transfer are
shifted further downstream. Apparently, Nusselt number associated by the jets with an inline
arrangement are less significantly affected by the cross-flow than those with staggered
arrangement indicated by amore uniform Nusselt number distribution on the impinged
surface. For the inline jet arrays at all AR, Nusselt number of downstream jets is just slightly
decreased compared to those of the upstream ones. On the other hand, for the staggered jet
arrays with AR=1 and 8, Nusselt number is dramatically changed with increasing axial
distance (X/D). Only at AR=4, Nusselt number is gradually decreased alongthe axial

direction.
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5.3.2 Flow and heat transfer characteristics for AR=1, 4 and 8 with
attacking angle

Flow characteristics; flow characteristics for the case of AR=4 with 6=15°
for the inline arrangement as shown in Fig.24(d), the impingement region of each cell is
directly extended in the X-axis and obliquely extended in the Z-axis. In addition, each
impingement cell is more obliquely extended in the +Z-axis and contracted in the -Z-axis
when the attacking angle becomes larger, at 6=30° and 45° as shown in Fig.24(f) and (h). This
is different from those with AR=4 at 6=0°, that the impingement regions are particularly
extended in the X-axis (without extending into the +Z-axis) as shown in Fig.24(b).

The extension of the impingement regions to the downstream direction is
from the cross-flow effect. It can be observed from Fig.28 and 29 that the downstream

impinging jets (jet columns No.4 to 6) are more deflect to cross-flow part line than that the
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upstream jets (jet columns No.1 to 3). The oblique extension of impingement region to the +Z
direction is from the attacking angle effect as shown in Fig.30. The jets are deflected in the
+Z direction along the orifice configurations. This deflection is stronger when location of jets
is far from the first jet column. Moreover, the deflection of jets with staggered arrangement is
larger than the one with inline that will be discussed in the next section.

For the case with AR=8 at 6=15° with the inline arrangement as shown in Fig.
24(e), the characteristics of flow patterns of the jets is similar to the case with AR=4 under the
same attacking angle mentioned above. However, when the attacking angle becomes 6=30°
and 45°, the impingement regions at 4<X/D<20 seem to be getting smaller as shown in Fig.
24(g) and (i). For the case of the largest attacking angle, 6=45°, particularly, there is no
impingement area in the downstream region (13<X/D<20) because the high cross-flow
velocity strikes on the jet flow with the large attacking area. This can be observed in Fig.28(e)
for the case of AR=8 at 6=45° that the downstream impinging jets (columns 5 and 6) tend to
deflect to cross-flow part line with slightly impinging on the target surface.

When the inline and staggered arrangements are compared, it is found that
the impingement regions for the inline arrangement can be seen throughout the streamwise
direction (except for the case of AR=8 at 6=30° and 45°). This flow characteristics are similar
to the case of staggered arrangment for AR=4 at 6=0°, 6=15°, 6=30° (Fig.25(b), (d) and (f))
and AR=8 at 6=0° (Fig.25(c)). However, for the others, they are unclearly expressed at the
downtream area (10<X/D<20). The absence of the impingement regions corresponds to the
stronger deflection of the downtream jet with staggered arrangement as compared at the same
conditions between Fig.28 and 29.

Results show that the attacking angle has significant effects on the impinging
jet array of the elongated orifice as schematically sketched in Fig.31. For the case of attacking
angle 6=0°, the cross-flow strikes on the jet issuing from the elongated orifice with the small
attacking area as dipicted in Fig.31(a). This attacking area becomes larger when the attacking
angle is increased, as shown in Fig.31(b) and (c). Moreover, the attacking angle effect for the
case of AR=8 is more prominent than for the case of AR=4 due to the longer perimeter of
AR=8. Consequently, the deflection of jet from the orifice with 4R=8 is larger than the case of

AR=4 as mentioned above.
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and Re=13,400 (Experimental results, 7=27°C).
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Heat tranfer characteristics; the characteristics of Nusselt number
distributions for the case of a small attacking angle, 8=15° (Fig.32(d), (e) and Fig.33(d), (e)),
is comparable to those with the attacking angle of 6=0° (Fig.32(b), (c) and Fig.33(b), (¢)), but
the heat transfer characteristic is quite different from the case of large attacking angles at
6=30° and 45° (Fig.32(f)-(i) and Fig.33(f)-(i)). The Nusselt number in the downstream region
(10<X/D<20) of both jet arrangements abruptly decreases when the attacking angle is larger
due to increasing attacking area between the cross-flow and the impinging jets, as discussed
earlier on the jet flow characteristics.

Indeed, the areas of high Nusselt number (Nu>180) in each impingement cell
are extended in the X-axis and obliquely extended in the +Z-axis when the attacking angle is
larger. This corresponds well to those impingement regions on the surface as shown before in
Fig.24 and 25 by oil film technique, and in Fig.26 and 27 by CFD. The extension of these
high value areas in the X-axis is from the effect of cross-flow shown earlier in Fig.28 and 29,
and the oblique extension of these areas in the +Z-axis is from the effect of attacking angle as
previously illustrated in Fig.30.

From Fig.33, the area of high Nusselt number (corresponding to impingement
regions) of each impingement cell for inline arrangement with AR=4 and 8 at 6=0° and 15° is
rather uniformly distributed from upstream to downstream direction. These areas become
smaller when the attacking angle become larger to be 6=30° and 45°. Especially for the case
of AR=8 and 6=45°, there are no impingement region for the last jet column as shown in
Fig.33(i). This is due to large blocked area from the long circumference of orifice with AR=8
and the large attacking angle at significant cross-flow effect at downstream direction as earlier
discussion in flow characteristics. These area becoming smaller at downstream direction is
clearly seen for the case of staggered arrangement as shown in Fig.33 accept for AR=4 with
0=0° and 15° as shown in Fig.33(b) and (d). The distribution of area of high Nusselt number is
rather consistent from upstream to downstream direction. This is shown that the jet from

AR=4 can be minimized the effect of cross-flow batter than that AR=8.
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Fig.34. Spanwise average Nusselt number distribution along the cross-flow direction

(Experimental results, 7; = 26.7°C and numbers in marked circle indicate the jet column

order).

5.3.3 Spanwise average Nusselt number

Distributions of the spanwise average Nusselt number along the downstream

direction for the case of Re=5,000, 7,500 and 13,400 are shown in Fig.34. Each value in this

case is calculated from the local heat transfer coefficient, which in turn is dependent on the



28

average local wall temperatures taken in the range of -3<Z/D<3. Generally, decreasing
Reynolds number, the value gets smaller while its distribution characteristics slighly change.
Each distribution and its peak value at a particular X/D location for the case of attacking
angle at =0° and 6=15° is quite similar and consistent compared to other spanwise locations,
as shown in Fig.34(b)-(e). But, the peak value seems to be dramatically decreased when the
attacking angle becomes larger at 6=30° and 45° towards the downstream region
(10<X/D<20), as shown in Fig.34(f)-(i). In the particular case of AR=8 at 0=45° (Fig.34(1)),
the distributions in this region become rather flat, especially for Re=7,500 and 5,000 for both
jet arrangements. This relates to those the cancelation of impingement of downstream jets as
early shown in Fig.30(e).

Almost all of the spanwise average Nusselt number for the inline
arrangement is higher than those of the staggered arrangement except their peak values at jet
column 3 and 4 for AR=4 at #=30° (Fig.34(f)), and jet column 2 and 3 for AR=8 at 6=30° (Fig.
34(g)), and AR=4 and 8 at 6=45° (Fig.34(h) and (i)). This is due to the high local Nusselt
number at their impingement regions resulting from the effects of jet arrangement and

attacking angle at upstream region that the cross-flow effect is low.

5.3.4 The average Nusselt number

The average Nusselt number on the impingement surface calculated from the
average local wall temperature in area of 0.5<X/D<20 and -3<Z/D<3 versus the attacking
angle are shown in Fig.35. Almost all of the average Nusselt number tend to decrease when
the attacking angle is increased. However, as shown in Fig.35(b), for the case of AR=8 with
Re=7,500 in both jet arrangements, the average value at 6=15°is higher than that at #=0°, but
is still lower than that for the case of AR=1.

For the case of AR=4, Re=13,400 with the inline arrangement (Fig.35(c)), and
AR=8, Re=5,000 with the staggered arrangement (Fig.35(a)), the corresponding average
Nusselt number in the case of 6=15° is slightly higher than that for 4R=1, but is still lower
than that at 6=0°. From these results, the effect of attacking angle is not very significant in
increasing the heat transfer on the overall impingement surface. It can, however, increase

local heat transfer in the upstream region, the area with minor cross-flow effect.
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6. Concluding remarks

The main focus of this research is to enhance a heat transfer rate on surface of
jet impingement by minimizing a cross-flow effect using elongated orifice. The matters were
categorized by three parts; the first and second parts for a single and a row of impinging
jet(s), respectively, under simulated cross-flow. The final one provides for impingement array
with inline and staggered nozzle configurations. The main results can be concluded as follow;

1. Impinging jets discharging from both elongated orifice, AR=4 and 8 with
6=0° can minimize the cross-flow effect. The deflections of jets with 4R=4 and 8 with 6=0°
toward the cross-flow direction are smaller than those conventional orifice, AR=1. This
affects directly to enhance heat transfer rate on the impingement surface by getting a higher
when compare with those conventional orifice.

2. The effects of small attacking angle (6=15°) of elongated orifices on the
flow and heat transfer characteristics of impinging jets are rather similar to the case of
attacking angle at 6=0°. It is, however, quite different when the attacking angles become
larger at 6=30° and 45°. Deflections of impinging jets with larger attacking angles are more
deflect to the cross-flow directions. The heat transfer rate on the impingement surface

decreases greater when the attacking angle becomes larger.
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3. For the single impinging jet and the row of impinging jets, the local heat
transfer at impingement regions for the high cross-flow velocity are higher than that the low
one. This result attributes the good matching between high Y-component velocity that
impinge on target surface and high turbulence intensity distribution. This heat transfer
behaviour was found for the case of low jet-to-plate distance.

4. The effects of elongated orifice configurations for the row of impinging
jets with parallel, counter-convergent and counter-divergent configurations on the heat
transfer characteristics show that the average values for the counter-divergent configuration
are higher than those the others.

5. For the array of impingning jets, the effects of cross-flow on the flow and
heat transfer characteristics in the staggered arrangement is stronger than those inline
arrangement. The cross-flow can easily pass through the gaps between the rows of inline jets,
whereas it appears to be directly blocked by the downstream jet in the case of staggered
arrangement. This affects directly on the heat transfer that the average value of inline
arrangement is higher than those the staggered one. When apply the elongated orifices to this
impingement array system, it was found that the jets discharging from these elongated orifices
with AR=4 can minimize the cross-flow effect despite for the case of staggered arrangement.

6. The effect of attacking angle for impinging jet array show that heat transfer
on the impingement surface decreases greater when the attacking angle becomes larger.
However, when specific area on this surface is considered, local heat transfer at the upstream
region for large attacking angles #=30° and 45° is found to be higher than those for attacking
angles 6=0° and 15°, especially in the case of staggered arrangement. These results are also

confirmed by flow visualization on the region with larger impingement area.
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Abstract: The effect of velocitv ratio (VR, ratio of jet
velocity to crossflow velocitv) on flow and heat transfer
charateristics on an impinging jet with crossflow was
investigated. The air jet issued from circular orifice and
then impinged norinal ro heated surface in wind tunnel.
The jer-to-plate distance (H, wind funnel height) was
Jixed at 2D (D is orifice diameter). The velocitv ratios
were varied from VR=3, 5 and 7. The temperature
distribution on an impinged surface was visualized by
using thermochromic liquid crvstal sheet (TLCs) and
Nusselt number distribution was evaluated with image
processing technique. The flow patterns on impinged
surface were visualized by using oil film technigue. The
numerical sinmlation was also emploved to gain insight
into the fluid flow of jet impingement in the crossflow.
The results show that the averaged Nusselt number was
highest in case of VR=35. The heatr transfer in jer
impingement region was enhanced when increasing VR
Jrom 0 to 5 and the heat transfer was decreased again
when increasing VR from 5 to 7. The locations of
maximum Nusselt number were shifted to downstream
direction due to crossflow and the interaction between
impinged jet and cross flow near the wall was revealed.
Kev Words: Impinging jet, Crossflow, Thermochromic
liguid crystal sheet, CFDs

1. INTRODUCTION

Jet impingement is a high-performance technique for
heat transfer enhancement in thermal equipment. It has
been also used in industrial process for a heating, cooling
or drying. It provides for rapid cooling or heating on
local heat transfer area. However. the heat transfer rate 1s
very high on jet directly impinged area. Many of thermal
industrial applications have large heat transfer area such
as, a combustor wall chamber and gas turbine blade
cooling, steel and glass quenching, textile and paper
drying. A high and uniform heat transfer rate is required
over entire that areas. Hence, multiple of impinging jets
are applied.

Multiple of impinging jets are formed by number of
individual jet impingements. The flow and heat transfer
characteristics of multiple impinging jets are influenced
by two mteractions. First is an interaction between
adjacent before impingement wall and secondly, the wall
jets formed by the adjacent jets collide on the target
surface [1]. Another parameter that mfluences multiple
jet impingements in a confined space is the crosstlow.
The crossflow 1s defined as the fluid flow in the direction
perpendicular to the jet impingement flow. The
crossflow can be either due to external flow resource or
due to accumulated spent jet fluid flow. The crossflow
has been found to significantly reduce the heat transfer of
impinging jet in downstream [2, 3].

Goldstein and Behbahami [4] studied the single jet
impingement from a circular pipe orifice for case of with
and without crossflow. The results show that a maximum
Nusselt number decreases with increasing flux
momentum of crossflow for jet-to-plate distance H=12D
(D is orifice diameter) and the maximum Nusselt number
increases, when decreased the jet-to-plate distance to
H=6D with moderate flux momentum of crossflow.
Bouchez and Goldstein [3] experimentally studied the
local heat transfer on the impinged surface and flow
visualization of the jet m the crossflow, the experiment
carried out of the single jet impimgement from a circular
pipe orifice normal to a surface, the results show that the
low velocity of crossflow can created a recirculation
zone upstream of the stagnation point and the heat
transfer coefficient for jet-to-plate distance H=6D has
higher than H=12D for all flux momentum ratios.

Barata and Durao [6] investigated the {flow
characteristic of an impinging jet m crossflow. They
found that the upstream side of wall jet interacted with
the crossflow and formed a vertex close to the ground
target plate which flow was similar to the horseshoe
structure. Nakabe et al. [7] experimentally studied a
single inclined mpinging jet in the crosstlow with jet to
crossflow velocity VR=3, 5 and 7 and showed the
increasing heat transfer on the target surface in case of
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high crosstflow velocity VR=7. Yang and Wang [8]
conducted the numerical simulation of an inclined
mmpinging jet in crossflow with same experimental
condition of Nakabe et al. [7]. The results indicated that
for the case of the low wvelocity ratio (VR=3), there
appeared very strong circulation flow near the stagnation
region when compare with other velocity ratio (VR=5
and 7).

All literature reviews have been briefly discussed in
above. It was found that the crossflow significantly
reduced or enhanced the heat transfer of impinging jet
according to the ratio of jet to crossflow velocity and jet-
to-plate distance. Most of the previous works on
impingement heat transfer under the crossflow are
concerned with jet from a pipe nozzle [4, 3, and 6]. In
practical industrial applications, the heat transfer surface
i1s large and the multiple mpinging jets were must
applied with orifice type nozzle. Hence, the interacted
characteristic between the jet and the crossflow are
unlike for case of single and multiple 1mpingements.
Also, the flow and heat transfer characteristics in case of
jet impingement from the pipe and orifice nozzle are
difference.

In case of mnmltiple of jet impingements, the
maximum heat transfer on the target surface was 2D-3D
of jet-to-plate spacing (according on the jet-to-jet
spacing) [2. 3 and 9]. While, the maxinmmum heat transfer
on the target surface i case of single jet impingement
was 5D-8D of the jet-to-plate distance, according on the
nozzle type and confined or unconfined of the test
section [10, 11 and 12]. From these reasons, the effect of
crossflow on jet mmpingement from orifice nozzle with
low jet-to-plate distance (H=2D-3D) should be
concerned than the jet impingement from the pipe nozzle
with high jet-to-plate distance (H>6D).

The aim of this research was to study the effect of
velocity ratio on flow and heat transfer in case of
impinging jet from orifice nozzle with low jet-to-plate
distance H=2D. The experimental mvestigation was
carried out of the jet to the crossflow velocity ratios
VR= A /V,_=3, 5 and 7. The temperature distribution on

the impinged surface was investigated by using TLCs
and Nusselt number distribution was evaluated by using
image processing technique. The flow characteristics on
the mmpinged surface were visualized by using o1l film
technique. The numerical simulation was employed to
gain insight into the fluid flow of jet impingement in the
crossflow by using commercial CFD software (ANSYS
ver. 12.0).

2. EXPERIMENTAL MODEL AND PARAMETERS

The experimental model m this study, the jet was
discharged from a circular orifice and then mmpinged
normal to opposite heated surface in wind tunnel with
rectangular cross section as show in Fig.1. The crossflow
was generated by sucking air pass through the test
section with centrifugal blower located downstream of
wind tunnel. To consider the effect of jet to crosstlow
velocity (VR) on flow and heat transfer characteristic on
the impinged surface, the jet flow was fixed at a constant
flow rate and the crossflow velocity was varied. An
origin of the Cartesian coordinates was located on the

impinged surface as shows in Fig.1. The X-axis, Y-axis
and Z-axis are the streamwise of crossflow, normal to
streamwise and spanwise direction of wind tunnel,
respectively.

The experiment was carried out at orifice diameter
D=13.2 mm and jet-to-plate distance H=2D. The
comparisons for flow and heat transfer
characteristics on the impinged surface were based
on the constant jet velocity (at Re:VJD.e\.=12.7OO)

and varied crosstlow velocity, corresponding to
velocity ratio between the jet and the crosstlow
VR=3,5and 7.

Jet from orifice

Orifi
Orifice hole

Wind channel

Crossflow
(a) 3-Dview

Impinging jet
+

Orifice plate

Impingement plate

(b) 2-D side view
Fig. 1. Experimental model of an impinging jet in a
crossflow

3. EXPERIMENTAL SETUP AND METHOD
3.1. Experimental setup

Fig.3. shows a schematic view of the experimental
apparatus. The experimental apparatus composed of two
parts: jet flow supplied part and crossflow supplied part.
For the jet flow supplied part, the centrifugal blower
(3HP) accelerates the air which then flows through a
temperature controlled chamber and towards the orifice
flow meter. The air subsequently passes through a jet
chamber with constant cross-section 360-mum-wide, 360-
mm-long and 850-mm-high. The jet chamber was
equipped with two layers of perforated plates and two
layers of mesh plates to ensure that a uniform tlow field
approaches to the orifice plate.

The crossflow in the wind tunnel was sucked through
the inlet chamber, a flow straightener, two of mesh
plates, the test section and an outlet chamber with
centrifugal blower (3HP) located at downstream of wind
tunnel. The wind tunnel has rectangular cross-section
300-mm-width and the height is 2D (Aspect ratio is
11.4)). The wind tunnel has sufficient length to ensure
that the flow passes through the test section with a fully
developed velocity profile. In addition, the inlet chamber
and wind tunnel was assembled by convergent
connection to reduce the effect from wind tunnel inlet.

The test section was mounted upon the jet chamber
and its dimension was 139-mm-wide and 26.4-mm-high.
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Fig.2. Schematic of the experimental apparatus

The surface of heat transfer measurement (Opposite
site of jet plate) of test section was designed for
replaceable with transparent acrylic plate for the flow
visualization techmque. As well as, the Pitot-static tube
was mounted before test section for the crossflow
velocity profile measurement. For all experimental
conditions, the jet and crossflow were controlled with
constant temperature at 27°C and temperature variation
of the jet and the crossflow was controlled within 0.2°C.

3.2. Heat transfer measurement

-

Fig. 3 shows the detail of test section for heat transfer
measurement. The air with constant temperature
discharged from an orifice plate and impinged upon the
heat transfer surface. The heat transfer surface was made
of stainless steel foil (30-pm-thicknesses) which attached
with TLC sheet on the rear side of jet impinged surface.
The stainless steel foil was stretched between couple of
copper bus bars. The heat transfer surface was heated by
DC power supply that can supply current up to 40A
passes through copper bus bars. An amount of electrical
energy was dissipated in the stainless steel foil and it can
be calculated from equation

O =1 R M
where here, I i1s the electrical cuirent and R 1s the
electric resistance of stainless steel foil.

The heated mmpinged surface was cooled with
impinging jet. Hence, the local values of heat transfer
coefficient (/1) by force convection of jet can be
evaluated from equation
Oinpit = Orosses _ Gingus — 4> — 4

AT,-T)  T,-T,

where ¢ =oe, (T, -T,) and g, =h (T, -T,)are the

h= (2)

heat loss transferred to the environment by radiation and
convection, respectively. The 7; and T, are the wall and

jet temperature, the o 1s a Stefan-Boltzman constant, the

£ 1s a emissive coefficient of the black background

TLC

paint and the TLCs that has been given in [9]. 7, is a
surrounding temperature and h, is a natural heat transfer

coefficient that was calculated from natural convective
heat transfer from the horizontal plate orientation to the
surrounding.

Thermochromic
liquid crystal

Screw

Power supply “Acrylic

SUS304 foil
Copper bus bar

f

Digital camera E
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Light ..
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)‘/ Jet chamber ’>
e
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Impinging jet

Crossflow

Orifice plat

Fig.3. Detail of heat transfer measurement

The wall temperature (7, ) on the impinged surface

was measured by using TLCs that attached on the rear
side of jet impinged surface. The CCD camera was used
to capture colour on TLCs. The images of colour pattern
on TLCs were then converted from the RGB (Red. Green
and Blue) colour systemn to the HST (Hue, Saturation and
Intensity) colour system. The Hue (H) value provides a
convenient way to correlate the colour of TLCs to their
temperature in range of 28-40°C. The TLCs was
calibrated with same location on the test section to keep
all external factors same with the heat transfer
experiment. The local Nusselt number was calculated
from

hD

Nu = —
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where D is the diameter of orifice and & is a
conductivity of air jet. An average Nusselt number was
calculated from

N = ’TD @)

where here, the average heat transfer coefficient  was
calculated from Eq.(2) by replacing 7, to ,T_u that is a

averaged temperature on the impinged surface.

3.3. Flow visualization on the impinged surface

The flow wvisualization on the impinged surface was
illustrated by using oil film technique. The oil film was
prepared by liquid paraffin, titanium dioxide and oleic
acid. A transparent plastic plate was replaced to the
impinged surface and o1l filme was painted uniformly on
jet impinged surface. The CCD camera was captured the
oil film flow on the impinged surface at each different
time (30 second/frame).

4. NUMERICAL SIMULATION (CFD)

The flow characteristic was illustrated by using 3-D
numerical simulation (ANSYS ver.12.0). The model of
numerical simulation is same with the experimental
model; dimension, mass flow rate of jet and crossflow,
boundary and experimental condition. The standard k-¢
turbulent model with general wall-function mode was
used for solving numerical simulation problems.

5. RESULTS AND DISCUSSION
5.1 Velocity profile of crossflow

Fig.4 shows the velocity profile of crossflow m Y-axis
pass the center of wind tunnel(Y is wind tunnel height).
The velocity profile shows a good agreement between
the CFD and experimental data. The trend of both data
illustrate that the flow befor enter to the test section with
fully developed flow. From this result. the flow
characteristic of crossflow before enter to the test section
of both experiment and CFD are almost matched.

6
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Fig.4.Velocity profile of crossflow (Y is wind runnel
height)

5.2 Flow characteristic of jet and crossflow

Fig.5 shows the velocity distribution in ZX-plane
through the center of jet (Y=0). The jet discharged from
the nozzle and impinged upon the target surface. Before
Jet impmging on the wall, the crossflow deflected the jet
to downstream side of crossflow. The tendency of
deflection of jet depends on the crossflow velocity or

VR. The jet was more deflected to the downstream of
crossflow when the VR decreases.

In case of VR=5 and 7. the wall jet was appeared on
both side of upstream and downstream of jet
impingement region. This condition was different from
the VR=3 which the wall jet was appeared only
downstream.

Fig. 5 (b) and (c) show the point of velocity approach
to zero which nearly located to the target swrface in
middle of jet impingement region for VR=5 and 7. This
represented the stagnation point. It was found that the
stagnation point was shifted to the downstream when the
crossflow velocity was increased. However, the
stagnation point in case of VR=3 was obscured.

L L L B e |

-3 -2 -1 0 1 2 3 4
XD

wn

Fig. 5. Velocity contour in ZX-plane (Y=0) at
different VR

Fig.6 shows streamlme m ZX-plane at Y=0. The
results obviously illustrated the interaction between jet
and crosstlow. In case of VR=5 and 7 shows the ground
vortex in the upstream of jet impingement region. The
ground vortex of VR=7 is larger than VR=3. because of
the wall jet can be penetrated in the upstream of
crossflow about 3.3D then the wall jet collided with
crosstlow and turn to downstream as shows in Fig. 6 (¢).
Difference from m case of VR=5, the wall jet can
penetrate in the crosstlow about 2.5D as shows in Fig. 6
(b). The dimension of ground vortex depends on the
distance of wall jet that can be penetrated as much as in
the upstream direction.

In case of higher velocity of crossflow VR=3 (Fig. 6
(a)), the ground vortex was disappeared. But, the wall jet
can be penetrated in the crossflow about 1.2D in the
upstream and then rapidly turn to the downstream. In this
case, the velocity of crosstlow dominated the velocity of
wall jet.

Fig. 7 shows the streamline in ZX-plane at Y=-6 mm
from the jet exit. The result shows that the crossflow
passed through the jet flow with difference flow
characteristics according to the VR. In case of VR=3, the
circulation flow was appeared m downstream side of jet.
This circulation flow can be promoted the turbulent flow
inside the jet before impingement.
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Fig.7. Streamline in ZX-plane at Y=-6 mm from the jet
exit (Solid circle are the position of orifice).

5.3 Flow and heat transfer on the impinged surface

Fig. 8 shows the flow visualization on the impinged
surface by using Oil film technique. The black area
represented oil film completely removed wall region and
white area represented area of o1l film. The impingement
region has black area due to high shear stress on the
surface. The o1l film was removed from this region.
Small white area in the middle of black area representes
the stagnation point of jet with velocity almost zero. In
case of without crosstlow and case of VR=7 with lowest
crossflow velocity (Fig. 8 (a) and (d)), the stagnation
pomt was clearly expressed. For case of VR=3, the
stagnation point unclearly expressed as shown m Fig. 8
(b), because of highest velocity of crosstlow (jet
impinged on surface weakly).

From the Fig.8, the distance of stagnation point
shifed far away from the center of orifice 0.15D, 0.25D
and 0.5D for VR=7, 5 and 3, respectively. The distance
from the stagnation point to the central orifice increased
with decreasing the VR, corresponding to the numerical
simulation model that shows m Fig.5 as has been
disscused 1n above.
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Fig. 8. Oil film patterns on an impinged suiface at
different VR

Fig. 9 shows the local Nusselt number distribution on
the impinged surface. The area of high heat transfer in jet
impingment region became smaller in spanwise direction
for VR=3 and become larger for VR=5 and 7. This result
is consist with the area of stagnation region that has
been shonw m Fig. 8. The distance of stagnation region
m centerlme m spanwise are 3D, 5D, and 5.6D for
VR=3, 5 and 7, respectively. This results illustreted the
area of stagnation region become smaller as the
crossflow velocity increasing.

The heat transfer peak in stagnation region for case
jet without crossflow 1s lower than other case of jet with
crossflow. For case jet with crossflow, the peak of heat
transfer increased with increasing velocity of crossflow.
The variation of heat transfer peak was obviously as
shown in Fig.10. This heat transfer enhancement is
attributed to the interaction between the jet and the
crossflow which mecreased turbulent intensity in the jet
before umpingement, corresponding to the numerical
simulation model that shows in Fig.7.

Table 1 shows the variation of averaged Nusselt
number on the impinged surface that calculated from the
equation (4). The VR=5 has highest averaged Nusselt
number, because of the high local Nusselt number are
appropiated between stagnation region and around it. So,
difference from the VR=5 that shows the peak of heat
transfer only at stagnation point.



40

Nu
3
2 Iz:o
1] ]
R 180
30
B 140
2

0 1
XD

(a) Case without crossflow

G g D)
bl LTS m oW

21 012345678
XD

(b) VR=3

3 4 5 6 7 8

(¢) VR=5

., , ZID
W o R s

2

-1 01 2 3 4 56 7 8
XD

(d) VR=7
Fig. 9. Local Nusselt munber on an impinged surface at
different VR (I,=27 °C)

300

250 = Exper_VR=3
= Exper_VR=3

200 Exper_VR=7

—Esper_VR-0

Nusselt number
I
=

-3 -2 -1 0 1
XD

o
w
S
w
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Table 1. Averaged Nusselt number

VR 3 5 il
Averaged Nusselt 727 781 79
number

5. CONCLUSION

The main results are shown as follows;

(1) The jet was more deflected to the downstream of
crossflow when the crossflow velocity mncreasing and the
ground vortex in upstream of VR=7 larger than in case of
VR=3.

(2) The higher velocity crossflow can increase the peak
of heat transfer in stagnation region. This is attributed to
the interaction between the jet and the crossflow which
increased turbulent intensity in jet before impingement.
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ABSTRACT
The aim of this research is to enhance the heat transfer rate on surface of impinging jet in crossflow. The round orifice (AR=1) was
replaced by elongated round orifices with aspect ratio AR=4 in based on identical exit area. Effect of attacking angle (6=0°, 45°) and
jet to crossflow velocity ratio VR=3 and 7 were studied. The numerical simulation was employed to gain insight into the fluid flow,
and thermochromic liquid crystal was used to visualize heat transfer characteristic on a target surface. Results show that the orifice
with AR=4 and 6=45° can increase the heat transfer rate at stagnation region under the low crossflow velocity (VR=7).

1. Introduction

A jet impingement is a high performance technique
for heating, cooling or drying process. When high and
uniform heat transfer rate on surface are required over a
large area, multiple of impinging jets are applied. An
important factor that influences on the multiple jet
impingements in a confined space is crossflow. The
crossflow is produced by accumulating spent jets from
upstream to downstream of the confined space. The
crossflow has been found to significantly reduce the
heat transfer of impinging jet [1].

The aim of this research is to enhance the heat
transfer rate on the impinged surface with crossflow.
The conventional round orifice was replaced by
elongated round orifices with identical exit area. The
effect of velocity ratio and attacking angle were also
studied.

2. Model and parameters

The model is the jet discharging from orifice and
impinging normal to opposite surface in rectangular duct
as shown in Fig. 1. The crossflow is generated by
introducing air through the rectangular duct, flow
normal perpendicular to the impinging jet. An origin of
coordinate is located on the impinged surface as shows
in Fig.1. The X-, Y- and Z-axes are along the crossflow
streamwise, normal to the streamwise, and along the
spanwise directions, respectively.

Jet from orifice 4 ifice

Orifice hole

Wind channel

Crossflow

Fig. 1. The model of the impinging jet in the crossflow

The investigation was conducted for orifice aspect
ratios (ratio of orifice length to orifice width) AR=4
(Fig.2) for compare the results with the round orifice
(AR=1). The comparisons of flow and heat transfer
characteristics are based on the constant jet velocity and
varied crossflow velocity according to the velocity
ration (jet to crossflow velocity) VR=3 and 7. The

orifice diameter of round jet was D=13.2 mm, and
jet-to-plate distance was H=2D. The attacking angle of
major axis of elongated round orifice to the crossflow
direction (6=45°) also studied. During the elongated
round orifice test run, the jet mass flow rate was set
based on the exit area identical with the conventional
round orifice for the required Reynolds number
(Reg=13,400).

AR=LAW

) AR=1 (byAR=4
Fig. 2. Orifice geometry with identical area
cross-section (AR is length over width of orifice)

3. Method

The flow characteristic was illustrated by using 3-D
numerical simulation (ANSYS ver.12.0). The standard
k-g turbulent model with general wall-function mode
was used for solving numerical simulation problems. A
non-uniform grid was finely generated in orifice hole
and impingement regions. A solution method is based on
SIMPLE algorithm with second order upwind for all
spatial discretization. The experimental investigation
was carried out the heat transfer characteristic by using
thermochromic liquid crystal (TLC) sheet, and Nusselt
number distribution was evaluated by using image
processing method. The details of both numerical and
experimental method were explained in ref. [2].

4. Results and Discussion

The velocity vectors and contours of Y-component
velocity (direction from orifice plate to target surface is
positive velocity) in XZ-plane at 1.0-mm-height from
the targer surface were shown in Fig. 3. The area of
highest Y-component velocity represent the region of
stagnation point. Due to high crossflow velocity, the
stagnation point of VR=3 is shifted to downstream of
crossflow (X/D>0) when compare with each identical
experimental condition for VR=7.

The area of high Y-component velocity expands in
—Z-axis (pressure side) slighly larger than in +Z-axis
(suction side) in the case of 6=45° under low crossflow
velocity (Fig. 3 (e)). Moreover, due to the high velocity
crossflow, the area of high Y-velocity expands in
+Z-axis and contracts in —Z-axis (Fig. 3 (f)). The
expansion area of high Y-velocity in +Z-axis can be



explained that the wall jet flows in same direction with
crossflow. In contrast to the contraction area of high
Y-velocity in -Z-axis, the wall jet collide with the
counter direction of crossflow, and wall jet in -Z-axis
rapidly turn to downstream direction of crossflow.

| VR=7 (low crossflow velocity) | | VR=3 (high crossflow velocity) |
T = T = —
23 ‘\”’f//// - ::_:,,r // —
N~ BT e
1= — . = P
Tegls = --_- | === :a_ﬁ;
&N i=- AR TN %,
i NN T L T= o= )
-2 "f‘ . = . 5 B | ¥ Veloit
SR N R A8 i
i

o e e A i e A P

Ay, rosstiow | T
] v."\\l.illf/ i &

0]

|AR:4, [

| AR=4, 0=45° |

Fig.3. Velocity vectors and Y-velocity contours in
XZ-plane at 1.0-mm-height from the targer surface

Vectors and contours of velocity in YZ-plane for the
case of AR=4, 0=45°and VR=7 is shown in Fig. 4. The
circulation flow was appeared in +Z-axis, and the size of
circulation flow become larger at far X/D to downstream.
The circulation flow in +Z-axis turn to the jet flow;
consequencetly, the jet is more entrain in +Z-axis than in
—Z-axis.

Y/D

Y/D

Y/D

Y/D
|

RARARERERARARR RN NN

-6 -4 -2 0 2 4 6
Z/D

Fig.4 Vector and contour of velocity in YZ-plane for

AR=4, 0=45° and VR=7 at different X/D

The distributions of Nusselt number on target
surface are shown in Fig. 5. The results show that the
area of high Nusselt number (Nu>180) appears in
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stagnation region for the case of low crossflow velocity.
In the case of high crossflow velocity, the areas of high
Nusselt number are shifted to downstream of crossflow
due to the higher crossflow velocity. The location of
high Nusselt number coincide the locations of high
Y-component velocity that illustrated in Fig.3.

The peak of Nusselt number is highest for AR=4,
06=0 with VR=3 (Fig.5(d)), because the jet can penertrate
into the crossflow and strongly impinges on target
surface despite high crossflow velocity. In the case of
AR=4, 6=45° with VR=7 (Fig.5(e)), the area of high
Nusselt number expand in +Z-axis and contracts in
—Z-axis coincide with the results illustrated in Fig. 3(e).
Moerover, the area of high Nusselt number in -Z-axis is
smaller when crossflow velocity increases (Fig.5(f)).
Finally, the area of high Nusselt number is largest in the
case of AR=4, 0=45° and VR=7 (Fig.5(e))
corresponding to largest area of high Y-velocity as
shown in Fig. 3(e).

[Ar=1]

[AR=4, 60 |

[AR=4, 6=45°]

X/D X/D
Fig.5. The Nusselt number distribution (experimental
results) on the impinged surface

5. Concluding remarks

The jet from orifice with AR=4 can increases heat
transfer on stagnation region when compare with the
AR=1. In the case of AR=4 with 0=45° under low
crossflow velocity (VR=7), the area of high Nusselt
number is largest corresponding to the large area of high
velocity that impinges on target surface, and the areas of
high Nusselt number expands in +Z-axis and contracts
in —Z-axis when crossflow velocity increases to VR=3.
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ABSTRACT

The aim of this research is fo enhance the heat transfer on the
impinged surface by reducing the effect of crossflow. The round
orifice (AR=1) was replaced by elongated round orifices with a
ratio of orifice length to orifice width AR=4 in based on identical
exit area. A jet-to-surface distance is two times of the round orifice
diameter. Aratio of jet to crossflow velocity are varied from VR=3,
5 and 7. The experiment was also studied the effect of attacking
angle 6=0°, 15°, 30° and 45°. The experimental investigation was
carried out the heat transfer characteristic by using thermochromic
liquid crystal (TLC) sheet and Nusselt number distribution was
evaluated by using image processing method. The numerical sim-
ulation was employed to gain insight into the fluid flow of im-
pinging jet in crossflow by using computational fluid dynamic
(CFD). The results show that the jet impingement from the elon-
gated round orifice can increase heat transfer rate in stagnation
region for some of experimental condition. For moderate velocity
crossflow VR=5, the heat transfer rate of AR=4 are higher 6% and
4% for 6=0° and 45° than of AR=1. respectively. In case of low
velocity crossflow VR=7. the heat transfer rate are higher 4%. 4%
and 10% for 6=15°, 30° and 45° than of AR=1. respectively. The
flow visualizations show that the location of jet impingement is
shifted to downstream direction due to crossflow effect. The jet of
AR=4 with 6=0° can penetrated into the crossflow better than of the
AR=1. The impingement region expands in +Z-axis and contracts
in —Z-axis due to large attacking angle and high crossflow velocity.

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 local heat transfer area.
However, many thermal industrial applications have large heat
transfer surface area such as combustor chamber wall and gas
turbine blade cooling, steel and glass quenching, and textile and
paper drying. When a high and uniform heat transfer is required
over the entire surfaces, multiple impinging jets are applied.

An important factor on flow and heat transfer characteristics of
multiple impinging jets in a confined space is the crossflow. The
crossflow is defined as the 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 case of multiple impinging

Copyright © 2011 by GTSJ
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jets in the confined space. the spent jet is accumulated from the
upstream to the downstream of channel. The flow rate or velocity of
crossflow is increased in the downstream of the channel. and
crosstlow velocity in downstream is higher than in the upstream of
channel. Consequently, the flow and heat transfer of jet located in
the downstream is significantly influenced by the crossflow.

Only a few works have studied the effects of crossflow on flow
and heat transfer characteristics of multiple impinging jets. It is
difficult to identify the interaction between crossflow and jet under
multiple impingement flow. To interpret how much crossflow
velocity that influences jet impingement flow: therefore. a single
impinging jet under simulated crosstlow is conducted. The cross-
flow velocity and the jet-to-plate distance were found to directly
influence flow and heat transfer characteristics of single impinging
jet [1. 2]. The Nusselt number decreases when the crossflow ve-
locity and the jet-to-jet distance increase [3. 4].

To illustrate the interaction between the jet and the crossflow.
flow visualisation has been employed. A recirculation zone at
upstream of the stagnation point is generated by high jet velocity
and low crossflow velocity [4]. Under identical condition. when the
upstream wall jet was interacted with the crossflow. it was sepa-
rated laterally into two streams [1]. This interaction formed a vortex
along lateral side of impingement flow close to the ground target
plate, and the flow pattern is similar to the horseshoe structure. The
recirculation zone at upstream of the stagnation point and the
horseshoe structure at lateral side of impingement flow were in-
fluenced the heat transfer enhancement on surface of both that
regions.

Recently. various flow control techniques have been employed to
enhance the heat transfer rate on impingement surface. Some ex-
amples are the modification of the jet orifice configuration from
round to elliptic geometry [5], addition of mesh screens [6]. and
generation of a swirling jet [7. 8] and a pulsating jet [9. 10]. Ex-
amples given above employed a jet impingement without the
crossflow. However. a few works studied a heat transfer enhance-
ment of jet impingement under the crossflow in the form an in-
clined jet [2. 11] and a pulsating jet [12].

A main concept to enhance the heat transfer that has been dis-
cussed in above is to increase a turbulent intensity into the jet flow.
In a case of jet impingement under crossflow. however. the effect of
crosstlow is very important to reduce the heat transfer on a target
surface. A previous literature reported that the jet issuing from an
elongated round nozzle can decrease the effect of crossflow [13].
The jet issuing from the elongated round nozzle can greatly pene-
trate to the crossflow while it is yet to employ for an impingement
heat transfer under crossflow. To reduce the effect of crosstlow by
using the elongated round nozzle is a concept to increase the im-
pingement heat transfer under crossflow.
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The aim of this research is to enhance the heat transfer on the
impinged surface by reducing the effect of crossflow in case of low
jet-to-plate distance. The conventional round oritice was replaced
by elongated round orifices with identical exit area. The effects of
jet to crosstlow velocity ratios and the attacking angle of major axis
of orifice to the crossflow direction also studied. The flow visual-
ization and heat transfer characteristics on the impinged surface
were investigated experimentally and numerically.

EXPERIMENTAL MODEL AND PARAMETERS

The experimental model displaying the jet discharging from the
round orifice and impinging normal to opposite surface of confined
rectangular duct is shown in Fig. 1. The crossflow was generated by
introducing air through the test section from the surface perpen-
dicular to the impinging jet. An origin of the Cartesian coordinates
was located on the impinged surface as shows in Fig.1 (a). The X-.
Y- and Z-axes are along the crossflow streamwise, normal to the
streamwise, and along the spanwise directions, respectively.

Jet Wind channel
Orifice hole 0

(a) 3-D view
Crossflow

Impinging jet
E 3 Orifice plate

Crossflow % jl/ ‘T( \

= Impingement plate

(b} 2-D side view
Fig.1 Experimental model of an impinging jet in a crossflow

The experiment was conducted for orifice aspect ratios (ratio of
orifice length to orifice width) AR=4 to compare the results of the
round orifice (AR=1) and the aftacking angle of major axis of
orifice to the crossflow direction 8=0°, 15°, 30° and 45° as shows in
Fig.2. The comparisons of flow and heat transfer characteristics on
the impinged surface are based on the constant jet velocity and
varied crossflow velocity according to the velocity ratio (jet to
crossflow velocity) VR=3. 5 and 7. The equivalent diameter of
round jet and elongated round orifice was same at D=13.2 mm and
jet-to-plate distance was H=2D. During the elongated round orifice
test run, the jet mass flow rate was set based on the identical with of
the round orifice for Reynolds number (base on equivalent diame-
ter) of Reg=13.400.

(a) AR=1 (b) AR=4
Fig.2 Orifice geometry with identical exit area (AR is ratio of
length over width of orifice)

EXPERIMENTAL SETUP AND METHOD

Experimental Setup

A schematic diagram of the experimental apparatus is shown in
Fig. 3. The experimental apparatus is composed of two parts: jet
flow and crossflow supplies. For the jet flow supply. a 3-HP blower
(Artith Machinery, Av-D1216) accelerates the air which then flows
through a temperature controlled chamber equipped with 2-kW
heater. an calibrated orifice flow meter. a jet chamber (constant
cross-section of 360-mm x 360-mm and a height of 850-mm), and a
jet orifice before entering the test section. The jet chamber is
equipped with two layers of perforated plates and two layers of
mesh plates to ensure a uniform flow field approaching the orifice
plate.

Perforated plate

Mesh plate
/ Movable
Mesh plate pitot tube Orifice plate
Wind tunnel |
E Crossflaw I_> —]"/ Impinging i@y
1T : It ——
I I Flow straightener ;r_u_rL L
™~ Mesh plate l Nt l
SoR Convergent adaptor = \ j
Jet chamber Crossflow blower
Temperature .
cor?taroller Perforated plate
Thermocople «

Pressure
transducer

Computer

N rifice

N

Manometer Jet blower

SCR

Thermacople
i Temperature

controller

Fig.3 Schematic of the experimental apparatus

The crossflow in the wind tunnel was introduced through the
inlet chamber. a flow straightener. two of mesh plates, the test
section and a chamber outlet by another identical blower. The
constant rectangular cross-section of the wind tunnel has a width of
300 mm and a height twice of the round orifice diameter. The wind
tnnel has a sufficient length to ensure that the flow passing
through the test section is fully developed. In addition, the chamber
inlet and wind tunnel was assembled by a convergent adaptor to

reduce the effect of flow from wind tunnel inlet as shows in Fig. 3.
The test section was directly mounted upon a jet chamber. Heat
transfer measurement surface (opposite site of the jet plate) of the
test section was replaceable by a transparent plate for the flow
visualization technique. A Pitot-static tube was mounted before test
section for the crossflow velocity measurement. Under all experi-
mental conditions. the jet and crossflow were controlled at 27.0°C
by a temperature controller (Shinko. JCS-33A) and a power con-



troller (Sangi Electric. SCR-1A030). Temperature variation of the
jet and the crossflow was controlled within 0.2°C. A couple of
inverters (LS Industrial System. SV022iG5-4) were used to control
both blowers for jet and crossflow supplies.

Heat Transfer Measurement

Fig. 4 shows details of the test section for heat transfer meas-
urement. Air with constant temperature was discharged from an
orifice plate and impinged upon the heat transfer surface. The heat
transfer surface made of a stainless steel foil (30-pm-thicknesses)
attached with the TLC sheet (Omega, LCS-95) on the rear side of
an impinged surface. The stainless steel foil was stretched between
a couple of copper bus bars. The heat transfer surface was heated by
a DC power supply (Silicon. WYK-15V50A-H) that can supply
current up to 50 A through the copper bus bars. Electrical energy
dissipated in the stainless steel foil can be calculated from

O =1" R a

where, ] is the electrical current and R is the electrical resistance
of the stainless steel foil.

Hence, the local heat transfer coefficient by forced convection of
jet can be evaluated from

O = Oier _ e =8 — G
AT, -T) T,-T,

h=

where ¢, =0e,.(T,—T) and G, =h(T,~T,) are the heat loss to
the environment by radiation and convection. respectively. 7 and
T, are the wall and jet temperatures. ¢ is the Stefan-Boltzman

constant. is the emissive coefficient of the TLC sheet (=0.9)

Eme
[14]. T, is the surrounding temperature. and J;, is the natural heat

transfer coefficient calculated from natural convective heat transfer
from the heat transfer surface to the surrounding.
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Digital camera D

Thermachromic ¢

liquid crystal
EB-A orylic

SUS304 foll |
Copper bus bar

Light ®- /N

=

’%’}

Yy o> |/ impinging jet

Crossflow = :
X /

Jet chamber

Orifice plate

Fig.4 A detail of heat transfer measurement

The wall temperature (7, ) on the impinged surface was meas-

ured by using the TLC sheet attached on the rear side of jet im-
pinged surface. The CCD camera was used to capture colour on the
TLC sheet. Images of the colour pattern on the TLC were converted
from the RGB (Red., Green and Blue) system to the HSI (Hue,
Saturation and Intensity) system. The Hue (H) value was used to
correlate the colour of the TLC to the temperature. The TLC sheet
was calibrated using the digital image processing system under the
same conditions of the experimental runs to keep all external fac-
tors constant.
The local Nusselt number was calculated from

hD 3)

Nu = .
Av
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where D is the round orifice diameter and / is a jet thermal con-
ductivity.
An average Nusselt number was calculated from

D
k

Nu = )

where the average heat transfer coefficient ; was calculated from
Eq.(2) by replacing 7 by an average temperature on the impinged

surface. 7 .
-

NUMERICAL SIMULATION (CFD)

The flow characteristic was illustrated by using 3-D numerical
simulation (ANSYS ver.12.0). The model of numerical simulation
is same with the experimental model: dimension. mass flow rate
of jet and crossflow. boundary and experimental condition. The
numerical computaion was carried out by solving the governing
equations with boundary condition. The standard k-e turbulent
model with general wall-function mode was used for solving
numerical simulation problems. A non-uniform grid system was
finely generated in orifice hole and impingement region. A wall
inflation function was used for 7 layers with smooth transition
option before contacting a surface grid. A solution method was
based on SIMPLE algorithm with second order upwind for all
spatial discretization. The solution was considered to be converged
when the normolized residual of the algebraic equation was less
than a prescribed value of 1x10™ .

RESULTS AND DISUSSION

Experimental Verification
To verify the test section of this experirment, the stagnation

Nusselt number (Nug) with varied Reynolds number of
impingement jet without crossflow was compared with correlation
from Lee and Lee [15]. Both experiment were square-edged shape
of orifice outlet and slighly difference in the ratio of orifice plate
thickness to the jet outlet diameter: 0.2 and 0.15 for those and this
experiment, respectively. Comparison of the results is presented in
the Fig.5. the solid line represents their correlation. The current data
are slighly lower than their correlation. The lower discrepancy of
current data are attributed on the heat transfer of confined jet
impingement of this experiment are lower than of the unconfined
jet impingement for those experiment [16].

300 T T T T
Lee and Lee [15]
® This experimental
200 L
£
z
100 [ 1
L]
0 L L 1 L
5000 10000 15000 20000 25000 30000
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Fig.5 Comparison of stagnation point Nusselt number with Lee and
Lee’s correlation [15] in the case of without crossflow

Velocity Profile of the Crossflow

The velocity profile of the crossflow in Y-axis pass the center of
the wind tunnel (Y is wind tunnel height) is shown in Fig.6. Both
experimental and CFD results are compared. The result shows
good agreement between CFD and experiments . The trend of both
data illustrate that the flow enter to the test section with fully
developed flow. From this result. the flow characteristic of the
crossflow before enter to the test section of both experiment and
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CFD are almost matched.
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Fig.6 Velocity profile of crossflow before enter to the test section

Flow Characteristic of the Jet and the Crossflow

Fig.7 The streamline of jet and crossflow in YX-plane along
centerline of jet (Y=0) for AR=1

je— Jet —
VW

"

Y/D

X/D

Fig.8 The streamline of jet and crossflow in YX-plane along
centerline of jet (Y=0) for AR=4, 6=0°

The streamline of jet and crosstlow in YX-plane through center
of jet exit (Y=0) is shown in Fig.7 and Fig. 8 for AR=1 and 4 with
6=0°, respectively. The results obviously illustrate the interaction
between jet and crossflow. In the case of AR=1. the jet was de-
flected by the crossflow to downstream of it due to the high cross-

-

flow velocity. The jet was more deflected to the downstream when
the VR decreases (crossflow velocity increases). When compare
the streamline of case of AR=1 to case of AR=4. =0° with identi-
cal VR. the deflection of jet for case of AR=4. 6=0° is smaller than
case of AR=1. The deflection of jet for case of AR=4, 6=0° is
smaller despite in the case of high crossflow velocity (consider
between Fig.7 (c) and Fig.8 (c)).

In the case of VR=5 and 7 for AR=1 (Fig. 7 (a) and (b)). it ap-
pears ground vortex in the upstream side of jet impingement re-
gion. This ground vortex is produced by collision between wall jet
in upstream of impingement region and the crossflow. The wall jet
collides with crossflow and turns to downstream again. So. the
size of the ground vortex corresponds to the crossflow velocity.
The ground vortex for case of VR=7 is larger than case of VR=5
due to lower crossflow velocity. Moreover. in the case of highest
crosstlow velocity (Fig. 7 (c)). the ground vortex disappears be-
cause the crossflow velocity dominates the wall jet velocity in
upstream. The wall jet rapidly turns to the downstream without
producing the ground vortex. This is different from case of AR=4
with 6=0° (Fig. 8). the ground vortex is produced in the upstream
although crossflow velocity is high.
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Fig.9 Velocity contour in XZ-plane at 1 mm above impingement
surface for case of AR=4 with VR=7 (low velocity crossflow)
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Fig.10 Velocity confour in XZ-plane at 1 mm above impingement
surface for case of AR=4 with VR=3 (high velocity crosstlow)



The velocity vectors and Y-velocity contours (direction is nor-
mal to target surface) in XZ-plane at 1 mm above impingement
surface of AR=4 with VR=7 and 3 are shown in Fig.9 and Fig. 10.
respectively. The region of high velocity in Y direction represent
the location of stagnation point. The region where velocity in Y
direction is minus represents the upward flow from target surface
or areas of circulation flow in upstream that illustrated in Fig.8.

The stagnation point is shifted far to downstream of crossflow
(X/D>0) due to higher crossflow velocity. The areas of circulation
flow also shift to downstream of crossflow when crossflow
velocity increases. The area of high Y-velocity expands in +Z-axis
and contracts in —Z-axis due to attacking angle, especially in the
case of AR=4 with 8=45" and VR=3 (Fig.10 (d)), The expansion
of Y-velocity in + Z-axis can be attibuted that the jet was entrained
by crossflow velocity with same directions.

Local Heat Transfer Distributions

The Nusselt number distributions on the impinged surface for
the case of round orifice (AR=1) are shown in Fig. 11. The area of
high heat transter in the stagnation region for without crossflow is
smaller than case with crossflow. For the case under crossflow

(Fig.11 (b)-(c)). the area of high heat transfer along spanwise and
upstream of impingment region became smaller when VR
decreases.
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Fig.11 Nusselt number distribution on impinged surface in case of
AR=1 (Reg=13.400, T=27.0 °C)

From the case under crossflow in Fig. 11. the peak of Nusselt
number enhance when crossflow velocity increase. The heat
transfer enhancement at the stagnation region attributes the inter-
action between the jet and the crossflow increasing turbulent in-
tensity into fluid flow. Corresponding to results of Katti and prabhu
[17] indicating the crosstlow can increase heat transfer in stagna-
tion region in confined channel for low jet-to-plate distance.

The variation of Nusselt number for the case of AR=1. the peaks
of Nusselt number increasing relate the increasing of crossflow
velocity. This relation of heat transfer and crosstflow velocity is
contrast with results of Goldstein and Behbahani [3] and Bouchez
and Goldstein [4]. Those results have been found that the peak of
heat transfer was decreased by increasing of crossflow velocity.
However, those and this experimental conditions are different. The
jet-to-plate distance is 2D with orifice nozzle and <4D with pipe
nozzle for this and those experiments, respectively. The differences
of jet-to-plate distance and nozzle configuration importantly in-
fluence the heat transfer characteristic [18. 19]. Another effect is an
experimental operation. The crossflow velocity was fixed and jet
velocity was varied for those experiments whereas this experiment
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is based on fixed for jet velocity and varied for crossflow velocity.
Typically. the heat transfer on the surface from jet impingement is
higher than the heat transfer from crossflow. Hence. to consider the
effect of crossflow velocity on flow and heat transfer of jet im-
pingement, the jet velocity should be fixed and varied for crossflow
velocity that was employed as in this experiment.

In the case of low and intermediate crossflow velocity. VR=7 and
5 (Fig.11 (b) and (c)). the heat transfer at wall jet regions are higher
than the case of without crossflow (Fig.11 (a)). The heat transfer
increasing attributes that the interaction between the wall jet and
the crossflow increase turbulent intensity into the fluid flow. This
interaction produces a ground vertex in upstream (4) and both
lateral sides of impingement region (1) for case of low and inter-
mediate crossflow velocity.
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Fig.12 Nusselt number distribution on impinged surface in case of
AR=4 with VR=7 (low velocity crossflow. Reg=13.400 and
Tj=27.0°C)
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The Nusselt number distributions on the impingement surface
of AR=4 is shown in Fig. 12 and 13 for VR=7 and 3. respectively.
The heat transfer characteristics for AR=4 are obviously different
from the AR=1 depending on AR, attacking angle and VR. For the
case of AR=4, 6=0° and VR=7 (Fig. 12 (a)). the area of high
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Nusselt number (Nu=>90) are rather symmetry in Z-axis. When the
attacking angle was increased. the areas of high Nusselt number
extend in +Z-axis and contract in -Z-axis. The heat transfer char-
acteristics coincide with the flow visualization that has discussed
in above. The area of high Nusselt number cotrespond the areas of
high Y-velocity that has been illustrated in Fig. 9 and Fig. 10: the
area of high Nusselt number are rather symmetry in Z-axis when
attacking angle is zero. the area of high Nusselt number extend in
+Z-axis when attacking angle was increased. and the area of high
Nusselt number extend in downstream (X/D>0) and contract in
upstream (X/D<0) when VR was decreased.

The attacking angle directly affects the heat transfer character-
istic at stagnation region depending on variations of crossflow
velocity. In the case of AR=4 for the large attacking angle, the
Nusselt number at stagnation region enhance according to the low
crossflow velocity (Fig.12) whereas it reduce according to high
crossflow velocity (Fig.13). The relationship between AR and
attacking angle swept by crossflow is schematically illustrated in
Fig. 14.

Crossflow ————— _
Crossflow
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(a) Small attacked angle
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Fig.14 Illustrate the interaction area between jet and crossflow for
AR=4 with variation of attacking angle

From the Fig. 12 (d). the area of high Nusselt number (Nu>180)
is large due to the largest attacked angle and low crossflow veloc-
ity. In this experimental condition, the large interactive area be-
tween jet and crossflow that illustrated in Fig.14 (b) increases
turbulent intensity under low crossflow velocity. Ashforth-Frost
and Jambunathan [16] and Ashforth-Frost et al. [17] have reported
that the main parameters to enhance the heat transfer on target
surface of impinging jet is an appropriated between momentum
and turbulent intensity of jet before impingement.
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Fig.15 Nusselt number distribution along centerline of jet in X-axis (Reg=13.400, T;=27.0 °C and dash lines are centerline of orifice)

Local Nusselt number distributions along centerline of the ori-
fice in X-axis are respectively shown in Fig. 15: (a) AR=1 and (b)
AR=4 with 6=0°. The Fig. 15 (b) also shows the experimental
result of Lee and Lee [15] and CFD result of Koseoglu and
Baskaya [20]. and both those investigations using the elliptic
orifice with AR=4 without crosstlow and keep constant Reynolds
number for 10.000 (based on constant mass flow rate of round
orifice). In the case of without crossflow (Fig. 15 (b)). the Nusselt
number distribution at stagnation region of this experiment is
higher than of those Lee and Lee [5] and Koseoglu and Baskaya
[20] refering the higher Reynolds number of this experiment.
However, the Nusselt number distribution at X/D>0.8 of both
investigations are slighly different. The discrepancy of Nusselt
number attribute to almost similarity in orifice geometry for
elongated round orifice of this and elliptic orifice of those
investigations.

In the case of jet without crossflow as show in Fig.15, the area

-6-

of high Nusselt number (Nu>120) for the case of AR=1 and 4 are
-0.5<X/D<0.5 and -0.8<X/D<0.7, respectively. The area of high
Nusselt number of AR=4 is larger than AR=1. The variations of
high Nusselt number according to AR are similar with the case of
the jet under crossflow. The enhancement of peaks of Nusselt
number in stagnation regions corroborate that the jet from the
elongated round orifice with 6=0° more penetrate into the cross-
flow than the jet from the round orifice. This results corresponding
to the flow visualization of jet in a crosstlow of New et al. [21].
theirs results illustrated that the elliptic jet penetrate into the
crossflow more than the round jet.

In the case of under crossflow of both AR=1 and 4 in Fig.15.
the Nusselt number distribution along upstream (X/D<0) is obvi-
ously lower when crossflow velocity was increased. Different
from the Nusselt number distribution along downstream (X/D>0).
it is higher when crossflow velocity was increased. The variation
of Nusselt number in upstream can be illustrated that the wall jet



in upstream was minimized by counter crossflow direction. On the
other hand. the wall jet in downstream was extended by entrain-
ment of parallel crossflow direction. These results correspond to
the flow visualization that has been discussed above.
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Fig.16 Average Nusselt number for (a) large and (b) small heat
transfer area

The average Nusselt number was considered in two areas:
-1.6<X/D<6.4 and -3.2<Z/D<3.2 (Fig. 17 (a)) for large heat trans-
fer area and -1<X/D<1.5 and -1<Z/D<1 (Fig. 17 (b)) for small
heat transfer area. In the case of the large heat transfer area. the
heat transfer rate for case of AR=1 is highest. and the maximum
value takes place at VR=5. The average Nusselt number of AR=1
is dominated it of AR=4 and 8 for any VR because the local
Nusselt number at around stagnation region of AR=4 and 8 is low.
For AR=1 with VR=5. the local Nusselt number is appropriately
high between stagnation region and it’s around, so this reason give
highest average Nusselt number for large heat transter area.

In contrast, for the small heat transfer area (Fig.16 (b)). the
highest average Nusselt number occurs at VR=5. AR=4 with 6=0°.
For the case of VR=5, the average Nusselt number for AR=4 with
6=0° and 45° are higher than of AR=1 for 6 % and 2%, respective-
ly. In the case of VR=7 also shows that the average Nusselt num-
ber for AR=4 with 6=15°, 30° and 45° are higher than of AR=1 for
4 %. 4% and 10%, respectively.

CONCLUSION

In the present study. effects of orifice geometry. velocity ratio
and attacking angle on flow and heat transfer characteristics on the
impinged surface under crossflow were investigated. The main
results show that:

1. The jet more deflected to the downstream of crossflow when
the crossflow velocity increases. The jet AR=1 is more deflect
than of AR=4 because the jet AR=4 with 6=0° can be penetrated
into the crossflow better than of the AR=1.

2. The impingement region of jet from elongated round orifice
are symmetry in Z-axis for 6=0°. When the attacking angle in-
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creases, the impingement region is larger in +Z-axis and smaller in
-Z-axis.

3. The effect of attacking angle for case of AR=4 can increase
or decrease heat transfer at stagnation region depends on a varia-
tion of crosstlow velocity. For the low crossflow velocity, the heat
transfer increases when attacking angle increases. In contrast to
the high crossflow velocity, the heat transfer decreases when at-
tacking angle increases.

4. The average heat transfers at stagnation regions of AR=4
with 6=0° and 45° are higher 6 % and 2% than of AR=1 for VR=5
and of AR=4 with 8=15° 30° and 45° are higher 4 %, 4% and 10%
than of AR=1 for VR=7, respectively.

5. The highest average heat transfer at stagnation region occurs
at AR=4 with 6=0° for VR=5. while in the case of VR=3. AR=4,
6=45° the heat transfer rate is lowest due to the highest crossflow
velocity and the largest attacking angle. The jet is more deflected
to the downstream: consequently, the momentum impinging on a
target surface was decreased.
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ABSTRACT

An effect of cross-flow velocity on flow and heat transfer characteritics of impinging jet in a
case of low jet-to-plate distance at H=2D was experimentally and numerically investigated. In
the experiments, the air jet perpendicularly impinged on the wall of wind tunnel while a
cross-flow was simultaneously induced. The jet velocity was fixed while the cross-flow
velocity was varied corresponding to velocity ratios (jet velocity/cross-flow velocity) VR=3,
5 and 7. The temperature distribution on an impinged surface was visualized by using
Thermochromic Liquid Crystal sheet (TLCs), and Nusselt number distribution was evaluated
by using image processing method. The flow pattern on impinged surface was visualized by
using oil film technique. The numerical simulation was carried out for a better understanding
of the jet flow in the cross-flow. The results show that Nusselt number peak shifts
downstream and the peak intensity increases with increasing cross-flow veloeity.

Keywords: Impinging jet, Cross-flow, Heat transfer, Thermochromic Liquid crystal
1. INTRODUCTION turbulence intensity in the direction parallel
to the impinged surface. Therefore the

maximum heat transfer is found at the
optimumn jet-to-plate distance [1-3].

Jet impingement is widely used in various
industrial applications because its offers high
localized heating and cooling rates. The

applications include tempering of glass,
drying of paper. chemical vapour deposition,
cooling turbine blade and electronic
component. Heat transfer on an immpinged
surface is governed by two key factors: (1)
an axial velocity of a jet which impinges on a
target surface and (2) a turbulence intensity
of a jet just before impingement. In general,
after the end of a potential core, a jet begins
to spread resulting in the reduction of the
axial velocity and the increase of the

Usually, the multiple impinging jets are
applied on large heat transfer surface to
attain high and uniform heat transfer rate on
a large surface. In case of multiple impinging
jets under a confined space, a cross-tlow is
generated by the spent air of the impinging
jet. Consequently, the flow and heat transfer
of neighboring jets are significantly
influenced by the cross-flow [4, 5]. To
clarify the effect of cross-flow velocity on jet
flow, several researches were performed by
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introducing a single impinging jet in cross-
flow. Barata and Durao visualized the flow
characteristic of impinging jet and cross-flow
[6]. Goldstein and Behbahani [7]
Bouchez and Goldstein [8] conducted a jet

and

impingement under cross-flow in the case of
a high jet-to-plate distance (H>4D) where D
is nozzle diameter. Heo ef al. [9] and Shi et
al. [10] used numerical technique to predict a
flow and heat transfer of inclined impinging
jet within cross-flow. The general results
found are the cross-flow velocity and the jet-
to-plate distance play important roles on flow
and heat transfer characteristics and a high
cross-tflow velocity tends to decrease a heat
transfer rate of impinging jet at stagnation
region.

The published works mentioned above were
carried out at high jet-to-plate distance
(H=4D), using pipe nozzles. Theoretically, a
maximum heat transfer on a target surface of
multiple impinging jets takes place at low
jet-to-plate distance (H<2D) [4, 11 and 12].
In addition, an orifice nozzle is easier to
design and manufacture than a pipe nozzle
for industrial applications. According to the
facts mentioned above, the present work
aims to study the effect of cross-flow on jet
impingement at low jet-to-plate distance
(H=2D) by using an orifice nozzle. To
consider the effect of cross-tflow on flow and
heat transfer of impinging jet, the jet velocity
was kept constant, while the cross-flow
veloeity was varied. Temperature
distribution on the impinged surface was
acquired by using Thermochromic Liquid
sheet (TLCs), and the Nusselt
number distribution was evaluated by using
method. The

characteristic on the impinged surface was

Crystal

image processing flow
visualized by using oil film technique. The
numerical simulation was also carried out to

examine the fluid flow.

2.  EXPERIMENTAL
PARAMETERS

MODEL AND

Figure 1 shows the experimental model in
the present work. The jet issuing from the
round orifice impinges on the impinged
flow) of the
cross-flow  was

(normal to the
channel. A
generated by introducing air through the test

surface
rectangular

section from the surface perpendicular to the
mmpinging jet. An origin of the Cartesian
coordinates was located on the impinged
surface. The X- and Y-directions are the
cross-flow and axial jet flow directions,
effect of
and heat
characteristics was investigated by varying
cross-flow velocity corresponding to three

respectively.  The cross-flow

velocity on  flow transfer

different velocity ratios (jet veloeity to cross-
flow velocity at the centre of channel) VR=3,
5 and 7 while the jet velocity was kept
corresponding to Re=13,400. The orifice
diameter was D=13.2 mm and jet-to-plate
distance was H=2D.

3. EXPERIMENTAL
PARAMETERS

MODEL AND

A schematic diagram of the experimental
Fig. 2. The
experimental apparatus consisted of two

apparatus 1s shown 1
parts; jet flow and cross-flow supplies. For
the jet flow supply, a 3-hp blower was
employed to accelerate air through a
temperature controlled chamber equipped
with 2-kW heater, an calibrated orifice flow
meter, a jet chamber (with a constant cross-
section area of 360-mm x 360-mm and a
height of 850-mm), and a jet orifice before
entering the test section. The jet chamber
was equipped with two layers of perforated
plates and two layers of mesh plates to
ensure a uniform flow field approaching the
orifice plate. Another 3-hp blower was used
to introduce the cross-flow through the inlet

chamber, a flow straightener, two layers of



mesh plates and the test section. The wind
tunnel with a width of 300 mm had a
sufficient length to provide a fully developed
flow through the test section. In addition, the
chamber inlet and wind ftunnel was
assembled by a convergent adaptor to reduce
the effect of wind tunnel inlet as shown in

Fig. 2. The test section was directly mounted
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upon a jet chamber. Pitot-static tube was
mounted upstream of the test section to
measure the cross-flow velocity. For all
experiments, the temperature of inlet jet and
cross-flow was kept constant at 27°C by the
temperature and power controllers. The
temperature variation of the jet and cross-

flow was controlled within +0.2°C.

Impinging jet

Crossflow _4» { Y

Orifice plate

Impingement plate

Fig. 1. The experimental model.

3.1 Heat transfer measurement

The test section for Theat transfer
measurement is shown in Fig. 2. The heat
transfer surface made of a stainless steel foil
with the thickness of 30-pm was attached to
the TLC LCS-95). The

stainless steel foil was stretched between the

sheet (Omega,

couple of copper bus bars. The heat transfer
surface was heated by a DC power supply
that can supply current up to 50 A through
the copper bus bars. The local heat transfer
coefficient by forced convection of the
impinging jet on the heated surface can be
evaluated from

. IR
Dinput =~
< Goow —4r —4c

L,-T,

where, 7 and R are the electrical current and
the thermal resistance of the stainless steel
foil, ¢ and g are the heat loss to the
environment by radiation and convection, 7,,
and 7; are the wall and jet temperatures,
respectively. The wall temperature (7,,) on
the impinged surface was measured by using
the TLC sheet attached on the rear of the
The TLC

calibrated using the digital image processing

impinged surface. sheet was

system under the same conditions for all
experimental runs. The local Nusselt number
can be calculated from

Nu = hD/k
where & is a jet thermal conductivity. The
detail of heat transfer measurement was
described in the previous works [5, 13].

3.2 Flow visualization on the impinged
surface

The flow visualization on the impinged
surface was illustrated by using oil film
technique. The oil film was prepared by
mixing liquid paraffin with titanium dioxide
and oleic acid and then uniformly applied on
the transparent plastic plate. During the
experiment, the oil film behavior on the
mmpinged surface was recorded using a CCD
camera every 30 seconds.

4. NUMERICAL SIMULATION

The 3-D numerical simulation was used to
visualize the flow characteristic of jet and
cross-flow (ANSYS Fluent ver.12.0). The
with  the
experimental one in dimension, mass flow

numerical model 1is same

rate of jet and cross-flow. The numerical
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computaion was carried out by solving the
governing  equations  with  boundary
condition. The Shear-Stress-Transpot (SST)
k-® turbulent model was selected for solving
numerical simulation problems due to its
high accurate prediction in impingement
problems and moderate computational cost
[14]. This turbulent model has also been
employed to predict a flow and heat transfer
characteristics of impinging jet under cross-

Thermochromic

Screw liquid crystal

Acrylic

Mesh plate
;N

Copper bus bar  SUS304 foil

flow [9, 15]. A non-uniform grid system was
finely generated at mixing region and wall. A
solution method was based on SIMPLE
algorithm with second order upwind for all
The
converged

solution was
the
normolized residual of the algebraic equation

spatial  discretization.

considered to be when

was less than a prescribed value of 1x10™

[9].
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Fig. 2. Schematic diagram of the experimental setup.

5. RESULTS AND DISCUSSION
5.1 Experimental setup verification

To verify the test section of this experirment,
stagnation point Nusselt numbers at various
of
without cross-flow were compared with
the [16].

Comparison of the results is presented in the

Reynolds numbers impingement jet

those from previous  work
Fig. 3. The current data agree well with those

n the previous work.

5.2 Flow characteristic of jet and cross-flow

Velocity vectors and velocity contours of jet
and cross-flow through centerline of orifice
i X-Y plane are shown in Fig. 4. The results
reveal the jet is more deflected to downward
from the stagnation point when the cross-
flow velocity increases (or VR decreases). It
is also can be observed that the wall jet (the
jet which spreads radially on the target

surface, after the impingement) located
upstream of the stagnation point 1is
suppressed as the cross-flow velocity

increases. The suppression is significant at
VR=3 as shown in Fig. 4(c) because the
cross-tlow with high velocity sweeps the jet
downstream.
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Fig. 3. Comparison of Nusselt numbers at the stagnation point in present work with those in

the previous work [16].
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Fig. 5. Contours of turbulence kinetic energy of the jet flow and cross-flow in X-Y plane.

The contours of turbulence kinetic energy of shown in Fig. 5. The turbulence kinetic
the jet flow and cross-flow in X-Y plane are  energy at external jet region is higher than
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that along the axial jet due to the mixing
between outer jets and surrounding air. At
VR=7 (Fig. 5(a)), the turbulence kinetic
energy of upstream and downstream wall jets
are comparable. The size of recirculation
flow of the upstream wall jet 1s slightly
higher than that of the downstream one, this
is the result of the interaction between the
upstream wall jet and the cross-flow with
low velocity. However, when the cross-flow

velocity increases (VR=5 and 3), the
turbulence kinetic energy of the downstream
wall jet becomes higher than that of the
upstream one. For VR=3 The turbulance
kinetic energy is significantly enahnced at
1<X/D<2.5 as shown in Fig. 5(c).This 1s
responsible by the sweeping of the upstream
wall jet by the cross-flow as mentioned
above.

Y-velocity (m/s)

4 55
2 - 4.2
29
%0_ ......
1.6
2]
1 1 0.3
1o “l\\:\ & \Q\ \?‘\
Bl B I A B I -1.0
-2 0 2 4 6 8 -2 0 2
X/D X/D

Fig. 6. Velocity vectors and Y-component velocity contours on X-Z plane (at 1.5-mm above

the impinged surface and the circles represent the position of the orifice).
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Fig. 7. Contours of turbulence kinetic energy on X-Z plane (at 1.5-mm above the impinged

surface and the circles represent the position of the orifice).

The velocity vectors and velocity contours in
Y-component on X-Z plane at 1.5-mm above
the impinged surface are shown in Fig. 6.
The Y-component velocity represents the
veloeity in direction normal to the impinged
surface. The positive velocity of the
downstream jet, indicates that the jet
impinges on the wall. When the cross-flow
veloeity increases, the impingement region
shifts downstream, especially, at the highest
cross-flow velocity (Fig. 6(c)). This is due to
the significant jet deflection caused by the of
cross-tflow as shown in Fig. 4(c).

The turbulence kinetic energy contours on X-
7 plane at 1.5-mm above the impinged
surface are shown in Fig. 7. At low cross-
flow velocity (VR=7) as shown in Fig. 7(a),
the regions with high turbulance kinetic
energy are detected in both upstream and
downstream wall jets, and the high intensity
region of the upstream wall jet is larger than
that of the downstream one. In addition, the
turbulance kinetic energy at stagnation
region is very low which is similar to that
found in a common impinging jet without a
cross-flow. As the cross-flow velocity



increases, the region with high turbulance
kinetic energy of upstream wall jet shifts
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turbulance kinetic energy at stagnation
region bocomes smaller due to the shear

downstream, and the region with low  effect of the cross-flow.
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Fig. 8. Flow characteristics on the impinged surface (Re; =13,400).
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Fig. 9. Nusselt number distributions on the impinged surface (727 °C, Re; =13.400).

3.3 Flow patterns on the impinged surface

The flow visualization on the impinged
surface by o1l film technique is shown in Fig.
8(a-c). The black area 1s an impinged surface
where an oil film removed while the white
area is a remaining oil film. A white point
surrounded by black areas represents the
of the
bounded by the impingement region.The
shows that the upstream
impingement region (X/D<0) and both
lateral sides (£Z/D) are contracted while the
downstream impingement area is elongated

stagnation point impinging jet

visualization

as cross-flow velocity increases.

5.4 Local Nusselt number on the impinged
surface

The Nusselt number distributions on the
impinged surface are shown in Fig. 9. The
distributions coincide with the flow patterns
on the impinged surface as shown in Fig. 8.
According to the flow visualization, the

Nusselt numbers can be divided into three
ranges for three different regions; Nu>140,
40<Nu<140 and Nu<40 for the impingement
region, the wall jet region and the cross-flow
region, respectively. As cross-flow velocity
increases, the high Nusselt number
(Nu>140) and wall jet region (40<Nu<140)
shifted downstream. The Nusselt number
distribution along the cross-flow direction at
7Z/D = 0, 1s shown in Fig. 10. The upstream
Nusselt number (X/D<0) becomes lower
when cross-flow velocity increases. This
the the
upstream impinged area as shown in Fig. 8.

corresponds  to contraction of
In contrast, the downstream Nusselt number
(X/D=0) becomes higher when the cross-
At VR=3, the

downstream Nusselt number for 2<X/D<3 1s

flow velocity increases.

conspicuously enhanced, due to the high
turbulance kinetic energy of the range as
revealed in Fig. 11(b). In additon, the Nusselt
number peak of the stagnation region
with cross-flow

ncreases mncreasing

velocity. The highest Nusselt number peak
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takes place at VR=3 and X/D=0.2, as a result
of the optimum synergy between the Y-
component the turbulence
kinetic energy. As shown in Fig.l11, at
X/D=0.2, the jet and crosss-flow with VR=3
offer the peak of turbulence kinetic energy

velocity and

coupled with the moderate Y-component
velocity. However, for VR=3, at X/D=-0.8 or
1.8, the peak of turbulence kinetic energy
takes place with a low Y-component
velocity, resulting in a low Nusselt number.
The lower Nusselt number peak at VR=5 and

7 as compared to that at VR=3 can be

250 ¢ :

explained by the same fact. The results m
the present work reveal that at the low jet-to-
plate distance (2D), the increase of cross-
flow velocity corresponding to the decrease
of VR from 7 to 3, results in the increase of
Nusselt number peak of the stagnation area.
This 1s different from that found at large jet-
to-plate distance (=3D). In the latter case,
Nusselt number peak of the stagnation area
dereases as cross-flow velocity increases due
to the large colliding area between cross-

flow amd jet impingement [2, 3].
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Fig. 10. Nusselt number distribution along the crossflow direction
(Z/D=0, T;=27°C and Re;=13.400).
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Fig. 11. CFD results of (a) Y-component velocity contours and (b) turbulence kinetic energy
(at 1.5-mm above the impinged surface).

6. CONCLUSIONS

The present work has been carried out to
investigate the effect of cross flow velocity

on heat transfer characteristics of impinging
jet with low jet-to-plate distance at H=2D.
The major findings can be drawn as follows:



1. The

downstream

shifts
cross-flow

impingement region

direction  as
velocity increases, coinciding with the
shifting of the high Nusselt number area.

2. When the cross-flow velocity increases,
the wupstream impingement region is
confracted while the downstream one is
extended, resulting in the decrease of the
upstream Nusselt number and increase of
the downstream one.

3. The Nusselt number peak of the stagnation
region increases with increasing cross-flow

velocity.
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ABSTRACT

The aim of this article is to study the flow and heat
transfer characteristics of row of jet impingements with
simulated cross-flow. Elongated orifices with an aspect ratio
of orifice length to orifice width at 4R=4 was studied and
compared with the case of circular orifices (4R=1) under the
same cross-section area. Four of impinging jets with inline
arrangement impinge on inner surface of wind tunnel with
rectangular cross-section having height of two times of
equivalent diameter of orifice. Two differences of cross-flow
velocities  corresponding to  velocity ratios  (jet
velocity/cross-flow velocity), PR=3 and 7, and attacking
angle defined as angle of major axis of elongated orifice to
cross-flow direction at =0°, 15° and 45° were examined. In
order to measure the heat transfer on the impinged surface,
temperature  distributions ~ were  monitored  using
Thermochromic Liquid Crystal sheet (TLCs), and heat
transfer coefficient 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 was also employed to
gain insight into the fluid flow. Results show that the
impinging jets discharging from the elongated orifice with
6=0° can minimize the cross-flow effect, and the area of high
heat transfer is extended in upstream region of jet
impingement.

1. INTRODUCTION

Impinging jet is widely employed in many thermal
industrial applications and gas turbine components because
the heat transfer rate under impingement region is high. To
suffice heat transfer rate at a large heat transfer area,
multiple impinging jets or jet impingement array, generally,
are applied. Flow characteristics of jet impingement array
under confined channel, an accumulation of jets after
impingement, called a cross-flow, moves toward channel
exit. Downstream jets, subsequently, tend to cross-flow path
line resulting decreasing its momentum before impingement
on a target surface and its heat transfer rate [1-3].

Some techniques to eliminate the cross-flow in confined
channel of impingement array by drilling of effusion holes,
on the upper surface (nozzle plate) [4, 5], and at the lower
surface (impingement surface) [6] have been attempted.
Elongated orifices, which were replaced to conventional
round orifices to reduce the effect of cross-flow on the jet
impingement array, have been investigated [7]. It was found
that the heat transfer rate of impinging jets issuing from

these substituted orifices is more uniform and higher than
those from conventional orifices.

Generally, to identify the interactions between multiple
impinging jets and an inherent cross-flow are a difficult task.
To clarify these interactions, the investigations are usually
performed by introducing cross-flow through the impinging
jet m wind tunnel [8 and 9]. In this work, the interactions
between multiple impinging jets discharging from a row of
elongated orifices [7] and cross-flow effect is concerned.

The aim of this research is to experimentally and
numerically study the effect of cross-flow velocity on flow
and heat transfer characteristics of a jet impingement row
with elongated orifices. Two differences of high and low
cross-flow velocities, and attacking angle, defined as the
major axis of elongated orifice to the cross-flow direction,
were examined. The local temperature distribution on the
impinged surface was measured using Thermochromic
Liquid Crystal sheet (TLCs). The oil film technique was
used to visualize the flow patterns on the impingement
surface. The numerical simulation was emploved to gain
mnsight into the fluid flow.

2. EXPERIMENTAL MODEL AND
PARAMETERS

A row of 4 jets discharging from upper side of wind
tunnel with rectangular cross-section impinges on the lower
surface under a simulated cross-flow as shown in Fig.1. An
origin of the Cartesian coordinates was located on the
impinged surface. The X-, Y- and Z-axes are cross-flow
streamwise, vertical, and spanwise coordinates, respectively.

Round orifices (4R=1) were replaced by elongated
orifices with aspect ratio of its length to its width, 4R=4.
Both orifices have the same exit area of 136.8 mm’, and
each orifice has an equivalent diameter (Dg) of 13.2 mm as
shown in Fig2 [7]. The attacking angle defined an angle
between the major axis of the elongated orifice to the cross-
flow direction (X-axis) was varied from #=0° 15°nd 45° as
also shown in Fig.2. The jet-to-plate (wind tunnel height)
and jet-to-jet distances were fixed at H=2Dg and S=3Dg,
respectively. The jet velocity was fixed corresponding to
Rep=13,400 (based on velocity at center of orifice and
equivalent diameter), and cross-flow velocity (velocity at
wind tunnel center) was varied corresponding to velocity
ratios (jet velocity/cross-flow velocity) FR=3 and 7.

Copyright © 2013 by JSME
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3. EXPERIMENTAL SETUP AND METHOD

3.1 Experimental apparatus

The experimental setup was assembled in two parts; jet
and cross-flow supplies as shown in Fig.3. The impinging
jets were generated by introducing air through a temperature
controlled chamber equipped with air heater, calibrated
orifice flow meter, jet chamber and jet orifice before
entering the test section. The jet chamber having constant
cross-section of 360 mm x 360 mm and a height of 850 mm
was equipped with two layers of perforated plates and two
layers of mesh plates to achieve an uniform flow field
approaching the jet orifice plate.

The simulated cross-flow was produced by introducing
air through the inlet chamber, flow straightener, two layers
of mesh plates, the test section and a chamber outlet by using
another blower. The cross-section of wind tunnel was
rectangular with height of 26.4 mm (2Dg) and width of 300
mm. The length of calming section of wind tunnel was 200
cm which is sufficient to achieve fully developed flow
before entering to the test section.

A Pitot-static tube was located upstream of the test
section to measure a cross-flow velocity at the center of
cross section of wind tunnel. For all experiments, the inlet
temperatures of impinging jets and cross-flow were kept
constant at 27.6 °C by a temperature and power controller.

September 17-21, 2013, Nagoya. Japan

3.2 Heat transfer measurement

The test section for heat transfer measurement was
directly mounted to the wind tunnel as shown in Fig.3. The
air jets with constant temperature discharging from the
orifice plate were impinged on the heated surface for
cooling. The wall temperature (7;,) on the impingement
surface was measured by using TLC sheet (Omega, LCS-95,
USA) that attached on the rear of this surface as shown
particularly in Fig.3. The heat transfer surface was made ot
stainless steel foil which having thickness of 30 pm was
installed between a pair of copper bus bars. The heat transfer
surface was heated by DC power supply through copper bus
bars. An electrical energy dissipated in the stainless steel foil
can be determined from
IR (0

A

where [ is the electrical current, R and 4 are the
electrical resistance and the area of the stainless steel foil.

The local heat transfer coefficient by forced convection
of the impinging jets, /1, can be evaluated from

Dinpur=

B Ginpui— 4y — 4 (2)

I,-T,
where 4 - osm.(fw4 -r* and 4 —j (7, —1,) are the heat
losses to the environment by radiation and natural

convection from rear side of TLC sheet, respectively:
7, and T, are the wall and jet temperatures; o is the

Stefan-Boltzman constant; is the emissive coefficient

ére
of the TLC sheet; 7 is the surrounding temperature; and

h, i1s the natural heat transfer coefficient calculated from

natural convective heat transfer from the heat transfer
surface to the surrounding.

The digital camera was used to capture color patterns on
TLC sheet. The images of color pattern were subsequently
converted from the RGB (red, green and blue) color system
to the HSI (Hue, Saturation and Intensity) color system. The
Hue (H) value was used to correlate the color of TLCs to
their temperature in range of 28-40°C via a calibration. The
local Nusselt number was calculated

N =Dz 3)
here, Dz is the equivalent diameter of the orifice and £ is a
thermal conductivity of an air jet [7 and 10].

3.3 Flow visualizations on the impinged surface

The flow patterns on the impinged surface was
visualized by using oil film technique. The oil was mixed
with liquid paraffin, titanium dioxide and oleic acid. The
transparent plastic plate, uniformly coated with the oil film,
was employed to represent the impinged surface. During the
experiment, the flow pattern of oil film on the impinged
surface was recorded using video camera [7 and 10].
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3.4 Numerical simulation

A 3-D numerical simulation with the ANSYS Fluent
13.0 was employed to visualize the flow characteristics of
the jets and the cross-flow. The calculation based on finite
volume method was adopted to solve governing differential
equations with boundary conditions. A numerical model was
identically created to the experimental model. SST
turbulence model was applied due to high accurate
prediction in impingement problems and moderate
computational cost [11]. This turbulence model has also
been employed to accurately predict a flow and heat transfer

Computer
Mesh plates Cenvergent inlet P
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characteristics of impinging jet under the cross-flow [9 and
12].

Majority of generated grid was even rectangular. The
elements were concentrated near the wall of wind tunnel and
mixing region. The boundary conditions were identically
specified to experimental conditions. The outlet pressure
was kept constant at 1 atm. A solution method was based on
SIMPLE algorithm with second order upwind for all spatial
discretization. The solution was considered to be converged
when the normalized residual of the algebraic equation was
less than a prescribed value of 1.0E-4 [7].

Power supply

Thermochromic
liquid crystal

Screw

Digital camera

Acrylic plate

SUS304 foil

Copper bus bar

Pressure
transducer
Volt meter

Mesh plates Inverter
=
= | Heater == -
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= | @) o l— r
= 2 Jet Cross-flow
Flow straightener ;\Mesn plates blower
P ' I
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controller - Perforated plates
Orifice
Temperature <=
controller
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Manometer

Temperature
controller

Fig. 3 Schematic diagram of the experimental setup

4. RESULTS AND DISCUSSIONS

4.1 Flow characteristics of jets and cross-flow
Velocity vectors and velocity contours in X-Y plane at
Z/D=1.5 (jet centerline) are shown in Fig.4. In the case of
low cross-flow velocity, VR=7, as shown in Fig.4 (left side),
the impinging jet is slightly deflected to downstream
direction (X-axis). The deflection of jet from the elongated
orifice seem to be larger when the attacking angle becomes
larger, 6=45°, as shown in Fig.4(g). In the case of high cross-
flow velocity, VR=3, as shown in Fig.4 (right side), the
deflection of jet is larger than those low cross-flow velocity,
VR=7, due to higher cross-flow velocity. The deflection of
jet is prominently large for the case of AR=4 at §=45° with
VR=3 as shown in Fig.4(h). The greatest deflection of jet for
this case is from two factors; strong momentum of cross-
flow striking on the jet flow due to the high cross-flow
velocity; and larger interaction area between the cross-flow
and the jet flow due to the increasing of attacking angle.
When compare the flow characteristics in the case of
AR=4 at 6=0° with VR=3 (Fig.4(d)) to the case of AR=1
under the same VR (Fig.4(b)), it is found that the deflection
of jet from elongated orifice is smaller than that
conventional orifice. This can be explained that the jet
discharge from elongated orifice with 6=0° can more
penetrate into the cross-flow than those the conventional
orifices. This flow characteristic shows that the jet from

[3%)

elongated orifice can decrease the effect of cross-flow when
compare with the case of jet from conventional orifice.

A comparison of flow characteristics in Y-Z plane at
X/D=0.25 are shown Fig.5. The jets of 4R=4 with 6=15° and
45° (Fig.5(e)-(h)) deflect to +Z-axis due to attacking angle
effect. These deflections of jets for the case of VR=3
(Fig.5(f) and (h)) are larger than those VR=7 (Fig.5(e) and
(g)) due to higher cross-flow velocity. The jets are more
deflect to +X-axis when cross-flow velocity becomes higher
as mentioned in previous. In the same way, the deflections of
jets are more tend to +Z-axis when the attacking angle
becomes larger. In additions, association of deflection of jets
to +X-axis (downstream direction) and +Z-axis produces
one circulation flow for one impinging jet. It is different for
the case of AR=1 and 4R=4 with 6=0° that the circulation
flow of one impinging jet is separated into two parts as
shown in Fig.5(a)-(d).

The circulation flows along downstream direction for
AR=4, 6=15° with VR=3 at each cutting plane are shown in
Fig.6. The circulation flows growth up and its center (pivot
points) are more shift to +Z-axis for further downstream
direction (+X-axis). This characteristic of circulation flow
affects directly on heat transfer characteristics on the
impingement surface that will be discussed in the next
section.
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Fig. 4 Vectors and contours of velocity in X-Y plane at
Z/D=1.5 (CFD results)
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Fig. 5 Vectors and contours of velocity in Y-Z plane at
X/D=0.25 (CFD results)

4.2 Flow characteristics above the impingement
surface

Flow patterns of impinging jets on the impingement
surface using the oil film technique are shown in Fig.7. The
black and white regions represent the areas where the oil
film 1s completely remove called impingement region and
the area with original oil film coating, respectively. The
impingement tegions of A4R=1 are more shifted to
downstream directions when cross-flow velocity increases.
This flow patterns correspond to those flow characteristics
of downstream impinging jets in impingement array that
have been discussed in Wae-hayee et al. [10]. For the case of
AR=4 at 6=0° with VR=3 as shown in Fig.7(d). the shifting
of 1mpingement regions to downstream direction are
minimized when compare with the case of 4R=1 under the
same VR (Fig.7(b)). This is due to the jets from elongated
orifices can more penetrate into the cross-flow as discussed
previously in CFD results. This flow characteristics also
correspond to those impingement array that employ
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elongated orifices in Nuntadusit et al [7]. In addition, the
impingement regions are obliquely shifted to +Z-axis
provied by the larger attacking angle. This is due to
inclination interaction between the cross-flow and the jet
flow corresponding to direction of orifice arrangement as
shown previously in Fig.5.

@O @E) (0

Velocity (m/s)

AN 0

Fig. 6 Vectors and contours of velocity in Y-Z plane for
AR=4, 6=15° at VR=3 (CFD results)

The velocity vector and contour in the Y-axis on Z-X
plane near the impingement surface (1 nmun above the
surface) from CFD results are shown in Fig.8. This position
above from surface is chosen to represent the plane
sufficiently near the surface due to the condition at the
surface is no-slip. The Y-component velocity represents the
velocity in the direction normal to the impingement surface.
The positive direction is towards the direction of the jet that
impinges on the target surface. Area of high Y-component
velocity contour indicates the impingement region
corresponding to removed oil film region as shown earlier in
Fig. 7, and this CFD results agree very well with the flow
patterns of oil film technique. With the good agreement,
clarification of heat transfer behavior in the next section can
refer to the flow characteristics from this CFD results.

4.3 Local Nusselt number on the impinged
surface

Nusselt number distributions on impingement surface
from experiments are shown in Fig.9. These contours of
Nusselt number correspond to the oil film patterns on the
impingement surface as shown in Fig.7 as well as the
contours of Y-component velocity near the impingement
surface as shown in Fig.8. Generally, the Nusselt number is
high in impingement regions and low in upstream regions.
These areas of high Nusselt number are more contracted
along upstream direction (-X-axis) and more extended along
downstream one (X-axis) when the cross-flow velocity
increases. The areas of high Nusselt number, in addition, are
more obliquely extended along +Z-axis when the attacking
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angle becomes larger. For the case of 4R=4, 6=15° with
VR=3 as shown in Fig.9(f), the area of high Nusselt number
is extended along +Z-axis coressponding to the shifting of
circulation flow as earlier shown in Fig.6.

The extension area of high Nussselt number along
upstream direction of AR=4 at 6=0° (Fig.9(c) and (d)) are
larger than those AR=1 (Fig.9(a) and (b)) under the same
VR. These results show that the jet dicharging from
elongated orifice with 6=0° can minimize the cross-flow
effect. This corresponds to the higher heat transfer of
impingement array using elongated orifices that has been
reported by Nuntadusit et al. [7]. However, for the case of
6=15° and 45°these area of high Nusselt number along
upstream direction are contracted, especially, for the case of
large attacking angle and high cross-flow velocity as shown
in Fig.9(h).
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XD
VR=T7 (low cross-flow velocity) \R=3 (high cross-flow velocity)

Fig. 7 Flow patterns on the impinged surface (experimental
results)

Nusselt number distributions along downstream
direction at orifice centerline (Z/D=1.5) are shown in Fig.10.
The results show that the Nusselt number distribution of
AR=4 at 6=0° along upstream direction (+X-axis) is higher
than those 4R=1 throughout VR. The Nusselt number
distribution of 4R=4 along upstream direction, however, is
lower when the attacking angle becomes larger.
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Fig. 8 Velocity vectors and Y-component velocity contours
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Fig. 10 Spanwise average Nusselt number distributions
along downstream direction (experimental results)

Spanwise average Nusselt number that calculate from
the average temperature in the rage of -3<Z/D<3 is shown in
Fig.10. For VR=7 (Fig.10(a)), distributions of these average
value for the case of AR=4. 6=0° at upstrem region (X/D<0)
is higher than of the others. When the attacking angle
becomes #=45° at the same conditions, the distributions of
average velues become the lowest. Peak of spanwise average
Nusselt number for the case of 4R=1 is the highest, and all
of distributions of this values at downstream direction
(X/D>1) are comparable. Due to the low cross-flow velocity
effect, the distributions of these average values are slightly
different. It is except for the case of AR=4, 6=45° that the
distributions of these values at upstrem region (X/D<0) is
very low and different from the others due to very large
attacking area between the jets and the cross-flow.

For the case of PR=3 as shown in Fig. (Fig.10(b)), the
distributions of these values at upstream direction are quite
different by getting the highest for the case of 4R=4, §=0°.
However, in the downstream direction at 2<X/D<4. the
distributions of these values of 4R=1 seem to be higher than
the others.

5. CONCLUSIONS

The effect of cross-flow velocity on flow and heat
transfer characteristics of jet impingement row discharging
through elongated orifice with different attacking angle was
experimentally and numerically studied. The main results
can be summarized as follows;

1. Impinging jets discharging from the elongated
orifices with #=0° can minimize the cross-flow effect. The
deflections of jets toward cross-flow direction for elongated
orifices with #=0° are smaller when compare with the case of
conventional orifices under the same cross-flow velocity.
This affects directly to the local heat transfer distributions on
impingement surface that the impinging jets from elongated
orifice with #=0° can extend the area of high heat tranfer at
impingement region, expecially at upstream region.

2. The impingement regions (or areas of high Nusselt
number) are extended in the X-axis and obliquely extended
in the +Z-axis when the attacking angle becomes larger. The
extension of impingement regions in the X-axis is from the

September 17-21, 2013, Nagoya. Japan

effect of cross-flow, and the oblique extension of these
regions in the +Z-axis is from the effect of attacking angle.
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BSTRACT

he aim of this research is to numerically and experimentally study the flow and heat transfer
haracteristics of in-line impinging jets in cross-flow. The jets from round orifices
erpendicularly impinged on inner surface of rectangular wind tunnel at a short distance
etween orifice plate and impinged surface (H) of 2D, where D is a diameter of the orifice.
he experiments were performed at three different velocity ratios (VR, jet velocity/cross-flow
elocity) of 3, 5 and 7. The heat transfer characteristic was visualized using thermochromic
quid crystal sheet (TLCs) and the Nusselt number distribution was evaluated by an image
rocessing technique. The flow pattern on the impinged surface was also visualized by oil
Im technique. The numerical simulation was used to explore a flow interaction between
npinging jets and cross-flow. The results showed that Nusselt number peak increased by the
1creasing cross-flow velocity. For the range determined, the maximum Nusselt number peak
ras obtained at R=3 as a consequence of the good matching between high Y-component
elocity and high turbulence kinetic energy distributions.

ceywords: Impinging jets, Cross-flow, Heat transfer, TLC, CFD

. INTRODUCTION to the jet impingement flow [1]. A cross-flow

oceurs from spent fluid from upstream jets in

npinging jets are applied in many thermal
ngineering applications where high heat and
1ass transfer rates are required. Applications
turbine blade,
lectronic device or wall of combustion

wclude cooling of gas
hamber, drying of textile or paper and
:mpering of steel or glass sheets. To suffice
heat transfer rate in those areas, multiple
npinging jets are usually applied. For
wltiple jets in a confined space, the jet
npingement mvolves a cross-flow defined
s a fluid flow in the perpendicular direction

an array.

The effects of cross-flow on flow and heat
transfer characteristics of multiple impinging
jets were extensively investigated. Katti and
Prabhu [1] experimentally investigated the
influence of jet-to-jet distance and jet-to-
plate distance on heat transfer characteristics
of impingement jets array with in-line
arrangement in confined duct. Their results
suggested that a cross-flow significantly
affected the heat transfer of the downstream
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mmpingement jets. Florschuetz et al. [2]
developed the Nusselt number correlation for
both inline and staggered arrangement in
case of jet-to-jet distance S>4D (D is nozzle
diameter). Brizzi et al. [3] showed the flow
and temperature patterns on the impinged
surface of array of jets with an inline
arrangement. Their finding indicated that
flow

patterns  corresponded  to  the

temperature distributions.

In general, identifying the interaction
between multiple impinging jets and an
a difficult task,
therefore only few works were reported [3,
4].  To clarify the

investigations are usually performed by

mherent cross-flow 1is

interaction, the

applying simulated cross-flow by introducing
fluid flow through a single impinging jet.
Barata and Durao studied impinging flow
through a cross-flow using Laser-Droppler
measurement [5]. Goldstein and Behbahani
[6] and Bouchez and Goldstein [7] examined
impinging jet in simulated cross-flow at high
jet-to-plate distances (>4D). They found that
heat transfer by impinging jet at stagnation
region decreased with increasing cross-flow
velocity. Heo et al. [8] and Shi et al. [9] used
CFD to predict a flow and heat transfer of
mclined impinging jet in  cross-flow.
According to the previous works [6-7], the
behaviors of impinging jets in cross-flow
were studied at long jet-to-plate distances
(=4D).
transfer on a target surface of multiple

Theoretically, a maximum heat
impinging jets takes place at short jet-to-
plate distances (<2D) [1, 10, 11]. Therefore,
the effect of cross-flow on multiple jet
impingements at short jet-to-plate distances
should be concerned.

The aim of this research 1s to experimentally
and numerically study the effect of velocity
ratio (VR) on flow and heat transfer of in-line

impinging jets at a short jet-toplate distance

(H) of 2D. The studied parameters include
three different cross-flow velocities and one
impinging  jet  velocity.  Temperature
distributions on the impinged surface were
investigated by using thermochromic liquid
crystal sheet (TLCs), and the Nusselt number
distribution was evaluated by using image
processing method. The flow characteristic
the impinged surface was visualized by using
oil film technique. The numerical simulation
was used to examine the fluid flow.

2. EXPERIMENTAL
PARAMETERS

MODEL AND

The experimental model i1s shown in Fig. 1.
The mmpinging jets from round orifices
mmpinged on the impinged surface in a
rectangular wind tunnel. A cross-flow was
simulated by introducing air through the test
section, perpendicular to the impinging jets.
The jet-to-plate and jet-to-jet distances were
fixed at H=2D and S=3D, respectively,
where D is orifice diameter (13.2 mm). An
origin of the Cartesian coordinates was
located on the impinged surface. The X-, Y-
streamwise,

and Z-axes are cross-flow

vertical, and  spanwise  coordinates,
respectively. The impinging jet velocity was
fixed corresponding to Re=13,400 and cross-
flow velocity was varied corresponding to
velocity ratios (jet to cross-flow velocities)

VR=3,5and 7.

3. EXPERIMENTAL
PARAMETERS

MODEL AND

3.1 Experimental apparatus

A schematic diagram of the experimental
apparatus 1s shown in Fig.2. To stimulate
cross-flow, air was introduced through the
mlet chamber, flow straightener, two layers
of mesh plates, the test section and a
chamber outlet by using a 3-HP blower. The
cross section of wind tunnel was with height



of 26.4 mm (2D) and width of 300 mm. The
length of calming section of wind tunnel was
1500 mm. which is sufficient to achieve fully
developed flow in the test section. To
3-HP
blower was used to introduce air through a

generate impinging jets, another
temperature controlled chamber equipped
with 2-kW heater, an calibrated orifice flow
meter, a jet chamber (constant cross-section
of 360-mm x 360-mm and a height of 850-
mm), and a jet orifice before entering the test

section. The jet chamber is equipped with

@ Orifice plate
| [ ]
Crossflow % v
} Impingement plate
I X ]
(a) Side view

77

two layers of perforated plates and two
layers of mesh plates to achieve a uniform
flow field approaching the orifice plate. The
test section was directly mounted to the jet
chamber. A Pitot-static tube was located
upstream of the test section to measure a
cross-flow velocity. For all experiments, the
mlet temperatures of impinging jets and
cross-flow were kept constant at 27.6 °C by a
The
temperature variation of the jet and cross-
flow was controlled within + 0.2°C.

temperature and power controller.

;
. i
Crossflow S=3D£x ————————————————————

(b) Top view

Fig. 1. The experimental model.

3.2 Heat transfer measurement

The
measurement 1s shown in Fig. 2. The heat

test section for Theat transfer
transfer surface made of a stainless steel foil
with thickness of 30-Nm. The foil rear was
attached to the TLC sheet (Omega, LCS-95).
The stainless steel foil was stretched between
couple of copper bus bars. The heat transfer
surface was heated by a DC power source
that can supply current up to 50 A through
the copper bus bars. During jet impingement,
the local heat transfer coefficient by forced
convection from the impinged surface can be
evaluated from
0,.=I" R (1
) — anm - onms _ Gonpr — 47 — 4 )
AT, -T)) L, -1,
where, / and R are the electrical current and

the thermal resistance of the stainless steel
foil, g, and ¢ are the heat loss to the
environment by radiation and convection, 7;,

and 7; are the wall and jet temperatures,

respectively. The wall temperature (7,) of
the impinged surface was measured by using
the TLC sheet attached to the rear of the
The TLC
calibrated using the digital image processing
system under the same condition for all

immpinged surface. sheet was

experiments to keep all external factors
constant. The local Nusselt number can be

calculated from
hD

1

where k£ is a jet thermal conductivity. The

Nu = (3)

details of heat transfer measurement were
described in the previous works [12, 13].

3.3 Flow visualization on the impinged
surface

The flow pattern on the impinged surface
was visualized by using oil film technique.
The oil film was prepared by mixing liquid
paraffin with titanium dioxide and oleic acid.
The

transparent plastic plate uniformly
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painted with oil film was employed to
represent the impinged surface. During the
experiment, the oil film behavior on the
impinged surface was recorded using a CCD
camera every 30 seconds [13].

4. NUMERICAL SIMULATION

The ANSYS Fluent 12.0 was used to
visualize the flow characteristics. A 3-D
numerical model based on finite volume
method was adopted to solve governing
differential  equations  with  boundary
conditions. A dimension of numerical model
was same as that of experimental model. A
shear stress transport (SST) turbulence
model based on combination between a k-®
model at the wall and k-& model in the main
flow was applied due to high accurate
prediction in impingement problems and

Thermochromic

Serew | iquid crystal

Acrylic

Mesh plate Copper bus bar ~ SUS304 foil

[T

moderate computational cost [14]. This
turbulent model has also been employed to
accurately predict a flow and heat transfer
characteristics of impinging jet under cross-
flow [8, 15]. The computation domain was
resolved by rectangular elements as shown in
Fig.3. The majority of elements were even
rectangular. The elements were concentrated
near the wall of wind tunnel and mixing
region. The boundary conditions were
identically  specified to  experimental
conditions. The outlet pressure was kept
constant at 1 atm. Asolution method was
based on SIMPLE algorithm with second
order upwind for all spatial discretization.
The solution was considered to be converged
when the normalized residual of the
algebraic equation was less than a prescribed
value of 1.0E-5 [8].
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Fig. 2. Schematic diagram of the experimental setup.

5. RESULTS AND DISCUSSION

5.1 Experimental setup verification

Velocity vectors and velocity contours of jets
and cross-tlow in X-Y plane at Z/D=1.5 and
0 are shown in Fig.4 and 5. As shown in
Fig.4(a), at low cross-flow velocity (VR=7)
the upstream wall jet was slightly swept by

cross-flow and a circulation flow was
generated upstream of the jet. A size of the
circulation flow became smaller when the
cross-flow velocity increased (FVR=5) as
shown in Fig.4(b). At high cross-flow
velocity (VR = 3) the upstream wall jet was
completely swept and an  upstream
circulation flow was not found (Fig.4(¢c))



At Z/D=0, for low cross-flow velocity (VR=5
and 7), it was found that velocity vectors
were mainly directed upward after the
collision of two adjacent spanwise wall jets,
and commencement position of the upward
flow was shifted downstream (from X/D=-3
to -1) as cross-flow velocity increased, as
shown in Fig.5 (a-b). However, at the highest
cross-flow velocity (VR=3) the fluence of
cross-flow almost completely concealed the
effect of jet impingement as velocity vectors
tended to follow streamwise direction
(Fig.5(c)). The contours of turbulence kinetic
energy in X-Y plane at Z/D=1.5 and 0 are
shown m Figs.6 and 7. At Z/D=1.5,
turbulence kinetic energy was high at a wall
jet region and low along a jet core. At FR=5
and 7 (Fig. 6(a) and (b)), the upstream and
downstream turbulance kinetic energies were
comparable. However, VR=3 (Fig. 6(c)) high
turbulance kinetic energy was detected only
around downstream wall jet region due to the
the jet sweeping by the strong cross-flow.

The turbulence kinetic energy contour at
Z/D=0 (Fig.7) was found to be corresponded

Cross-flow nlet

-
P

Wind tunnel
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to the velocity contour and velocity vector
(Fig.5), as the upstream turbulence kinetic
energy  significantlty  decreased  with
mcreasing cross-flow velocity, especially for
VR=3 as shown in Fig.7(c). The velocity
vectors and velocity contours on X-Z plane
are presented in Fig.8. The Y-component
velocity represents the velocity in direction
normal to the impinged surface (or vertical
direction). The positive Y-component
velocity was found around downstream of jet
was (jets impinging on the wall) and high Y-
component velocity was appeared around
immpingement region. Jet impingement was
shifted downstream direction as cross-flow
velocity mereased or VR decreased. The shift
was significant when VR decreased from 5 to
3. This agrees well with the vectors and
contours of velocities shown in Fig.4. The
areas of negative Y-component velocity were
detected in the middle between impingement
regions (white area). This 1s due to the
collision between spanwise wall jet, resulting
i upward flow. The white area became
smaller as cross-flow velocity mcreased,
because the collision between spanwise wall
jets became weaker as sugested in Fig.5.

Fig. 3. Numerical model and generated gnid.
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Fig.5. Vectors and contours of velocity in X-Y plane at Z/D=0.

5.2 Flow patterns on the impinged surface
The flow visualizations on the impinged
surface by oil film technique are shown in
Fig.9(a-c). The black area 1s an impinged
surface where an o1l film is removed while
the white area corresponds to remaining oil
film. The circles marked on the impinged
plate are the positions of the orifices. As
cross-flow  veloeity ereased (VR
decreased), thecommencement of  jet
mmpimgement was shifted downstream,
resulting in the contraction of the upstream
impingement region (X/D<0) and expansion
of the downstream impingement region
(X/D>0). The effects of cross flow were very

obvious when VR decreased from 5 to 3, as
comparison shown in Fig.9(b and c¢). This
flow charateristic coincides with the Y-
component velocity shown in Fig.8(c). This
behavior agrees wellwith that of the multiple
impingement jets in the previous work [3].

In addition, oil film was apparently removed
m the muddle between the adjacent
impingement regions because the interaction
between spanwise wall jets. This effect was
least significant at V'R=3 because cross-flow
with high velocity swept spanwise wall jets
downstream as shown in Fig.5(c)
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5.3 Local Nusselt number on the impinged
surface

The Nusselt number distributions on
impinged surface are shown in Fig.10. Their
characteristics coincide with Y-component
velocity contours and flow patterns on the
impinged surface shown in Figs. 8 and 9. As
cross-tflow velocity increased (VR
decreased), the area with high Nusselt
number shifted downstream. It should be
mentioned that Nusselt number was also high

in  the muddle between the adjacent
impingement regions (at Z/D=0,
0.5<X/D<1.5 i Figs.10 and 11). This

location corresponds to the area in which Y-
component velocity was negative in Fig.8,
where o1l film was removed in Fig.9. The

enhancement of Nusselt number in the area
attributes to a high turbulence intensity near
the surface as revealed in Fig.7.

At Z/D=1.5, the peaks of Nusselt number, Y-
component velocity and turbulent kinetic
energy were shifted downstream as cross-
flow velocity inereased (VR decreased) as
shown in Fig.11(a) and 12(a-b). However,
peak of Nusselt number at VR=3 was found
to be highest while those of Y-component
velocity and turbulent kinetic energy at
VR=3 were found to be lowest as compared
to those at FR=5 and 7.
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Fig. 10. Nusselt distributions on the impinged surface (T;=27 °C, Re;=13.400).

The apparently high Nusselt number peak at
VR=3 1is achieved because the peaks of Y-
component velocity and turbulence kinetic
energy take place at the identical streawise
location, indicated as point A and B in
Fig.12. The good matching between high Y-
component velocity and high turbulence
kinetic energy distribution resulted in
excellent heat transfer was also mentioned in
the previous work [16]. On the other hand,
the good matching between Y-component
velocity and turbulence kinetic energy was
not found at between at VR=5 and 7, thus the
resultant Nusselt number peaks at these
conditions were lower than that at VR=3.
This behavior agrees with those reported by

Katti and prabhu [1] and Nuntadusit et al.
[13] for the heat transfer associated by the
multiple jet impingement 1in confined
channel at short jet-to-plate distances (<2D).

The important finding in the present work 1s
that at a short jet-to-plate distance (2D),
Nusselt number peak increased as cross-flow
velocity increased or VR decreased. This
effect 1s opposite to that found at long jet-to-
plate distances (>3D). The difference can be
caused by the different sizes of space
between jets to impinged surface in which
collision between cross-flow and jet
impingement takes place [17 and 18].
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6. CONCLUSIONS

In this work, the effect of cross-flow velocity

on the flow and heat transfer behaviors

associated by in-line impinging jets was

study experimentally and numerically. The

main results can be concluded as follows;

1 The  jet shifted
downstreamwise as cross-flow velocity

impingement

increased. This behavior coincided with
the shifting of high Nusselt number area.

2. The mcreased cross-flow velocity resulted
i the
impingement

contraction of the upstream

region (X/D<0) and

expansion of the downstream impingement
region (X/D=>0).
3. At a short jet-to-plate distance (2D),

Nusselt number peak increased as
crosstlow velocity increased or VR
decreased
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Abstract

The aim of this research is to enhance heat transfer on a surface of row of impinging jets by
elongated orifices under cross-flow. 4 jets with inline arrangement discharging from orifices
impinge normally on inner surface of wind tunnel with simulated cross-flow. The elongated
orifice with aspect ratio of its length to its width in the range of AR=1 (round orifice), 4 and 8
under the same cross-section area were experimentally and numerically examined. Attacking
angles, defined as the major axis of the elongated orifice to the cross-flow direction, in the
range of 8=0° to 6=45° were arranged in parallel configurations. A jet-to-plate distance (H)
and jet-to-jet distance (S) were fixed at H=2Dr and S=3Dp, respectively (where Dr is the
equivalent diameter). The jet velocity was fixed corresponding to Rez=13.,400, and cross-flow
veloeity was varied corresponding to velocity ratios (jet velocity/cross-flow veloeity) VR=3, 5
and 7. Temperature distributions on the impingement surface were measured using
Thermochromic Liquid Crystal sheet (TLCs). Flow characteristics on the impingement
surface were visualized using the oil film technique. Numerical simulation employed to gain
insight into the fluid flow was via computational fluid dynamics (CFD). The results indicate
that the heat transfer rate of jet from elongated orifice with 6=0° is higher than those
conventional round orifice. The heat transfer rate is conspicuously increased when attacking
angle increases from 6=0° to 6=15° for the case of 4AR=4 at VR=3, and it is abruptly decreased
again when attackig angle becomes 6>30°.

Keywords: Heat transfer enhancement, Impinging jets, Elongated orifice, Cross-flow

1. Introduction under confined channel, an accumulation of

jets after impingement, called a cross-tflow,

Impinging jet is widely employed in Downstream

moves toward channel exit.

many thermal industries applications and gas
turbine components due to its high heat

jets, subsequently, tend to cross-flow path

line resulting decreasing its momentum

transfer rate under impingement region. To  pefore immpingement on a target surface and

suffice heat transfer rate at a large heat jts heat transfer rate [1-5].

transfer area, multiple impinging jets or jet
immpingement array, generally, are applied.
Flow characteristics of jet impingement array

An effort to increase the heat transfer
rate of jet impingement array, drilling of
effusion holes, on the upper surface (nozzle
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plate) [6, 7], and at the lower surface
[8], in
channel to eliminate the cross-flow has been

(impingement surface) confined
attempted. Elongated orifices, which were
replaced to conventional round orifices to
reduce the effect of cross-flow on the jet
impingement array, have been mvestigated
[9]. Tt was found that the heat transfer rate of
impinging jets issuing from these substituted
orifices is more uniform and higher than
those from conventional orifices.

Generally, to identify the interactions
between multiple impinging jets and an
inherent cross-flow are a difficult task. To
clarify these interactions, the investigations
are usually performed applying simulated
cross-flow through a single impinging jet in
[10-13]. In
interaction between adjacent jets of an
impingement array play important roles on

wind tunnel addition, an

flow and heat transfer characteristics. In this
work, the effect of cross-flow velocity on
multiple jet mmpingements from elongated
orifice, applied by Nuntadusit et al. [9], is
concerned under simulated cross-flow.

The
experimentally and numerically study the

aim of this research 1s to
effect of cross-flow velocity on flow and
heat transfer of a jet impingement row with
elongated orifices to enhance heat transfer
The velocity (cross-flow

velocity/jet veloeity), the aspect ratio of

rate. ratio

elongated orifice (orifice length/orifice
width), and attacking angle, defined as the
major axis of elongated orifice to the cross-
flow direction, were investigated. The local

temperature distribution on the impinged

surface was measured using a
Thermochromic  Liquid  Crystal  sheet
(TLCs), and the local heat transfer

coefficient was evaluated using an image

processing method. The oil film technique
was used to visualize the flow patterns on the
impingement The
simulation was employed to gain insight into
the fluid flow.

surface. numerical

2. Experimental method and parameters

The experimental model 1s shown in
Fig.1. of 4 jets with
arrangement impinges on the surface m a

A row inline
wind tunnel with rectangular cross-section

under a cross-flow. The cross-flow was
stimulated by introducing air through the test
the

impinging jets. An origin of the Cartesian

section crosses perpendicularly to
coordinates was located on the impmged
surface. The X-, Y- and Z-axes are cross-
streamwise, vertical,

flow and spanwise

coordinates, respectively. In order to
compare the results, both middle jets were
considered within area that indicate by dash
line in Fig.1(b).

Elongated orifices with aspect ratio of its
length to its width, AR=1 (round orifice), 4
and 8, having the same exit area of 136.8
mm’, and each orifice had an equivalent
diameter (Dg) of 13.2 mm as shown in Fig.2
[9]. The attacking angle defined an angle
between the major axis of the eclongated
round orifice to the cross-flow direction (X-
axis) was varied from 6=0°, 15°, 30" and 45°
as also shown in Fig.2. The jet-to-plate (wind
tunnel height) and jet-to-jet distances were
fixed at H=2D; and S=3D;, respectively.
The jet velocity was fixed corresponding to
Rer=13.400, and cross-flow velocity was
varied corresponding to velocity ratios (jet
velocity/cross-flow velocity) FR=3, 5 and 7.
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Fig. 1. Experimental model of row of impinging jets.
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Fig. 2. Configuration of jet arrangement.

3. Experimental setup and method
3.1 Experimental apparatus

The experimental setup was assembled
in two parts; jet and cross-flow supplies as
shown in Fig.3. The impinging jet was
generated by imtroducing air through a
temperature controlled chamber equipped
with a heater, a calibrated orifice flow meter,
a jet chamber and a jet orifice before entering
the test section. The jet chamber having
constant cross-section of 360-mm * 360-mm
and a height of 850-mm was equipped with
two layers of perforated plates and two
layers of mesh plates to achieve an uniform

flow field approaching the orifice plate.

The simulated cross-flow was produced
by introducing air through the inlet chamber,
flow straightener, two layers of mesh plates,
the test section and a chamber outlet by using
another blower. The cross-section of wind
tunnel was rectangular with height of 26.4
mm (2D;) and width of 300 mm. The length
of calming section of wind tunnel was 200
cm which 1s sufficient to achieve fully
developed tlow in the test section as
indicated n Fig.3.

A Pitot-static tube was located upstream
of the test section to measure a cross-flow
velocity at the center of channel. For all
experiments, the inlet temperatures of
mpingmg jets and cross-flow were kept
constant at 27.6 °C by a temperature and
power controller.
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Fig. 3. Schematic diagram of the experimental setup.

32 Heat transfer measurement and data
reduction

The test section for heat transfer
measurement was directly mounted to the jet
chamber as shown in Fig.4. The air jets with
constant temperature discharging from the
orifice plate were impinged on the heated
surface for cooling. The wall temperature
(T,) on the impingement surface was
measured by using TLC sheet (Omega, LCS-
95, USA) that attached on the rear of this
surface as shown particularly in Fig. 4. The
heat transfer surface made of stainless steel
foil which having thickness of 30-um was
installed between a pair of copper bus bars.
The heat transfer surface was heated by DC
power supply through copper bus bars. An
electrical energy dissipated in the stainless
steel foil can be determined from
G =5 (1)
where [ i1s the electrical current, R and A4
are the electrical resistance and the area of
the stainless steel foil.

The local heat transfer coefficient by
forced convection of the impinging jets, 7,
can be evaluated from

he Binpis — 4 — 4. )
z—lvt'_z—f]

where g, — oz, (7, -7,') and g =h.(T,-T,)
are the heat losses to the environment by
radiation and convection from rear side of
impinged surface, respectively; 7 and T,
are the average wall temperature and jet
temperature; o is the Stefan-Boltzman

constant; &, . 1s the emissive coefficient of

the TLC

ILC

sheet; T

K

is the surrounding
temperature; and h_ is the average natural

heat transfer coefficient calculated from
natural convective heat transfer from the heat
transfer surface to the surrounding.

The CCD camera was used to capture
color patterns on TLC sheet. The images of
color pattern were subsequently converted
from the RGB (red, green and blue) color
system to the HSI (Hue, Saturation and
Intensity) color system. The Hue (H) value
was used to correlate the color of TLC to
their temperature in range of 28-40°C via a
calibration. The local Nusselt number was
calculated

Nu :h& (3)
k



here, Dr 1s the equivalent diameter of the
orifice and k is a thermal conductivity of an
air jet [9, 14].
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Jet chamber

Fig. 4. Test section of heat transfer
measurement.

3.3 Flow wvisualization on the mmpinged
surface

The flow pattern on the impinged surface
was visualized by using oil film technique.
The o1l was mixed with 7 g of liqud
paraffin, 3.5 g of titanium dioxide and 1.8 g
of oleic acid. The transparent plastic plate

Cross-flow inlet
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uniformly coated with the oil under the same
film thickness was employed to represent the
mmpinged surface. During the experiment, the
oil film behavior on the impinged surface
was recorded using video camera [9 and 14].

3.4 Numerical simulation

A 3-D numerical simulation with the
ANSYS Fluent 13.0
visualize the flow characteristics of the jets

was employed to
and the cross-flow. The calculation based on
finite volume method was adopted to solve
differential with
boundary conditions. A numerical model was

governing equations
identically created to the experimental
model. A turbulence model with SST was
applied due to high accurate prediction in
impingement and  moderate
computational cost [12, 15 and 16]. This
turbulent model has also been employed to

problems

accurately predict a flow and heat transfer
characteristics of impinging jet under the
cross-flow [13 and 16].

Chamber inlet

Outlet

Fig. 5. Numerical model and generated grid.
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The generated grid system was even
rectangular as shown in Fig.5. The elements
were concentrated near the wall of wind
tunnel and mixing region. The boundary
conditions were 1identically specified to
experimental conditions. The outlet pressure

was kept constant at 1 atm. A solution

method was based on SIMPLE algorithm
with second order upwind for all spatial
discretization. The solution was considered
to be converged when the mnormalized
residual of the algebraic equation was less
than a prescribed value of 1.0E-5 [13 and
17].

7% Plane Zi0=1.5
o

1
Toax
o
o

% Orifice location

VR=7 (low cross-flow velocity)

VR=3 (high cross-flow velocity)
; by AR=T

Fig. 6. Vectors and contours of velocity in X-Y plane at Z/D=1.5.

4, Results and discussions

4.1 Flow characteristics of jets and cross-
flow

Flow characteristics of the jest interacted
with the cross-flow using CFD technique are
shown i Fig.6-8. Velocity vectors and
velocity contours in X-Y plane comparing
between low cross-flow velocity (left side)
and high cross-flow velocity (right side) at
Z/D=1.5 and 0 are shown in Fig.6 and 7,
respectively. In the case of VR=7 as shown

in Fig.6 (right side), the jet impingements are
slightly deflected to downstream direction
due to low cross-flow velocity. The
deflection of jets is comparable throughout
the orifice configurations and the attacking
angles.

In the case of high cross-flow velocity,
VR=3, as shown in Fig.6 (left side), the
deflection of jets 1s larger than those the low
cross-flow velocity. This deflection is greater
when attacking angle becomes larger. The

deflections of jets with 4R=8, moreover, are



prominently greater than those 4R=4 under
the same attacking angle. The greatest
deflection of jet is from two factors; strong

momentum of cross-flow striking on the jet
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flow due to the high cross-flow veloeity; and
larger interaction area between cross-flow
and jet flow due to the increasing of
attacking angle.

s

Plane ZID=0

LIS T

* Qrifice location

VR=7 (low cross-flow velocity)

VR=3 (high cross-flow velocity)

Fig. 7. Vectors and contours of velocity in X-Y plane at Z/D=0.

When compare flow characteristics in
the case of AR=4 and 8 with § = 0° at VR=3
(Fig.6(d) and (jy)) to the case of AR=1
(Fig.6(b)), it 1s found that the deflection of
jet from elongated round orifice is smaller
than those conventional one. This can be
explained that the jet discharge from
elongated orifice without attacking angle is
more penetrate into the cross-flow than those
the conventional orifice. This is important
key that why heat transfer rate of 1mpinging
jet array from elongated orifice associated
with coherent cross-flow 1s higher than those

conventional orifices by Nuntadusit et al. [9].

Flow characteristics through jet interval
are shown in Fig.7. This figure can be seen
that the interaction between adjacent wall
jets flow from lower surface to upper surface
for the case of low cross-flow velocity (left
side of this figure). The wall jets tend to
downstream direction when the attacking
angle increases. The deflection of wall jets is
more tend to downstream direction when the
cross-flow velocity increasee (right side of
figure). For the case of large attacking angle,
6=30" and 45°, as shown in Fig.7(h) and (n),
the wall jets are completely blown by the
high cross-flow velocity.
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Fig. 8. Vectors and contours of velocity in Y-Z plane at X/D=0.25.

A comparison of flow characteristics in
Y-Z plane at X/D=0.25 are shown Fig. 8. For
the case of high cross-flow velocity as shown
right side in Fig.8, the detlection of jets tends
to +Z-axis when attacking angle 1s larger.
For the case of low crossflow velocity as
shown m left side of this figure, the
deflection of jets to +Z-axis is smaller
because of less significant effect of cross-
flow. This section obviously shows that the
effect of high

attacking angle is more prominent than those

cross-flow velocity on

the low cross-flow velocity.

42 Flow above the

impingement surface

characteristics

Flow patterns of impinging jets on the
impingement surface using the oil film
technique are shown in Fig.9. The black and
white regions represent the areas where the
called
immpingement region and the area with
original oil film coating, respectively. The

oil film is completely remove

impingement regions of AR=1 are more
shifted to downstream directions when cross-
flow velocity increases. This flow patterns
correspond to those flow characteristics of
downstream impinging jets in impingement
array that the cross-flow velocity increases in
this region [14]. For the case of AR=4 and 8
with 6=0° as shown in Fig.9(d)-(f) and (m)-
(0), the shifting of impingement regions to
downstream direction at high cross-flow



veloeity are minimized when compare with
the case of 4AR=1. This is due to jets from
elongated orifice can more penetrate into the
cross-flow as discussed in previous CDF
results. This flow characteristics correspond
also to those impingement array system that
employ elongated orifice [9]. In addition, the

Oil film content

R=7
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impingement regions are obliquely shifted to
+7 axis provied by the larger attacking
angle. This 1s due to inclination sticking of
flow

cross-flow on jet 1mpingement

corresponding to direction of orifice

arrangement.
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Fig. 9. Flow patterns on the impinged surface (Experimental results).
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Fig. 10. Velocity vectors and Y-component velocity contours on X-Z plane (CFD results and

above from target surface of 1-mm).

The sizes of impingement regions for
AR=8 at 6=15° and 30° (Fig.9(p)-(w)) are
smaller when compare with the same
of AR=4 (Fig.9(g)-()). The
smaller size of this regions for AR=8 is from

conditions

larger interaction area between jet and cross-
flow provided by larger attacking angle and
longer orifice length (4R=8). Moreover, the
sizes of impingement regions are getting
smaller when cross-flow velocity becomes
higher as shown in Fig.9(r) and (u). For the
case of without attacking angle, =0°, the

sizes of impingement regions for 4AR=4 and 8
are comparable under the same FR as shown
m Fig9(d)-() and (m)-(o) even though
cross-flow velocity becomes higher.

The velocity vector and contour in the Y-
axis on Z-X plane near the impingement
surface (1 mm above the surface) from CFD
results are shown in Fig.10. This position
above from surface 1s chosen to represent the
plane sufficiently near the surface due to the
condition at the surface is no-slip. The Y-
component velocity represents the velocity in



the direction normal to the impingement
surface. The positive direction is towards the
direction of the jet that impinges on the
target surface. Area of high Y-component
velocity contour indicates the impingement
region corresponding to removed oil film

VR=7

VR=5
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region as shown earlier in Fig. 9, and this
CFD results agree very well with the tlow
patterns of oil film technique. With the good
agreement, clarification of heat transfer
behavior in the next section can refer to the

flow characteristics from this CFD results.
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Fig. 11. Nusselt number distributions on the impinged surface
(Experimental results, 7,=27 °C).

It, in addition, 1s found that some of the
areas of high Y-component velocity of
elongated orifice are seperated into two
"spots", especially for the case of 4R=8 at

6=0° for VR=3 as shown in Fig.10(0). This
flow characteristic agrees well with the flow
pattern on the impingement suface under the
same condition as shown in Fig. 9(0). With
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the associated cross-section shape of the jet number correspond to the oil film patterns on
discharged from the elongated orifices, the the impingement surface as shown in Fig. 9
high jet velocity immediately decays at the as well as the contours of Y-component
center of its cross-section, resulted from a  velocity near the impingement surface as
mixing with the surrounding flow. shown in Fig.10. Generally, the Nusselt
Consequently, the high velocity area is number is high at impingement regions and
separated nto two parts. low at upstream regions. These areas of high
Nusselt number are more contracted along

4.3 Local Nusselt number on the mmpinged upstream direction (-X axis) and more
surface extended along downstream one (X axis)
when the cross-flow velocity increases. The

Nusselt ~ number  distributions  on  greas of high Nusselt number, in addition,

impingement surface from experiment are  are more obliquely extended along +Z axis
shown in Fig.11. These contours of Nusselt  \hen the attacking anele is larger.
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Fig. 12. Nusselt number distribution along downstream direction at Z/D=1.5 (Centerline jet,
experimental results).

The extension area of high Nussselt can minimize the cross-flow effect. This
number along upstream direction of 4R=4  corresponds to the higher heat transfer of
and 8 at =0° (Fig.11(d)-(f) and (m)-(0)) are  impingement array using elongated orifices
larger than those 4R=1 (Fig.11(a)-(c)) under that has been reported by Nuntadusit et al.
the same FR. These results show that the jet [9]. However, for the case of @=0° these
dicharging from elongated orifice with =0°  area of high Nusselt number along upstream



direction are contracted, especially, for the
case of large attacking angle and high cross-
flow velocity as shown in Fig.11(1) and (u).
Nusselt along
downstream direction at orifice centerline
(Z/D=1.5) and orifice interval (Z/D=0) are
shown in Fig.12 and 13, respectively. The

number distributions

results are obviously found to appear that the
Nusselt number along upstream direction are
lower when attacking angle becomes larger.
The Nusselt number along this
direction of 4R=4 and 8 at 6=0°
than those 4R=1 throughout J'R.

upstream
1s higher
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The Nusselt

decrease when the attacking angle becomes

number peak tend to
larger and cross-flow velocity 1s higher.
Abruptly decreasing of this peak value for
the case of lare attacking angle, 6=30° and
45° , at VR=3 is large striking area of
significant cross-flow on jet impingement
flow. For IFR=3 as shown in Fig.12(e) and
(), the highest peak value takes place for
AR=1, and it is sharpe distribution. The peak
value of AR=4 and 8 at € =15°, however,
lower than those AR=1 but the area of peak
value larger than those 4R=1.
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Fig. 13. Nusselt number distribution along downstream direction at Z/D=0 (interval jets,

experimental results)

Fig.13, Nusselt number distribution
along jet interval (Z/D=0) show that the peak
values of each condition shift to downstream
direction when the cross-flow velocity
increases. For the case of AR=4 at 6=30° and
45° with VR=5 and 7 as shown in Fig.13(a)

and (¢), Nusselt number distributions along

downstream direction (X/D>1) are higher
than the others under the same FR. This 1s
due to the shifting impingement region (area
of high heat transfer) of jet located at Z/D—-
1.5 to the orifice interval location (Z/D=0) of
these conditions. For the case of 4AR=8 with
VR=3 as shown in Fig.13(f), Nusselt number
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distributions of each case are rather flat,
especially, for the case of AR=8 at #=30° and
45°. This Nusselt
coresspond to the flow characteristics as

number distributions

shown previously in Fig.7(3), (1) and (n) that
the wall jet 1s rather completely blown by the
high cross-flow velocity, especially, for the
case of large attacking angle.
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Fig. 14. Average Nusselt number versus attacking angle.

4.4 Average Nusselt number

The average Nusselt number on the
immpingement surface calculated from the
average local wall temperature in area of -
3<X/D<8 and -3<Z/D<3 versus the attacking
angle are shown in Fig 14. Almost all of
average Nusselt number of 4AR=8 tend to
decrease when the attacking angle increases.
For the case of AR=4, the average values at
VR=3 are conspicuously increased when
attacking angle increases from 6=0° to 6=15°.
This average values are abruptly decreased
again when attackig angle becomes 6>30°.

TFor the case of AR=8 at VR=3, the
Nusselt number versus the attacking angle
are rather consistent. This results can be
noted that the effect of attacking angle 1s
slightly significant effect on heat transfer in
rate for the case of low cross-flow velocity,
VR=7. However, for the case of high cross-

flow velocity, VR=3, the heat transfer rate is
abruptly decresed when the attacking angle
becomes larger.

5. Conclusions

The effect of cross-flow velocity on flow

and heat transfer characteristics of jet

mpingement row discharging through
elongated orifice with different attacking
angle was experimentally and numerically
studied. The main results can be summarized
as follows;

1. Impinging jets discharging from both
elongated orifice at #=0° can minimize the
effect. The deflection of jets

toward cross-flow direction of elongated

cross-flow

orifices is smaller than those conventional
orifice. However, its deflection is more
larger when the attacking angle become

larger. This affects directly to heat transfer



that the
impinging jets from both elongated orifice

rate on impingement surface
with 6=0° can increase the heat tranfer rate
higher than those conventional orifice except
the case of for VR=5. Almost all heat transfer
rate of elongated orifice with #>30° are lower
than those coventional orifice.

2. The impingement regions (areas of
high Nusselt number) are extended in the X-
axis and obliquely extended in the +Z-axis
when the attacking angle becomes larger.
The extension of impingement regions in the
X-axis 1s from the effect of cross-flow, and
the oblique extension of these regions in the
+7-axis is from the effect of attacking angle.

3. The heat transfer rate is conspicuously
increased when attacking angle increases
from 6=0° to =15 for the case of AR=4 at
VR=3, and it 1s abruptly decreased again
when attackig angle becomes 6>30°.
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Abstract

The objective of this research is to enhance heat transfer on a surface of jet impingement row
by elongated orifices which have aspect ratio of orifice length to orifice width 4R=4 and 8.
The row of 4 jets with inline arrangement impinges perpendicularly on inner surface of wind
tunnel with rectangular cross-section under simulated cross-flow. Two differences of counter
orifice arrangements with convergent and divergent configurations were focused. Attacking
angles, defined as the major axis of the elongated orifice to the cross-flow direction, in the
range of =0° to 6=45°, and velocity ratios (jet velocity/cross-flow velocity) in the range of
VR=3, 5 and 7 were experimentally and numerically studied. A jet-to-plate distance (H) and
jet-to-jet distance (S) were fixed at H=2Dr and S=3Dg, respectively (where Dz is the
equivalent diameter). Temperature distributions on the impingement surface were measured
using Thermochromic Liquid Crystal sheet (TLCs). Flow patterns on the mmpimgement
surface were visualized using the o1l film technique. Flow characteristics of jets and cross-
flow were studied by numerical simulation method. The results show that the effects of
attacking angle with divergent orifice configuration can increase the heat transfer rate on
impingement surface, and it was higher than that convergent orifice configuration.

Keywords: Heat transfer enhancement, Impinging jets, Elongated orifice, Cross-flow

1. Introduction generated by accumulation of spent jet
moving toward channel exit. Flow rate or
velocity of  cross-flow,  subsequently,
increase corresponding to summation of
tempering of glass, drying of paper, cooling spent jet from upstream jets to downstream
of turbine blade and electronic component.  jets and so on. So, the downstream jets tend
Usually, the multiple impinging jets are tq resulting

applied to attain high and uniform heat before

Jet impingement is widely used in

various industrial applications such as

cross-flow streamwise

decreasing momentum of jet

transfer on a large application surface. An
important factor that directly influences on
multiple impingement jets under confined
channel is a cross-flow. The cross-flow is

impingement and decreasing heat transfer
rate on impinged surface [1-3].

Heat transfer rate on a surface of single
impinging jet, generally, is high at jet-to-



plate distance in the ranges of 4 to 6 times of
jet diameter [1]. It gets lower distance (lower
than two times of jet diameter) for the case
of multiple jet mmpingements to maintain
high heat transfer rate due to impinging jets
against cross-flow effect [5]. Efforts to
minimize the cross-flow effect in some
works have been attempted [6-8]. Nuntadusit
et al. [9] used elongated orifices to reduce
the cross-tflow effect on the jet impingement
array. They found that the heat transfer rate
of impinging jets issuing from elongated
orifices is more uniform and higher than
those from conventional orifices.

Wae-hayee et al. [10] studied the
impinging jet row from elongated orifices
under simulated cross-flow to clarity the
effect of cross-flow velocity on jet
impingement flow. Their study was also
focused on the effects of attacking angle with
parallel orifice configurations. In this work,
the effect of attacking angle with counter
orifice  configurations that are same
experimental model, apparatus and methods
with the work of Wae-hayee et al. [10] was
attempted.

The aim of this research is to enhance
heat transfer rate on impingement surface of

row of impinging jets from elongated orifices

(a) Convergent configuration

Same size of
consideration area
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under simulated cross-flow. Two differences
of counter orifice arrangements with
convergent and divergent configurations as
shown m Fig.l were experimentally and
numerically investigated. The velocity ratio
(cross-flow velocity/jet velocity), the aspect
ratio of elongated orifice  (orifice
length/orifice width), and attacking angle,
defined as the major axis of elongated orifice
to the cross-flow direction, were examined.

2. Experimental method and parameters

An experimental model of a row of 4 jets
discharging from orifices and impinging
normal to the opposite surface in the wind
tunnel with rectangular cross-section under
simulated cross-flow has been employed in
our work [10]. The jets configured with
inline arrangement, and a centerline through
center of each orifice is normal to cross-flow
streamwise. The cross-flow with fully
developed flow was introduced through jet
impingements in the test section. An origin
of the Cartesian coordinates was located on
the impinged surface. The X-, Y- and Z-axes
are cross-flow streamwise, vertical, and
spanwise coordinates, respectively.

(b) Divergent configuration

Fig. 1. Configuration of jet arrangements (Dz=13.2 mm).
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Elongated orifices with aspect ratio of its
length to its width, AR=1 (round orifice), 4
and 8, and each orifice having the same exit
area of 136.8 mm°, and an equivalent
diameter (Dg) of 13.2 mm were employed [9,
10]. The attacking angle defined an angle
between the major axis of the elongated
orifice to the cross-tlow direction (X-axis)
was varied in the ranges 0=0°, 15°, 30° and
45°. Orifice arrangements with convergent
and divergent configurations as shown in
Fig.1 were examined. The jet-to-plate (wind
tunnel height) and jet-to-jet distances were
fixed at H=2Dr and S=3Dz, respectively.
The jet velocity was fixed corresponding to
Rez=13,400, and cross-flow velocity was
varied corresponding to velocity ratios (jet
velocity/cross-flow velocity) VR=3, 5 and 7.

3. Experimental setup and method
3.1 Experimental apparatus

The experimental setup used here was
same in our work [10]. It was composed two
parts; jet and cross-flow supplies. The
compressed air forced by blower
through a temperature controlled chamber, a
calibrated orifice flow meter, a jet chamber
and a jet orifice before entering the test
section. The jet chamber having constant
cross-section was equipped with two layers
of perforated plates and two layers of mesh
plates to achieve an uniform flow field
approaching the orifice plate.

was

The simulated cross-flow was sucked by
another blower through wind tunnel which
having height of 26.4 mm (2D;) and width of
300 mm. The length of calming section of
wind tunnel was sufficient to achieve fully
developed flow before entering the test
section. A Pitot-static tube was located
upstream of the test section to measure a
cross-flow velocity at the center of channel.
For all experiments, the inlet temperatures of

impinging jets and cross-flow were kept
constant at 27.6 °C.

3.2 Heat transfer measurement and data
reduction

The air jets with constant temperature
discharging from the orifice plate were
mmpinged on the heated surface for cooling.
The wall temperature on the impingement
surface was measured by using the TLC
sheet attached on the rear of this surface. The
CCD camera was used to capture color
patterns on the TLC sheet, and the images of
the color patterns were subsequently
translated into temperatures via a calibration.

The local Nusselt number was calculated
from:
hD,

k (D)
where, / 1s the local heat transfer coefficient,
Dy is the equivalent diameter of the orifice,
and k is a thermal conductivity of the air jet
[9-11].

Nu =

3.3 Flow visualization on the impinged
surface

The oil film technique was employed to
visualize the flow pattern on the impinged
surface. The mixer of oil film was liquid
paraffin, titantum dioxide and oleic acid. The
transparent plastic plate being impingement
surface was uniformly coated by oil under
the same film thickness. During the
experiment, removing of oil film behavior on
this surface was recorded using video camera
[9-11].

3.4 Numerical simulation

A 3-D numerical simulation with the
ANSYS Fluent 13.0 was adopted to visualize
the flow characteristics of the jets and the
cross-flow. A numerical model
identically created to the experimental

was



model. The generated grid system was even
rectangular, and it was concentrated near the
wall of wind tunnel and mixing region. A
turbulence model with SST was applied due
to high accurate prediction in impingement

Plane Z/D=15
il

Cross-flow

z
|:> }x
)
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problems and moderate computational cost
[12-14]. The boundary conditions
identically  specified to  experimental
conditions. The details of numerical method
have been specified in our work [10].
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Fig. 2. Vectors and contours of velocity in X-Y plane at Z/D=1.5: left side for convergent
orifice configuration and right side for divergent orifice configuration (CFD result).

4. Results and discussions

4.1 Flow characteristics of jets and cross-
flow

Flow characteristics of the jest interacted

with the cross-flow using CFD technique are
shown in Fig.2-4. Velocity vectors and
velocity contours in X-Y plane comparing
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between convergent (left side) and divergent
(right side) orifice configurations at Z/D=1.5
are shown in Fig.2. The flow characteristics
of impinging jet is similar when compare
between convergent (left side) and divergent
(right side) orifice configurations. The
detlections of jet in the case of FVR=3 (lower

=

Cross-flow

o

QF, Plane Z/D=0
|

—

=

figure group) are greater than those VR=7
(upper figure group) due to higher cross-flow
velocity. The deflections of jet with AR=8
for the case of FR=3 (Fig.2(m)-(p)) seem to
be greater than those with AR=4 (Fig.2(1)-(1))
due to larger interaction area with the high
cross-flow velocity.

)
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VR=3 (high cross-flow velocity)

Fig. 3. Vectors and contours of velocity in X-Y plane at Z/D=0: left side for convergent
orifice configuration and right side for divergent orifice configuration (CFD result).



Plane X/D=0.25

r3
[a==]
Z
—> T
=
D

Cross-flow ~

Convergent configuration

Y/D

Y/D

Y/D

109

Plane X/D=0.25

N -Bwf)
SRR
=

Divergent configuration
b) AR=4, 6=15°]

Velocity
(mfs)

Velocity
1 (m/s)

YD

VR=3 (high cross-flow velocity)

Fig. 4. Vectors and contours of velocity in Y-Z plane at X/D=0.25: left side for convergent
orifice configuration and right side for divergent orifice configuration (CFD result).

Velocity vectors and velocity contours in
X-Y plane comparing between convergent
(left side) and divergent (right side) orifice
configurations at Z/D=0 are shown m Fig.3.
The effects of orifice configuration on flow
characteristics of this jet interval plane seem
to be greater than those the jet centerline
plane. For the case of VR=7 (upper figure
group), wall jets reflect from lower surface to

upper surface. This reflection of wall jets
with divergent orifice configurations (right
side) tends to downstream direction, and it 1s
larger than those with convergent case (left
side). For the case of VR=3 (lower figure
group), the wall jets are rather completely
blown by significant cross-flow except for
the case of AR=4 at #=15° with divergent
orifice configuration as shown in Fig.3(j).
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When compare between two different orifice
configurations (compare between left side
and right side of figures), it is found that the
wall  jets  with  convergent  orifice
configurations (left side) are blown by the

cross-flow greater than those with divergent
case (right side). This can be seen that the
effect of orifice arrangement has
significantly effect on flow thought jet
interval
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Fig. 5. Flow patterns on the impingement surface for AR=4 (Experimental result).

A comparison of flow characteristics in
Y-Z plane at X/D=0.25 are shown Fig.4. For
the case of low cross-flow velocity (upper
group), the jets after impingement on the
target surface reflect to the upper wall. The
deflections of jet slightly tend to spanwise
direction corresponding to the direction of
attacking angle of orifice configurations. For
the case of high cross-flow velocity (lower
group), the deflections of jet are obviously
expressed due to significant effect of cross-
flow velocity. The deflections of both middle
jets for convergent orifice configurations

(left side) prefer to both the side walls, and
the ones  with  divergent
configurations (right side) prefer inversely to
middle regions (Z/D=0). This corresponds to
the direction of attacking angle between
convergent and divergent orifice
configurations. In addition, the deflection of
jet with AR=8 (Fig.4(m)-(p)) seem to be
larger than those with AR=4 (Fig.4(i)-(1)),
and it becomes also larger when compare
between the large attacking angle, 6=30°, to
the small attacking angle, 6=15° under the
same AR conditions.

orifice
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42 Flow characteristics above the downstream direction depend on cross-tlow

impingement surface

Flow patterns of impinging jets on the
impingement surface using the oil film
technique are shown in Fig.5 and 6. The
black and white regions represent the areas
where the oil film is completely remove
called impingement region and the area with
original oil film coating, respectively.

The impingement regions are contracted
in the upstream direction and extended in the
downstream one when the cross-flow
velocity  increases.  Characteristics  of
extension of impingement regions in the

velocity and orifice configurations. In the
case of AR=4 with divergent orifice
configuration as shown in Fig.5(d)-(i), the
impingement regions of jet located at Z/D=-
1.5 are extended along -Z axis, and the same
way, the ones located at Z/D=1.5 are
extended along +Z axis. This flow
characteristics are similar to the case of
AR=8 as shown in Fig.6(d)-(i). Here, the
areas of impingement regions for AR=8 at
6=30° are smaller as shown in Fig.6(g)-(i)
due to larger attacking area between the jet
and the cross-flow.
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Fig. 7. Flow characteristics of impinging jets on X-Z plane at 1 mm above the impingement

surface for AR=4 (CFD result).

For the case of divergent orifice
configuration as shown in Fig.5(j)-(o) for
AR=4 and Fig.6(j)-(o) for AR=8, the
extension direction of impingement regions
is inverse when compare with the case of
convergent orifice configuration as shown
previously in Fig.5(d)-(1) for 4R=4 and
Fig.6(d)-(1) for AR=8. This characteristics of
flow pattern corresponds to CFD result as
earlier shown in Fig.4.

Also in this divergent case as shown in
Fig.5(3)-(0) for AR=4 and Fig.6(j)-(0), both

locations of impingement regions on

individual surfaces are closer when the
attacking angle is larger. In addition, the
areas of removed oil film are appeared at
orifice interval for some cases. This can be
attributed that the flow in this region was
accelerated to the cross-flow streamwise due
to inclination interaction between ajacent
wall jets along this orifice interval. These
areas of removed oil film are not found to
appeare for the case of convergent orifice
configuration and the case of without
attacking angle, 6=0°.
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Fig. 8. Flow characteristics of impinging jets on X-Z plane at 1 mm above the impingement

surface for AR=8 (CFD result).

The velocity vector and contour in the Y-
axis on Z-X plane near the impingement
surface (1 mm above the surface) from CFD
results are shown in Fig.7 and 8. The Y-
component velocity represents the velocity in
the direction normal to the impingement
surface. The positive direction is towards the
downstream of the jet that impinges on the
wall. Area of high Y-component velocity
contour indicates the impingement region.
These velocity contours agree very well
with the flow patterns on the impingement
surface as shown previously in Fig.5 and 6.
With the good agreement, clarification of
heat transfer behavior in the next section can
refer to the flow characteristics from CFD
results [10].

4.3 Local Nusselt number on the impinged
surface

Nusselt number  distributions  on
impingement surface from experiment are
shown m Fig.9 and 10. These contours of
Nusselt number correspond to the oil film
patterns on the impingement surface in Fig.5
and 6 as well as the contours of Y-
component velocity near the impingement
surface in Fig.7 and 8. Areas of high Nusselt
number, indicated the impingement region,
are shifted to downstream direction due to
effect of high cross-flow velocity and large
attacking angle [10].
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For the case of AR=4 with divergent
orifice configurations as shown in Fig.9(d)-
(i), the areas of high Nusselt number are
extended along both lateral directions, +Z
and -Z axes. The positions of high value
areas are more separeted when the cross-flow
velocity increases and the attacking angle is
larger. With the higher cross-flow velocity
and the larger attacking angle, the low value
areas are clearly seen along this orifice
interval, especially for the case of V'R=3 and
6=30° as shown in Fig.9(i). This apparent
low value area along this orifice interval is
seem to be larger when the orifice aspect
ration becomes AR=8 as shown in Fig.10(1).

For the case of divergent orifice
configuration as shown in Fig.9(j)-(o) for
AR=4 and Fig.10(j)-(0) for AR=8, the
characteristics of  Nusselt number
distributions are apparently different with
those the convergent orifice configurations
earlier shown in Fig.9(d)-(i) for AR=4 and
Fig.10(d)-(1) for AR=8. The areas of high
Nusselt number of divergent orifice
configuration are combined together. Its
locations of both peak areas are closer when
the cross-flow velocity increases and the
attacking angle becomes larger. In addition,
Nusselt number are enhanced along orifice
interval for this divergent case. This location
of enhancing Nusselt number corresponds to



those flow pattern on impinged surface with
removed oil film as discussed previously.
Nusselt number distributions along
downstream direction at orifice centerline
(Z/D=1.5) for AR=4 and 8 are shown in
Fig.11 and 12, respectively. The Nusselt
number distributions in upstream direction (-
X axis) become lower corresponding to the
increasing attacking angle. The Nusselt
number distributions, however, are
comparable in downstream direction at
X/D>2. The contraction of high value area in

VR=5
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this upstream direction corresponds well
with the contraction of impingement regions
of o1l film technique and areas of high Y-
component velocity in CFD result.

In the case of AR=4, the Nusselt number
peak of each attacking angle are comparable
for VR=7 (Fig.11(a) and (b)), and it seem to
be different for VR=3 (Fig.11(e) and (f)). For
the case of AR=8 as shown in Fig.12, this
peak values of each attacking angle are quite
different with getting lower when the
attacking angle is larger for all VR.
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Fig. 10. Nusselt number distributions on the impingement surface for 4AR=8 (Experimental
result, 7,727 °C).
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Nusselt number distributions along
downstream direction at orifice interval
(Z/D=0) tor AR=4 and 8 are shown in Fig.13
and 14, respectively. The effect of orifice
arrangement seem to be quite different for
this section (compare between left and right
figures). The Nusselt number for divergent
orifice configuration (right side) is higher
than those convergent case (left side). The
promenent high values for the case of AR=8
at 6=15° with divergent orifice configuration
for VR=7 and 5 as shown in Fig.14(f) and
(d) correspond to the large area of removed
oil film at jet interval as earlier shown in
Fig.6(j) and (k).

4.4 Average Nusselt number

The average Nusselt number on the
impingement surface calculated from the
average local wall temperature in area of -
3<X/D<8 and -3<7/D<3 versus the attacking
angle are shown in Fig.15. Almost all
average values for AR=4 is higher than those
the case of AR=8. For the case of high cross-
flow wvelocity, FR=3, the average Nusselt
number is decreased when the attacking
angle increases. This average values of AR=4
with divergent orifice configuration for
VR=5 and 7 are slighty increased when
attacking angle increases from 6=15" to
#=30°. For the other cases, the average
values are decreaesed when attacking angle
increase.
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When compare the effect of orifice
configurations, almost all average values of
divergent orifice configuration is higher than
those convergent case. This can be noted that
the higher heat transfer for the case of
divergent orifice configuration is from
enhancement local heat transfer along orifice
mterval due to inclination interaction of both

adjacent wall jets.
5. Conclusions

The effect of orifice arrangements with
convergent and divergent configurations on
flow and heat transfer characteristics of jet
mmpingement row discharging through
elongated orifice with different attacking
angle was experimentally and numerically

studied. The main results with varied cross-
flow velocity can be summarized as follows;

1. The impingement regions
corresponding to high heat transfer areas are
separeted togerther for the case of convergent
orifice configuration. The distance of
separation of these impingement regions (or
high heat transfer areas) 1s larger when cros-
flow velocity increases and attacking angle
becomes lareger. This is contrast to the case
of divergent orifice configuration that the
impingement regions (or high heat transfer
areas) are combined together. The distance
of combination of impingement regions is
closer when cros-flow velocity increase and
attacking angle becomes lareger.

2. Allmost all impingement regions of
AR=4 are larger than those AR=8, and
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allmost all heat transfer rate of AR=4 1is also
higher than those AR=8.

3. Heat transfer enhances prominently
along orifice interval for the case of
divergent orifice configuration, especially,
for the case of AR=8 at 6=15° with low and
moderate cross-flow velocity. The locations
of this enhancement heat transfer correspond
to the removed areas of oil film.
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The publications of array of impinging jets
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Abstract: In this acticle, the effect of jet arrangement on
flow and heat transfer patterns on a surface under

multiple impinging jets were studied. An array of

impinging jets with in-line and staggered arrangement
were considered. The effect of crossflow exit
orientations; a single and a double outlet were also
investigated. The temperature distribution on an
impinged surface was visualized by using thermochromic
liquid crystal sheet (TLCs) and Nusselt number
distribution was evaluated by using image processing
method. The flow characteristic on the impinged surface
was visualized by using oil film technique. The results
show that an interaction between jet and crossflow can
increase heat transfer at stagnation region with
appropriated velocity ratios between jet velocity and
crossflow velocity. The heat transfer rate of in-line
arragement was higher than the staggered arrangement
3.7 % for the single outlet and 25.7 % for double outlet.
Key Words: Array of impinging jets, Jet arrangement,
Heat transfer enhancement, Liquid crystal sheet

1. INTRODUCTION

Impinging jets are widely used in many industries
which required high heat transfer rate on surface like
cooling of gas turbine blade, electronic device,
combustion wall and compact high efficient heat
exchanger. However, the heat transfer rate is high only
jet directly impinging region. When the high and uniform
heat transfer distribution is required over a wide area for
example: drymg of film sheet, heating of steel sheet,
multiple of impinging jets is usually used instead. An
accumulated spent jet flow in a confined channel can be
produced a crossflow. The crossflow 1s defined as the
fluid flow in the direction perpendicular to the
impingement flow [1].

Brizzi et al [2] illustrated the flow and temperature
patterns on the impinged surface of array of jets with an

m-line arrangement. The results of the flow pattern
corresponded to the temperature pattern. Katti and
Prabhu [1] studied the heat transfer rate of in-line
arrangement of the array jet. The results showed the jet-
to-jet distance at 4D better than 2D and 6D (D 1s nozzle
diameter) and jet-to-plate distance at 1D and 2D have
higher heat transfer rate.

Previous studies have been investigated on
mpingement heat transfer with the crossflow. There
found the crossflow significantly reduced the heat
transfer on impingement surface [3, 4 and 5]. In this
research, the effect of both the in-line and staggered
arrangement and the outlet orientation of spent air were
studied. The investigations carried out of the array of jet
impingement with jet-to-plate spacing for two time of jet
diameter. The characteristics of local heat transfer and
flow visualization on the impinged surface were
mvestigated.

2. EXPERIMENTAL MODEL AND PARAMETERS

5=3D 872

Orifice plate Impinging jet I@ -
e | moon [ o || e | e

Outlet « ‘; ; * ¥ ' !7 '

L_X

Impingement plate

(a) Single outlet
Impinging jet Orifice plate
i
Outlet « iR * Outlet
Impingement plate
(b) Double outlets

Fig. 1. Sketch of the confined channel with different
crossflow exit orientations
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Fig. 2. Experimental model of jet arrangement (Number 1to 6 represente the number of column)
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Fig. 3. Schematic view of the experimental setup

The model in this experiment, the jets were
discharged from array of circular orifices and then
1mpinged normal to heated surface on opposite surface of
rectangular duct. Fig.l presents the sketch of two
different exit orientations; the first is the single outlet
(Fig.1 (a)) and the second is the double outlets (Fig.1
(b)). For the single outlet, the spent air was allowed to
flow out from the test section with only one direction.
For double outlets, the spent air allowed to flow out from
the test section with opposite direction. An origin of the
Cartesian coordinates was located at the impinged
surface as shows in Fig.l. The X, Y and Z-axis are the
streamwise, normal to the impinged surface and
spanwise direction of duct, respectively.

Fig.2 illustrates the array of jet arrangement are the
in-line and staggered arrangement and both arrangement
are same number of 6x4 jet holes. A diameter of nozzle

was D=13.2 mm. The jet-to-jet distance was fixed at

S=3D and jet-to-plate distance was fixed at H=2D. All
experiments were carried out at constant Reynolds
number Re=12.700. In case of the staggered arrangement
as shows in Fig. 2 (b), the confined wall of the lateral
side was given jet-to-wall distance for S/2 (=1.5D) and
this confined wall was given with same dimension for in
case of the in-line arrangement as shows in Fig. 2 (a).

3. EXPERIMENTAL SETUP AND METHOD
3.1. Experimental setup

Fig.3 shows schematic view of the experimental
apparatus. The blower (3HP) is used for generated the air
jet. The air flows through a temperature controlled
chamber and towards the orifice flow meter. The air
subsequently passes through a jet chamber with constant
cross-section 360-mm-wide, 360-mm-long and 850-mm-
high. The jet chamber was equipped with two of



perforated plates and two of mesh plates to ensure that
uniform flow approached to the nozzle plate. For all
experimental conditions, the jet flow was controlled with
constant flow rate at Re= VJD /v=12.700 and at constant

temperature T=27 °C. The test section was mounted
upon the jet chamber. In case of single outlet, the test
section was mounted by wall with space 1.5D (S/2) from
the column 1 as shows in Fig. | (a).

3.2. Heat transfer measurement

Fig. 3 shows the detail of test section for heat transfer
measurement. The air with constant temperature was
discharged from an orifice plate and impinged upon the
heat transfer surface. The heat transfer surface was made
of stainless steel foil (30-um-thicknesses) which attached
with TLC sheet on the rear side of jet impinged surface.
The stainless steel foil was stretched between couple of
copper bus bars. The heat transfer surface was heated by
DC power supply that can supply current up to 40A
passes through copper bus bars. An amount of electrical
energy 1s dissipated in the stainless steel foil and it can
be calculated from equation

Q‘mpulez'R (l)
where here, 7 1s the electrical current and R 1s the
electric resistance of stainless steel foil.

Then, the heated impinged surface was cooled by
impinging jets. Hence, the local values of heat transfer
coefficient (k) by force convection of jets can be
evaluated from equation

_ Qmpuf = Qloma _ qmpu! = qJ- . qC (2)

B - T
where 4, = Cépe (Tw 71—;) and 4. = hc(Tw -T,)are the
heat loss transferred to the environment by radiation and
convection, respectively. The 7 and T, are the wall and

jet temperature, the o is a Stefan-Boltzman constant, the

&y 15 a emissive coefficient of the black background

pamt and the TLCs that has been given in [6], T, 1is a
surrounding temperature and /; is a natural heat transfer

coefficient that was calculated from natural convective
heat transfer from the horizontal plate orientation to the
surrounding.

The wall temperature (7, ) on the impinged surface

was measured by using TLC sheet that attached on the
rear side of jet impinged surface. The CCD camera was
used to capture colour on TLC sheet. The images of
colour pattern on TLC were converted from the RGB
(Red, Green and Blue) colour system to the HSI (Hue,
Saturation and Intensity) colour system. The Hue (H)
value provides a convenient way to correlate the colour
of TLC to their temperature in range of 28-40°C. The
TLCs was calibrated with same location on the test
section to keep all external factors constant. The local
Nusselt number was calculated from

hD 3)
where D 1s the diameter of orifice and & is a
conductivity of air jet. An average Nusselt number was
calculated from

Nu =
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Nu = B @
k

where here, the average heat transfer coefficient 4 was

calculated from Eq.(2) by replacing T, to ﬁ that is a

averaged temperature on the impinged surface.
3.3. Flow visualization on the impinged surface

The flow visualization on the impinged surface was
illustrated by using oil film technique. The o1l film was
mixed by liquid paraffin, titanium dioxide and oleic acid.
A transparent plastic plate was coated by o1l film and it
was replaced to the impinged surface. The CCD camera
was captured the oil film flow on the impinged surface at
each different time (30 second/frame).

4. RESULTS AND DISCUSSION

4.1 Flow patterns on an impinged surface

€—— Outletdirection —— >

o Centerof
each nozzle

0il film

©il film
removed

(b) Staggered arrangement

Fig. 4. Flow patterns on the impinged surface in case of
double outlet (Re=12,700, After jet impinged 1200
second)

Fig. 4 and 5 show the flow visualization on the impinged
surface by using oil film technique. The black area and
white area represent an oil film completely removed wall
region and area of o1l film, respectively. The
mmpingement area has a high shear stress on the surface,
this effect on the oil film removed from this area. A
white point in the middle of black area representes the
stagnation point of jet and the black dots are the location
of center of each orfice nozzle.

Fig. 4 shows the flow patterns on the impinged
surface m case of the double outlet. The flow patterns of
both different arrangement illustrate deflection of jet
toward the crossflow direction. Deformation of impinged
area depend on the location of orfice and jet
arrangement.
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Fig. 6. Hlustrate the crossflow passes through the array
of jets with different nozzle arrangement

Fig. 5 shows the effect of nozzle arrangement on flow
characteristics on the impinged surface in case of the
single outlet. The flow pattern in case of in-line
arragement, the stagnation point (Small white point) of
jet column 4-6 were shifted to the direction of crossflow.
The distance between center of nozzle and stagnation
point increased with increasing the number of column.
For the column 4, 5 and 6, the shifted distance between
center of nozzle to the stagnation point are 0.5D, 1.0D
and 1.3D, respectively as shows in Fig. 5 (a). This
deflection of jet can be illustreted the effect of crossflow
on the jet flow, especially, the jet which located at last
column (Column 6) near the outlet. The stagnation
region was shifted far away from the center of jet.
Moreover, the jets which located at last column (Column
6) in case of staggered arrangement (Fig.5 (b)), the
stagnation region was located at over considered area
(disapear on the considered area). The different
characteristics of crossflow passes through the jets flow
of the in-line and staggered arrangement were illustrate
n Fig.6.

4.2 The detail of Nusselt number on the impinged
surface

Fig. 7 and 8 show the local Nusselt number distribution
on the impinged surface. The heat transfer rate in jet
impingement regions of each jets was higher than heat
transfer rate in region between jet and around it. The
characteristic of heat transfer corresponded to the flow
pattern on the impinged surface with same experimental
condition. Similarly, the peak of heat transfer occured at
the same location of the jet impinged region as show in
Fig. 4 and 5.

€—— Outletdirection ———>

(b) Staggered arrangement

Fig. 7. Nusselt number distribution on the impinged
surface in case of double outlet (I;=27 °C, Re=12,700,
black dots represent the center of the orifice jet)

€————— Outlet direction

(b) Staggered arrangement

Fig. 8. Nusselt number distribution on the impinged
surface in case of single outlet (T=27 °C, Re=12,700,
black dots represent the center of the orifice jet)

Fig. 9 shows the spanwise averaged Nusselt number.
Incase of double outlet (Fig. 9 (a)). the peak of heat
transfer of in-line arrangement dominated the peak from
the staggered arrangement for all location of X-axis.



Otherwise, the location of peak of heat transfer of the
single crossflow depended on the jet arrangement as
show in Fig. 9 (b). The location of X>3D, the peak of
heat transfer of the staggered arrangement dominated the
peak from the m-line arrangement. Otherwise, the
location of X<-1D, the peak of heat transfer of the in-line
arrangement dominated the peak from the staggered
arrangement.
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Fig. 9. Spanwise averaged Nusselt number (T;=27°C.
Re=12,700, Arrow represents the location of nozzle)

Fig9 (b) shows the effect of crossflow on the
mmpinged heat transfer for single outlet. In case of the in-
line arrangement and location of X<-1D, an interaction
between the jet and the crossflow can be increased heat
transfer at each stagnation region with appropriated
velocity jet and crossflow. However, increasing of heat
transfer will be able only in case of small jet-to-plate
distance. This heat transfer behavior corresponded to the
results of Katti and Prabhu [1] that showed a range of the
jet-to-plate distance H<2D.

However, in case of the staggered arrangement and
location of X<-1D as shows in Fig. 9 (b), the flow
characteristic of this condition has been shown in Fig. 6
(b). The crossflow with high velocity attacked the jet
flow and the jet flow was more deflected toward a
downstream of crossflow. Hence, crossflow decreased
heat transfer on the impinged surface.

Table 1 shows the variation of averaged Nusselt
number on the impinged surface that calculated from the
equation (4). The averaged Nusselt number of the in-line
arrangement with Double outlet has highest heat transfer
than the other parameter. The averaged Nusselt number
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shows that the heat transfer rate of the in-line arragement
was higher than the staggered arrangement 3.7 % for the
single outlet and 25.7 % for the double outlets.

Table 1. Average Nusselt number

Single crosstlow Double crossflow

In-line  Staggered In-line Staggered

227.7 2195 273.4 217.5

5. CONCLUSION

In present study, the effects of jet flow arrangement and
outlet orientations were experimentally investigated. The
main results were shown as follows;

(1) The flow pattern on the impinged surface was
corresponded to the heat transfer characteristic on the
impinged surface with same experimental condition.

(2) The interaction between the jet and the crosstlow can
increase heat transfer at stagnation region with
appropriated velocity ratio between jet and crossflow,
otherwise, very high velocity of crossflow can decrease
heat transfer 1n jet impingement region.

(3) The heat transfer rate of in-line arragement was
higher than the staggered arrangement 3.7 % for single
outlet and 25.7 % for double outlets.
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Abstract

The aim of this research is to enhance the heat transfer on a target surface of an array of
impinging jets by decreasing effect of crossflow. Conventional round orifices (Aspect Ratio, AR=1) were
substituted by elongated round orifices with aspect ratio AR=4 and 8 in base on same jet exit area. Two
types of orifices arrangement; in-line and staggered arrangement were considered. The experimental
investigation was carried out at constant distance from orifice plate to impinged surface H=2D. (D is
equivalent diameter of orifice). The heat transfer characteristic was visualized using Thermochromic liquid
crystal sheet (TLCs) and Nusselt number distribution was evaluated by image processing techniques. The
flow characteristic on the impinged surface was also visualized by oil film technique. The results show
that the elongated round orifices with AR=4 can increase average Nusselt number more than case of
AR=1 for 6.04% and 12.52% in case of in-line and staggered arrangement, respectively. However, the
heat transfer for case of AR=8 was enhanced only for in-line arrangement when compared with the case
of AR=1. The results from flow visualization on jets impinged surface show that the jets from elongated
round orifices with AR=4 were received crossflow effect smaller than jets from orifices with AR=1 and 8.
Keywords: |Impinging jets, Crossflow, Heat transfer enhancement, Elongated round orifice, Orifices
arrangement

1. Introduction example: drying of film sheet, heating of steel

Impinging jets are widely used in many
incdustrial applications which required high heat
transfer rate on surface such as cooling of gas
turbine blade, electronic device or wall of
combustion chamber. However, the heat transfer
rate is high only in jet directly impinging region.
When the high and uniform heat transfer

distribution is required over a wide area for

sheet, multiple or array of impinging jets is
usually instead. An important parameter that
influences on the multiple of jet impingements in
a confined space is the crossflow. Here, the
crossflow is defined as the fluid flow in the
direction perpendicular to the jet impingement

flow [1]. The crossflow was produced by
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accumulating of spent jets from upstream to
downstream of the confined space.

Katti and Prabhu [1] studied the effect of
jet-to-jet distance and jet-to-plate distance on
heat transfer rate in case of round impinging jets
with in-line arrangement. They concluded that
the jet-to-jet distance at S=4D give higher heat
transfer rate than case of S=2D and 6D (D is
nozzle diameter). And jet-to-plate distance at
H=1D and 2D are better than case of H=3D.

Brizzi et al. [2] illustrated the flow and
temperature patterns on the impinged surface of
array of round jets with an in-line arrangement.
The results of the flow pattern corresponded to
the temperature pattern. And crossflow deforms
significantly the impingement area that located at
downstream in confined channel.

Previous studies [1-4] have been
investigated heat transfer characteristics on jet
impingement surface with crossflow. They
concluded that the crossflow  reduced
significantly the heat transfer on impingement
surface at downstream [3]. The aim of this
research is to increase the heat transfer on the
impinged surface by reducing the effect of
crossflow in case of low jet-to-plate distance
H=2D¢. Elongated round orifices with AR=4 and
8 were studied compare with conventional round
orifices (AR=1). The jet Reynolds number for
each orifice was kept constant at Re=13,400.
Two type of jet flow arrangement; an in-line and
staggered arrangement were also investigated.
The comparisons of flow and heat transfer
characteristics on the impinged surface are

based on the constant jet mass flow rate.
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2. Experimental Model

The experimental model is shown in Fig. 1.
The multiple jets are discharged from array of
orifices the round orifices, and impinge normal to
opposite surface in a confined rectangular duct.
The crossflow is then generated by accumulating
the jets impinged air at upstream side and finally
flow out to exit at one side of the duct. It should
be noted that the velocity of crossflow increase
as going downstream near the flow exit. The
impinging jets in last column near the flow exit
affected the strongest cross flow effect. The jet-

to-plate distance is H=2D¢.

S 3D S/2
Orifice plate Impinging jet Da |

T

Impingement plate

Fig. 1. Experimental model of array of jets

impingement

The details of orifice geometry which
used in this study are shown in Fig.2. All orifices
have same exit area (about 136.8 mmz). In this
study, the equivalent diameter D¢ is defined as
diameter of round orifice which has same exit
area and D¢ is equal to 13.2 mm.

—~_F L
A(Z,,,);, $ —31 W

[N 1

Elongated round orifice

L (mm) W (mm)

Round orifice

AR=1 13.2 13.2
AR=4 24 6
AR=8 33.6 4.2

Fig. 2. Orifice geometry with identical cross-

section area
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Fig.3 illustrates the arrangements of
array of jets; the in-line and staggered
arrangement. Both arrangements have same
number of 6x4 jet holes. The jet-to-jet distance
was fixed at S=3D. The confined walls for each
arrangement were fixed at location as shown in

Fig. 3.
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(b) Staggered arrangement
Fig. 3. Jet arrangement (No.1 to 6 represente

the number of jets column)

3. Experimental Setup and Method

3.1. Experimental setup

Fig.4 shows schematic diagram of the
experimental apparatus. The blower (3HP) was
used for generating the air jets. The air flows
through a temperature controlled chamber and
towards the orifice flow meter. The air
subsequently passes through a jet chamber with
constant cross-section 360 mm x 360 mm and
850mm in height. The jet chamber was equipped
with two of perforated plates and two of mesh
plates to ensure uniform flow approached to the
orifice plate. For all experimental conditions, the

air flow rate was controlled at constant flow. The
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Reynolds number of each jet is constant at
Re=V]D/V=13,400. The jet temperature was
measured in jet chamber and controlled at
Tj=27.OOC during experiment.
3.2. Heat transfer measurement

Fig. 4 shows the detail of test section for
heat transfer measurement. The test section was
mounted upon the jet chamber. The air jets were
discharged from orifice plate, and then impinged
upon the electrical heated surface for cooling.
The heat transfer surface was made of stainless
steel foil (30-um-thickness) which attached with
TLC sheet (Omega Engineering, LCS-95) on the
rear side of jet impinged surface. The stainless
steel foil was stretched between couple of
copper bus bars. The heat transfer surface was
heated by DC power supply that can supply
current up to 50A passes through copper bus
bars. An amount of electrical energy is
dissipated in the stainless steel foil and is

calculated from equation
S
Qmpur*] R (1)

where here, I is the electrical current and R is
the electric resistance of stainless steel foil.

The local heat transfer coefficient (h)
can be evaluated from equation

e O~ Qioses _ g — 4 4 2
AT, -T;) L-1,

where g, = o, (T, ~T.)andg, =J (T, ~T,)are
the heat loss transferred to the environment by
radiation and convection, respectively. Here, T_
and T, are average wall temperature and jet
temperature, o is a Stefan-Boltzman constant,
¢nc is an emissive coefficient of TLCs (=0.9) [4].
7. is surrounding temperature and }_ is natural
heat transfer coefficient for heat loss from the

TLC to the surrounding air.
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4. Results and Discussions
4.1 Flow patterns on an impinged surface

The flow visualization on the impinged
surface is shown in Fig. 5. The black area and
white area represent area of oil film removed
completely from wall and area of wall with oil
film coating, respectively. A white points in the

middle of black areas represent the stagnation

m 01l film content

-0 -8 -6 -4 10 -8 -6 -4

-2 0
XD

(d) Staggered, AR=1

(e) Staggered, AR=4
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point of jet bounded by jet impingement region.
The black dots are the location of center of each
orfices. The flow patterns of both in-line and
staggered arrangement illustrated that the
impingement region at downstream (column No.
4-6) moved to downstream by crossflow. Pattem
in jet impingement regions depend on the

location on jets and jet arrangement.

Bl Oil film removes

-6

0
XD

(f) Staggered, AR=8

Fig. 5. Flow patterns on the impinged surface (Re=13,400, black dot represents the center of each orifice)

In the case of in-line arrangement (Fig.
5. (a)-(c)), the charachteristic of stagnation
regions are different depending on orifice
geometry. The stagnation regions of elongated
round orifice jet are more extended to crossflow
direction, as increase AR, especially, in case of
the AR=8. The stagnation regions for AR=1
(Fig.5 (a)) depends on location of jets, the
stagnation regions more moved to the
downstream for the jets that located far away

from column No.1. However, the movement of

impingement region for elongated round orifices
(Fig. 5. (b) and (c)) are smaller than case of
AR=1 (Fig. 5. (a)). This means that the
elongated round orifices for both AR=4 and 8
can decrease the effect of crossflow to
impinging jets.

In case of AR=1 with staggered
arrangement (Fig. 5. (d)), the stagnation regions
of jets that located in upstream region (column
No. 1-3) are more clearly expresse than of the

jets that located in downstream region (column
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No. 4-6). Due to the confined wall, the impinging
jets in downstream area affected the strong
crossflow by accomulating spent jets from
upstream. So that, the jets that located at
downstream region (column No. 4-6) are mixing
strongly with crossflow and lose momentum for
impinging on target surface. It is contrast from
case of in-line arrangement (Fig. 5 (a)). It shows
that the stagnation regions are slightly different
between upstream and downstream region.
Because, the spent jets can passes easily
through the channel between the rows of jets.
So, the crossflow effect on impinging jets
becomes small.

In case of AR=4 with staggered

arrangement (Fig. 5. (e)), the stagnation regions

(d) Staggered, AR=1

(e) Staggered, AR=4
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at downstream region (column No. 4-6) are
clearer than case of the AR=1 (Fig. 5. (d)).
Because, the effect of crossflow on jets from
orifices case of AR=4 is weaker than case of
AR=1. However, the stagnation regions at
downstream region for case of AR=8 are unclear
as same as case of AR=1. Since, the orifice with
AR=8 is slim and the circumference of this
orifice jet which contact with crossflow is larger
than case of AR=4, so the mixing between jet
and crossflow is more than case of AR=4. The
momentum of jet impinged on ther target surface

is smaller than case of AR=4.

Nu
220

f o000
4

180
140

100

0
2 0 2 4

-10 -8 -6 -4 6 8

XD
(c) In-line, AR=8
Nu
220

(f) Staggered, AR=8

Fig. 6. Nusselt number distribution on the impinged surface (TJ=27OC, Re=13,400, black dot represents

the center of orifice)
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4.2 The local Nusselt humber on the impinged
surface

The Nusselt number distributions on the
impinged surface are shown in Fig. 6. The
characteristic of heat transfer corresponded the
flow pattern on the impinged surface (Fig.5) with
same experimental condition. The Nusselt
number in stagnation regions for case of AR=4
and 8 with in-line arrangement is higher than of
AR=1. The area of high heat transfer for AR=4
and 8 are extended in crossflow direction
corresponding to the orifice geometry.

The Nusselt number characteristic of the
staggered arrangement is contrast with case of
the in-line arrangement. The Nusselt number in
upstream region (column No. 1-3) for case of
staggered amrangement is high, but decrese
rapidly as going downstream (column No. 4-5).
Except for case of AR=4, the Nusselt humber
decreses gradually when compare with the
upstream area of itself. The impinging jets from
orifices case of AR=4 can increase heat transfer
for both in-line and staggered arrangement. But,

the impinging jets from orifices at AR=8 can
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increase heat transfer only for in-line
arrangement. The reason has been discussed in
flow visualization results.

Fig. 7 (a) shows the local Nusselt
number distribution along Z/D=0 and 1.5 for the
in-line arrangement. The results show that
impinging jets from orifices at AR=4 give highest
peak of Nusselt number. However, it is lower
than case of AR=8 in area between the column
of jet. The high heat transfer compensate from
the stagnation region to area of between the
column of jet for case of the AR=8, so the peak
of Nusselt number at stagnation region for AR=4
is higher than of AR=8. In addition, the Nusselt
number at area of between the rows of jet (dash
line) for AR=8 are lowest.

Fig. 7 (b) shows the local Nusselt
number distribution along Z/D=2.25 for
staggered arrangement. The peak of Nusselt
number is only high in upstream region (column
No. 1-3) and decrease as going downstream
(column No. 5). Except for case of AR=4, the
peak of Nusselt number is still high in

downstream region.
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Fig. 7. Local Nusselt number distribution along crossflow direction (TJ=27OC, Re=13,400)

4.3 Average Nusselt number

The average Nusselt number on the
impinged surface was calculated by using
average temperature in area of -6.5<Z/D<6.5
and -11.15<X/D<8.4. The results for each orifice
geometry and arrangements are compared in
Fig. 8. The elongated round orifice can increase
heat transfer rate on impingement region. The
average Nusselt number of the in-line
arrangement is higher than case of staggered
arrangement for all of AR. The average Nusselt
number for AR=4 with in-line arrangement is
highest and slightly higher than case of AR=8. In
case of in-line arrangement, the average Nusselt
number for both case of AR=4 and 8 are higher
6.04 % and 554 % than case of AR=1.
However, for the staggered arrangement, only
average Nusselt number for case of AR=4 is

higher 12.52% than of AR=1, but for case of

AR=8, the average Nusselt number is smaller

when compare with case of AR=1.
min-line
110 E Staggered

100 F 9.32 95.86
90.83 90.03

79.09

Average Nusselt number
o
o
T

-

4 8
AR

Fig. 8. Average Nusselt number

5. Conclusions
In present study, the effects of orifice
geometry and jet flow arrangement were
experimentally investigated. The main results
were shown as follows;
(1) The impinging jets from elongated round
orifices AR=4 can decrease effect of crossflow

for both in-line and staggered arrangement, so
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the heat transfer rate for both jet arrangement is
higher than case of AR=1 and 8.
(2) The AR=8 can increase the heat transfer in
stagnation region and area between columns of
jet for in-line arrangement, but it is rapidly
decrease in downstream region for staggered
arrangement.
(3) The average Nusselt number of the in-line
arrangement are higher than of staggered
arrangement for any AR, and the average
Nusselt number for AR=4 is the highest.
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Abstract

The effect of jet arrangements on flow and heat transfer characteristics was experimentally and numerically nvestigated
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 (/) 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 ofin-line arrange-
ment, the crosstlow 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, crosstlow, 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

* Corresponding author.
Email address: chayut@me.psu.ac.th

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 crosstlow,
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 e a/. (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 1is the nozzle diameter). Brizzi er 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
ishigher 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 a/., 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 crosstlow (Shi
etal., 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 ez al. 2010; Xing ez 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 ANSY'S 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 1n Figure 1 and 2. The Y-axis is normal to the target

S/2 S=3D

Jets

i D |
: | . PR S
X

Orifice plate

|::> Outlet
]

Impingement plate

Figure 1. Experimental model of array of impinging jets.

Confined wall

(@)

Confined wall

(b)

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 crosstlow, 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 1s 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 ofnozzle
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
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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

Thermochromic
iquid crystal

Acrylic

Jet chamber

S A |
ont P o prag! SUS304 foil
[ ! Copper bus bar
I Yoo
==> Spent air exit
BT —
Thermocouple
V) voit
Mesh plate = Temperature
controller
Jet chamber “"9::”"
ransducer
SCR
Perforated Blower
plate
Inverter
g Heater i O
Orifice

Blower

Figure 3. Schematic and photographs of the experimental apparatus.
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where 7 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, /1, can be evaluated from:

_ i = Qvoses _ o =4 =4
AT,-T) © T,-T,

@

where 4 is area of stainless steel foil, §, = o (T, —T,) and
q, =h (T, —T,)are the heat losses to the environment by
radiation and convection, respectively, T, and T are the
wall and jet temperatures, ois the Stefan-Boltzman constant,
& 18 the emissive coefficient of the TLC sheet (Geers er
al.,2008), T, is the surrounding temperature, and 7, is the
natural heat transter 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 () 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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Nu = 2 &)
N = —— &)
k
where D is the round orifice diameter, and & is the jet thermal
conductivity.
The average Nusselt number can be calculated from:
1D
Nu = — @
k

where / is the average heat transfer coefficient, calculated
from Equation 2 by replacing 7, with the average temperature
on the impingement surface, f 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 75x105 mm acrylic back-plate (10 mm thick, acting as
thermal insulator), a thin coil heater (Kyohritsu, 80 Q, 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

TLC
| Thermocouples
cz T | Aluminium plate

Heater

. B
N ‘ Acrylic

Front view

1

[ | Power supply

Data logger

] ]

[m ;
Digital /
camera /

/

4 =10 mm

Left view

Front view

Back view

To data logger

[ W Heater

~ To power supply ‘

- .

Computer

To data logger

Back view

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 ata 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 e a/., 2003;
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Figure 5. Temperature versus normalized hue value of TLCs cali-

in capturing the TLCs image. bration.
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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 m-line arrangement.

Number of nodes
—— 111,638

200 v 125,400

444,266
- 775,386

—— 1,603,186

Pressure (Pa)

100 \ A ---r-1.034308

o 2 4 6 8 10 12 14 16 18 20
XD

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

atz1s0 - #

- Out flow

atz=3.00" o

atX=18.50

atX=10.50

Figure 9. Flow characteristics in the case of in-line arrangement at

Re=13.400.
(©) fe)
at2=0.750 S, (©) . -
L4, 2% Out
i ut flow
a12=2.250 I -
o —O0—]

atx=4.5D

aX=105D atX=16.5D Velocty

Figure 10. Flow characteristics i the case of staggered arrangement
at Re=13.400.
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channel exit. The crosstflow 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 ofthe 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
jethaving 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
crosstlow. 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 crosstlow 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

i

2 4 6 8 10 12“14 16 18 20
XD

1 oil film contained

209

—

Y-Velocity
(mis)

120

Crossflow
— >

Y-veloety
(s

120
056
07z
o048

0 2 4 6 8 10 12 14 16 18 20 22
X/D

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
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2 4 6 8 10 12 14 16
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Figure 12. Flow patterns on the impmgement surface with oil film technique for Re=13.400: (a) In-lme arrangement and (b) staggered
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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 crosstlow 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
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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 crosstlow
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 crosstlow 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).

14 16

18 20

Figure 14. Nusselt number distributions on the impmgement surface for Re=13.400 (T]:27°C ): (a) In-line arrangement and (b) staggered

an‘angement 5
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Figure 15. Local Nusselt number distributions along streamwise di-
rection at different Z/D (from dash lne m Figure 14 and
each arrow mdicates 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:

21.1

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 crosstlow 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. Theaverage 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.
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Figure 16. Spanwise average Nusselt number (vertical arrows ndi-
cate the locations of column jets).

-o-Inline

Average Nusselt number
o
=3

40 -=-Staggered
20
4000 7000 10000 13000
Re

Figure 17. Average Nusselt number for overall impingement surface.
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ARTICLE INFO ABSTRACT

Available online 18 June 2012 The aim of this research is to enhance the heat transfer on an impinged surface under an impinging jet array

by minimizing a cross-flow effect. Conventional round orifices (aspect ratio, AR = 1) are substituted by the

Keywords: elongated orifices with aspect ratio AR =4 and 8 with the same jet exit area. Two types of orifice arrange-
]mP“’%mg Jets ments; in-line and staggered arrays are compared. The experimental investigation was carried out at con-
Cross-flow

stant distance from orifice plate to impinged surface H=2Dg (Dg is equivalent diameter of orifice). The
heat transfer characteristic was visualized using thermochromic liquid crystal sheet (TLCs) and the Nusselt
number distribution was evaluated by an image processing technique. The flow characteristic on the im-
pinged surface was also visualized by oil film technique. The results show that the cross-flow in a case of
the jets issued from the orifices with AR =4 is considerably less significant than that in cases of the ones de-
livered from the orifices with AR=1 and 8. At Reynolds number of 13,400, the Nusselt numbers for the jet
arrays issued from the elongated orifices with AR =4 with in-line and staggered arrangements are respec-

Heat transfer enhancement
Elongated orifice
Orifices arrangement

tively 6.04% and 12.52% higher than those for the case of AR=1.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Impinging jets are widely used in many industrial applications which
required high heat transfer rate on surface such as cooling of gas turbine
blade, electronic device or wall of combustion chamber. A typical imping-
ing jet induces an extremely high heat transfer in a stagnation region.
However, the heat transfer rate abruptly decreases further away from
the region. When the high and uniform heat transfer distribution is re-
quired over a wide area for example: drying of film sheet, heating of
steel sheet, multiple or array of impinging jets is usually instead. An im-
portant parameter that influences on the multiple of jet impingements
in a confined space is the cross-flow. Here, the cross-flow is defined as
the fluid flow in the direction perpendicular to the jet impingement
flow [1]. The cross-flow is formed by the spent air from the impinging
Jjetwhich is finally exhausted. The cross-flow effect causes an adverse ef-
fect on heat transfer on an impinged surface. In order to achieve an effi-
cient heat transfer, the cross-flow effect must be minimized.

Katti and Prabhu [1] investigated the influence of jet-to-jet distance
and jet-to-plate distance on heat transfer characteristics of round im-
pinging jets with in-line arrangement on heat transfer. Their results re-
vealed that the maximum heat transfer rate was achieved at S=4D
and H=D. Brizzi et al. [2] visualized the flow and temperature patterns
on the impinged surface of round jet arrays in a cross-flow. They
suggested that the cross-flow significantly deforms the impingement

¥ Communicated by W.J. Minkowycz.
* Corresponding author.
E-mail address: chayut@me.psu.ac.th (C. Nuntadusit).

0735-1933/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
doi;10.1016/j.icheatmasstransfer.2012.06.014

area that located at downstream in confined channel. Bouchez and Gold-
stein [3] evaluated the local impingement cooling effectiveness and heat
transfer coefficients over the interaction area of an air jet impinging on a
wall and subjected to a cross-flow of air. It was reported that an impinge-
ment cooling effectiveness decreases with the blowing rate especially
near the stagnation point. Geers et al. [4] studied the heat transfer in
hexagonal and in-line arrays of impinging jets using liquid crystal ther-
mography. Effects of the distance between the impingement plate and
the nozzle exit plane on the heat transfer were described. Nuntadusit
et al. [5] investigated the effect of the multiple swirling impinging jets
on the flow and heat transfer characteristics with different jet-to-jet
distances. The flow patterns on an impinged surface were visualized
using oil film technique while the distributions of temperature field
and Nusselt number on impinged surface were evaluated via a ther-
mochromic liquid crystal sheet coupled with image processing tech-
nique. Rhee et al. [6] reported the effects of spent air flows with and
without effusion holes on heat/mass transfer on a target plate for
array impinging jets. It was found that at small gap distances, the flow
without effusion holes caused significantly non-uniform heat/mass
transfer coefficients distribution due to the strong effects of a cross-
flow and re-entrainments of spent air. When the effusion holes were
employed, the uniformity of the distribution was improved. On the
other hand, at large gap distances, the effect of cross-flow was weak
and the distributions and levels of heat/mass transfer coefficients
were similar for both cases. Yan et al. [7] examined the heat transfer
on a flat surface under arrays of impinging elliptic jets with different as-
pect ratios and exit flow conditions using a transient liquid crystal tech-
nique. They observed that both aspect ratio and cross-flow significantly
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Fig. 1. Experimental model of array of jets impingement.

influenced the axial shift of the impingement/touchdown locations. Yan
and Mei [8] reported the heat transfer coefficient distributions over a
ribbed surface (broken V-shaped-rib configurations with different exit
flow orientations) under impingement of elliptic jet arrays using a lig-
uid crystal thermograph technique. They found that the surface with
continuous ribs provides a better impingement heat transfer than that
with broken ribs downstream peaks were diminished for increasing
cross-flow effect. Chiu et al. [9] investigated the influence of the jet ge-
ometries including the aspect ratio (AR) of elliptical jet and jet-to-target
spacing on the impinging heat transfer. For the range of AR considered
(0.25,0.5,1.0,2.0 and 4.0), the optimum heat transfer performance was
achieved at AR=1.

The heat transfer enhancements by impinging jets jet with several
styles have been numerically investigated. Heo et al. [10] studied the
characteristics of the fluid flow and heat transfer of staggered inclined
impinging jets on a concave surface using the shear stress transport tur-
bulence model. The effects of the inclination angle of the staggered jet
nozzles and the distance between the jet nozzles on the heat transfer
performance was also described. Jefferson-Loveday and Tucker [11]
used Numerical large-eddy simulation (NLES) to analyze the flow and
heat transfer for a round jet impinging on a flat surface at different
the jet diameters. Rahman et al. [ 12] investigated the heat transfer char-
acteristics of a free liquid jet discharging from a slot nozzle and imping-
ing vertically on a curved cylindrical shaped plate of finite thickness.
They found that the local heat transfer coefficient increased with de-
creasing nozzle width. Demircan and Turkoglu [13] analyzed the flow
and heat transfer characteristics of oscillating air jets impinging on a
flat surface. They found that Nusselt number associated with oscillated
jets moderately higher than that associated with steady jets. De Lemos
and Fischer [14] performed the thermal analysis of an impinging jet
on a plate with and without a porous layer. Heat transfer enhancement
by the use of the plate with porous layer as compared to that in the
case without a porous layer, was achieved only for certain range of
values of layer thickness, porosity, and thermal conductivity ratio.
Rahman et al. [15] studied the convective heat transfer during free

LN D
Nt ]

L
S———

Elongated orifice

Round orifice

AR=1 D=132mm
AR=4 L =24 mm W =6 mm
AR=8 L=336mm | W=42mm

Fig. 2. Orifice geometries with identical cross-section area.

liquid jet impingement on a hemispherical solid plate of finite thick-
ness. They found that the uniformity of temperature distribution at
the solid-fluid interface was improved as thermal conductivity
plate materials increased. Rahman and Lallave [16] reported the
transient conjugate heat transfer characterization of a free liquid
jet impinging on a rotating solid disk of finite thickness and radius.
Their results revealed that the duration of the transient increased
with disk thickness and decreased with Reynolds number and ther-
mal conductivity ratio.

According to the previously published works [ 1-4,6-9], cross-flow
significantly influences heat transfer characteristics on jet impingement
surface. The aim of this research is to improve heat transfer on the im-
pinged surface by optimizing of the cross-flow behaviours at low jet-
to-plate distance (H=2D;). Elongated orifices at AR=4 and 8 with
in-line and staggered arrangements, were employed for the purpose
and their results were subjected to benchmark with those of the con-
ventional round orifice (AR=1). The tests were conducted at three dif-
ferent jet Reynolds numbers of 5000, 7500 and 13,400. The heat transfer
evaluation criterion is based on a constant jet mass flow rate.

2. Experimental model

The experimental model is shown in Fig. 1. The multiple jets were
discharged from the orifices to impinge on the opposite surface in a con-
fined rectangular duct. The cross-flow is formed by the spent air from
the impinging jet which is finally exhausted at one end of the confined
area. The jet-to-plate distance was fixed at H = 2Dg. The details of orifice
geometry used in the present study are shown in Fig. 2. All orifices had
the same exit area of 136.8 mm? and each round orifice had an equiva-
lent diameter (Dg) of 13.2 mm. Fig. 3 demonstrates the in-line and stag-
gered arrangements of jet array. Each array consisted of 24 jet holes
distributed in 6 columns and 4 rows (6x4 jet holes) with constant
jet-to-jet distance (S) of 3D. The patterns of the in-line and staggered
jet arrays are shown in Fig. 3.

3. Experimental setup and method
3.1. Heat transfer experimental setup and data reduction

Fig. 4 shows schematic diagram of the experimental apparatus. Air
jets were generated by the blower (3 hp) and then directed through
the temperature controlled chamber with a dimension of 360 mm x
360 mmx 850 mm and the orifice flow meter, respectively. To achieve
a uniform air flow approaching to the orifice plate, the jet chamber
was equipped with two perforated plates and two mesh plates. The
jet chamber temperature referred as inlet temperature (T;) of test sec-
tion was kept constant 27 °C. The Reynolds number of a jet was varied
at 5000, 7500 and 13,400.

The air jets discharged from the orifice plate, were impinged on
the electrical heated surface for cooling. The heat transfer surface
was made of stainless steel foil (30-pm-thickness) attached with
TLC sheet (Omega Engineering, LCS-95) on the rear of the impinged
surface. The stainless steel foil was installed between a pair of copper
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Fig. 3. Jet arrangement (Nos. 1 to 6 represent the number of jets column): (a) in-line arrangement and (b) staggered arrangement.

bus bars. The heat transfer surface was heated by DC power supply
that can supply current up to 50 A through copper bus bars. An elec-
trical energy dissipated in the stainless steel foil can be calculated
from
: 2
Qinpue =17°R Q)]
where here, I is the electrical current and R is the electric resistance

of stainless steel foil.
The local heat transfer coefficient (h) can be evaluated from

— Q’i’npu[ﬁQ.lusses
A(Tu-T))

where ¢, = 0y (T, —T2) and §, = I (T,,—T,) are the heat loss
transferred to the environment by radiation and convection. Here,
T,, and T; are average wall temperature and a jet temperature, o is a
Stefan-Boltzman constant, &nc is an emissive coefficient of TLCs
(=09) [4]. T, is a surrounding temperature and h, is a natural heat

Q==
= r @

transfer coefficient for the heat loss from the TLC to the surrounding
air.

The wall temperature (T,,) on the impinged surface was measured
by using TLC sheet that attached on the rear of the impinged surface.
The CCD camera was used to capture color patterns on TLC sheet. The
images of color pattern were subsequently converted from the RGB
(Red, Green and Blue) color system to the HSI (Hue, Saturation and
Intensity) color system. The Hue (H) value was used to correlate the
color of TLC to their temperature in range of 28-40 °C via a calibra-
tion. The local Nusselt number was calculated from

Nu = hDg/k (3)
where, D is the equivalent diameter of an orifice and k is a conduc-
tivity of an air jet.

An average Nusselt number was calculated from

_ D,
U=
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Fig. 4. Schematic diagram of the experimental setup.

where here, the average heat transfer coefficient h was calculated
from Eq. (2) by replacing T,, with T,,.

3.2. Flow visualization on the impinged surface

The flow visualization on the impinged surface was performed using
oil film technique. The oil film was prepared by mixing liquid paraffin
with titanium dioxide and oleic acid. The transparent plastic plate uni-
formly painted with oil film was employed to represent the impinged
surface. During the experiment, the oil film behavior on the impinged
surface was recorded using a CCD camera every 30 seconds.

4. Results and discussions
4.1. Flow patterns on impinged surface

The flow visualization on the impinged surface by oil film tech-
nique is shown in Fig. 5(a-f) at Re =13,400. The black area is an im-
pinged surface where an oil film removed while the white area
corresponds to remaining oil film. A white points in the middle of
black areas represent a stagnation point of jet bounded by jet im-
pingement region. The circles or smooth rectagulars marked on the
impinged plate are the positions of the orifices. For all cases, the effect
of a cross-flow becomes more significant as the axial distance of the
cross-flow increases due to the accumulation of an upstream spent
air. The effect is notified by the shifting of a center of an impigiment
jet downstream of the position of an orifice as well as an uneven
shape of the impinged jets because the jets are carried along the
axial direction by the cross-flow. In addition, the momentum of im-
pinging jet on a impinged surface is weakened as transferred axially

by the effect of the cross-flow. Obviously, the characteristics of im-
pinged surface depend strongly on the geometry and arrangement
of jet. The influence of the cross-flow on the impinged jets with an
in-line arrangement is less prominent than that on the ones with a
staggered arrangement. These results are related to their geometries
as the downstream jets with an in-line arrangement are partly con-
cealed from the cross-flow by the upstream ones while the down-
stream jets with a staggered arrangement are directly exposed to
the cross-flow.

For both in-line and staggered jet arrays, the downstream jets
issured from round orifices (AR=1) are more significantly affected
by the cross-flow than those at higher AR. Especially for the staggered
jet array, some of impinging jets in the last column (column No. 6) are
almost completely cancelled (Fig. 5(d)), because the large space be-
tween jets in an axial direction allows the cross-flow moves more
thoroughly. With AR=4 , downstream jets seem to be better con-
cealed from the cross-flow especially for the in-line jet array notified
by a larger impinged area as well as a more uniform impinging pat-
tern on the impinged surface. However, at AR =38, each jet possesses
a large contact between its circumference and the cross-flow along an
axial direction, results an increase of a cross-flow effect as compared
to that at AR = 4, but the effect seems to be less significant than that
at AR= 1. Therefore for the present range, it can be justified that the
cross-flow effect is minimized by the use of the jets with in-line ar-
rangement at AR of 4.

4.2. Local Nusselt number on impinged surface

The Nusselt number distributions on impinged surfaces at Re =
13,400, 7500 and 5000 are shown in Figs. 6, 7 and 8. In general, with
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Fig. 5. Flow patterns on the impinged surface (Re=13,400): (a) in-line arrangement, AR =1, (b) in-line arrangement, AR=4, (c) in-line arrangement, AR =8, (d) staggered
arrangement, AR= 1, (e) staggered arrangement, AR=4 and (f) staggered arrangement, AR= 8.

increasing Reynolds number, Nusselt number increases while the
Nusselt number distribution pattern slightly changes. The characteristic
of heat transfer accords with the flow pattern on the impinged surface
shown in Fig. 5. Apparently, Nusselt number associated by the jets
with an in-line arrangement are less significantly affected by the
cross-flow than those with staggered arrangement indicated by a
more uniform Nusselt number distribution on the impinged surface.
For the in-line jet arrays at all ARs, Nusselt number of downstream
jets is just slightly decreased compared to those of the upstream ones.

On the other hand, for the staggered jet arrays with AR=1 and 8,
Nusselt number is dramatically changed with increasing axial distance
(X/D). Only at AR=4, Nusselt number is gradually decreased along
the axial direction.

Fig. 9(a-c) shows the local Nusselt number distribution at Z/D =0
and 1.5 for the in-line jet arrays. At Z/D=1.5, the profiles of Nusselt
number distributions are similar to the shapes of the orfifices produc-
ing inpinging jets and the width of peak is corresponded to the diam-
eter of round orifices or the length of the elongated ones. Obviously,
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Fig. 6. Nusselt number distribution on the impinged surface in the case of Re= 13,400 (T;=27 °C): (a) in-line arrangement, AR=1, (b) in-line arrangement, AR =4, (c) in-line

arrangement, AR =8, (d) staggered arrangement, AR =1, (e) staggered arrangement, AR =

the jets at AR =4 provide the highest peak as a result of the minimum
cross-flow effect as mentioned above. At Z/D=0 (interval between
rows of orifices) , the profiles of for the cases of AR=1 and 4 are in
a typical shape with small heights while that for the case of AR=8
is rather flatten since the position is far from the circumferences of
Jjets.

The local Nusselt number distributions at Z/D=2.25 for the stag-
gered jet arrays are demonstrated in Fig. 9(d-f). In general, the change

4 and (f) staggered arrangement, AR =8.

of Nusselt number distribution for staggerred jet arrays is consider-
ably more obvious than that found for in-line jet arrays. Particularly
the cases of AR=1 and 8, in which Nusselt number abruptly decrease
along a cross-flow direction resulting in rather flatten peaks beyond
X/D of 10. A decaying of Nusselt number and a shifting of the peak
as a result of cross-flow effect, are also found in the case of the stag-
gered jet arrys with AR =4, however, the changes are less significant
than other two cases.
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rangement, AR =8, (d) staggered arrangement, AR=1, (e) staggered arrangement, AR =4

Fig. 10(a-c) presented the spanwise average Nusselt number for
all cases. It is can be observed that for the in-line jet array at AR=1
for Re=7500 and 13,400 Nusselt number peak of the jet of column
No.3 is higher than others. This can be a result of an extra turbulence
around the position caused by a moderate cross-flow effect. Beyond
column No.3, the cross-flow effect is significant, thus momentum is
mainly transfer in a cross-flow direction leading to a weaken momen-
tum on the impinged surface. At low Reynolds number (Re=5000),
the height of Nusselt number peak is comparable for all in-line jet ar-
rays because the jet with a low flow rate produces insignificant cross-
flow effect. For staggered jet arrays at AR=1 and 8, Nusselt number

and (f) staggered arrangement, AR = 8.

peak monotonically and substantially decreases due to a significant
cross-flow effect. This results in remarkable difference between an up-
stream Nusselt number and downstream ones. For both in-line and
staggered arrays at AR =4, Nusselt number peaks are found to be slight-
ly decreased due to the low cross-flow effect as mentioned previously.

4.3. Average Nusselt number on impinged surface
The average Nusselt number on the impinged surface was calculated

using average temperature in area of —6.5<Z/D<6.5 and 0.5<X/D<20.
The results for all cases are compared in Fig. 11. At similar conditions,
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Nusselt number associated with the use of in-line jet array is consistent- 8 give comparable Nusselt numbers which are considerably lower
ly higher than that by the use of staggered one. Among the cases deter- than those of the other cases, due to the severe cross-flow effect. In
mined, the in-line jet array with AR=4 offer the highest Nusselt case of in-line arrangement, the average Nusselt numbers for the jet ar-
number which is comparable to that with AR=8 at some Reynolds rays issued from the elongated orifices with AR=4 and 8 are respec-
numbers. On the other hand, the staggered arrays at AR=1 and tively 6.04% and 5.54% higher than that for the case of AR=1 (the
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typically round orifices). However, for the staggered arrangement,
Nusselt number for the jet array delivered from the elongated orifices
with AR=4 is 12.52% higher while that obtained from the orifices
with AR=8 is 1.15% lower than that for the case of AR=1.

5. Conclusions

In the present study, the effects of the orifice geometry and jet

flow arrangement have been experimentally investigated. The results
of elongated orifices with aspect ratio (AR) =4 and 8 are compared
with those of the ones with AR=1 (the typically round orifices).
The jet arrangements determined are in-line and staggered arrays.
The main findings are shown as follows;

—

b

L

. The cross-flow in a case of the jets issued from the orifices with

AR=4 is considerably less significant than that in cases of the
ones delivered from the orifices with AR=1 and 8.

The influence of the cross-flow on the impinged jets with an in-
line arrangement is less prominent than that on the ones with a
staggered arrangement.

Among the cases examined, the in-line jet array at AR =4 gives the
most efficient heat transfer on the impinged surface corresponding
to the minimum cross-flow effect.
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Abstract

The objective of this research is to study the attacking angle effect of elongated orifice with
AR = 4 and 8 on the flow and heat transfer characteristics of jet impingement array. Both the
mline and staggered arrangements, having arrays of 6x4 nozzles and attacking angles in the
range of 6=0° to 6=45" were examined. The jet-to-plate distance (H) and the jet-to-jet distance
(S) were fixed at H = 2Dy and S = 3Dy, respectively (where Dy is the equivalent diameter).
The experiments were carried out under jet Reynolds number in the range of Re=5,000 to
Re=13,400. Temperature distributions on the impingement surface were measured using
Thermochromic Liquid Crystal sheet (TLCs). Flow characteristics on the impingement
surface were visualized using the o1l film technique. Numerical simulation employed to gain
mnsight into the fluid flow was via computational fluid dynamics (CFD). The results indicate
that the average heat transfer on the impingement surface tends to decrease when the
attacking angle becomes larger. However, local heat transfers at impingement regions in the
upstream channel with larger attacking angles, 6 = 30 and 45°, are higher than those at 8 = 0°
and 15°, especially in the case of staggered arrangement.

Keywords: Impinging jet array, Heat transfer enhancement, Cross-flow, Thermochromic
Liquid Crystal sheet (TLCs), Oil film technique, CFD

1. Introduction interaction between adjacent jets before

mmpingement on the surface and the wall jets

Impinging jets are widely used in  formed by the adjacent jets colliding on the

thermal industrial processes to efficiently target surface [8]. One other factor that

enhance heat transfer rate on an impingement  jpflyences multiple impinging jets in a
surface. Their applications include cooling in

turbine  blades

contined space is the cross-tflow, defined as

gas and  electronic  the fluid flow in the direction perpendicular

components, textiles and paper drymg, glass
and metal sheet quenching, and solar air
heater system [1-4]. Many previous works
have been devoted to the study of flow and
heat
impinging jets in a confined space [5-7].

transfer characteristics of multiple
Flow and heat transfer characteristics of

multiple impinging jets are influenced by

to the jet impingement flow. Cross-flow has
been found to significantly reduce the heat
transfer of downstream impinging jets [9-
11].

effusion holes, on the upper surface (nozzle

In more recent works, drilling of

plate) [12, 13], and at the lower surface
(impingement surface) [14], m confined
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channel to eliminate the cross-flow has been
attempted to enhance the heat transfer rate.
Nuntadusit et al. [15] have replaced
conventional round orifices with elongated
orifices to reduce the effect of cross-flow on
the jet impingement array. They have found
that the heat transfer rate using impinging
jets issuing from these substituted orifices is
more uniform and higher than those from
conventional orifices. Another approach to
enhance the heat transfer rate is to produce
longitudinal vortices near the inclined
rectangular blocks mounted on a smooth
surface [16, 17]. To apply the inclination

interaction between the cross-flow and the jet

The aim of the present study is to
investigate the heat transfer enhancement
due to the attacking angle effect of the
elongated orifice. The inline and staggered
arrangement were  experimentally and
numerically investigated. The temperature
distribution on the impingement surface was
measured using a Thermochromic Liquid
Crystal sheet (TLCs), and the Nusselt
number distribution was evaluated using an
image processing method. The oil film
technique was used to visualize the
characteristic of the flow on the impingement
surface. The numerical simulation employed

to gain msight into the fluid flow was via a

issuing from the elongated onfice, the commercial ANSYS wver. 13.0, Fluent
attacking angle, defined as the major axis of  software.
the elongated orifice to the -cross-flow
direction, should be examined.
S/2 S=3Dg.
i Jots Orifice plate
@I:I @ —/ @ —/ QI I@I f ]
H=2D¢ :> Outlet
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|
Impingement plate
Fig. 1. Experimental model
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Fig. 2. Jet arrangement (Number 1 to 6 are the jet column) : (a) inline arrangement and (b)

staggered arrangement

2. Experimental setup and method

2.1 Experimental model and parameters

An  experimental model of jets
discharging from orifices and impinging

normal to the opposite surface in a confined



rectangular duct is shown in Fig.1. The spent
jet flowing parallel to the channel exit, called
cross-flow, is exhausted at one end of the
duct. The origin of the Cartesian coordinate
system was located at the impingement
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surface. The Y-axis is normal to the target
surface, while the X- and the Z-axes are,
respectively, along the streamwise and the
spanwise directions of the cross-flow.

=1 De=13.2 mm
AR=4 L=24 mm W=6 mm
AR=4 L=336mm | W=42 mm

0=0°, 15°, 30° and 45°

AR=1

Fig. 3. The details of orifice geometries with identical cross-section area

and attacking angle.

The arrays of jet configuration, both for
the inline and staggered arrangements,
consist of 24 jet holes distributed in 6
columns and 4 rows as shown in Fig.2. All
orifices having 4R=1, 4 and 8 have the same
exit area of 136.8 mm?® and each round
orifice has an equivalent diameter (Dg) of
13.2 mm, as shown in Fig.3. The attacking
angle, defined as the angle between the
major axis of the elongated orifice to the
cross-flow direction (X-axis), was varied as
6=0°, 15°, 30° and 45°, shown also in Fig.3.
The jet-to-plate distance was fixed at H=2Dy,
and both arrangements have constant jet-to-
jet distance of S=3D;. The experiments were
carried out at jet Reynolds number, based on
the average velocity and Dg, of Re=5,000,
7,500 and 13,400. More details regarding the
experimental model have been described in
the recent sequential works [15, 18].

2.2 Experimental setup

The of this
experimental apparatus 1s shown in Fig4

schematic  diagram

[15, 18]. Heated air was forced through a
calibrated orifice flow meter and into the jet

chamber. To ensure a uniform flow field
approaching the orifice plate, the jet chamber
is equipped with two layers of perforated
plates and two layers of mesh plates. The jet
the
temperature (7;) of the test section, was kept
at 27.0°C, + 0.2 °C.

temperature, referred to as inlet

2.3
reduction

Heat transfer measurement and data

The air jets with constant temperature
discharging from the orifice plate were
impinged on the heated surface for cooling.
The wall temperature on the impingement
surface was measured by using the TLC
sheet attached on the rear of this surface. The
CCD camera was used to capture color
patterns on the TLC sheet, and the images of
the
translated into temperatures via a calibration
[15, 18].

The local Nusselt number was calculated

color patterns were subsequently

from:

N = hD,

(1
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where, Dr is the equivalent diameter of the
orifice and £ 1s a thermal conductivity of the
air jet.

An average Nusselt number was calculated

from:

hD,

Nu =

®))
where % was the average heat transfer

coefticient.

Power supply

Digital camera I;I

Light /5
N\ 4

Test section

Thermochromic
liquid crystal

2.4 Flow visualization on the impinged
surface

Flow wvisualization on the

surface was carried out using the oil film

impingement

technique. The oil mixture was prepared
from liquid paraffin, titanium dioxide and
oleic acid. A transparent plastic plate was
used as the jet mmpingement wall and was
uniformly coated by the oil. A video camera
was used to record oil film patterns on the
impingement surface.

== Spent air exit

Mesh plate ‘]
~

Q Volt meter Temperature

Thermocouple |

controller

85 cm

Pressure
transducer

Inverter

<=

|4— 36 cm —rl

2.5 Numerical simulation

Flow characteristics of the impinging jets in
the confined channel were visualized by
computational ~ fluid  dynamics (CFD)
technique. The commercial package ANSYS
(ver.13.0) was used in this present study. The
the
geometries,

numerical model was identical to

experimental model 1in its

dimensions, and jet Reynolds number.

Computations were conducted by solving
continuity and Navier-stokes equations under

I-I-l [

Orifice
Fig. 4. Schematic of the experimental setup

Heater Blower

existing boundary conditions with SST
turbulence model. This turbulence model has
been adopted in solving many numerical
simulations of jet impingement problems
[19, 20].

The non-uniform grid system was finely
generated for regions near the orifice holes
and the impingement surface. The number of
generated grid was varied to achieve an
accurate solution with low computation cost.
All

identical to

boundary conditions applied

were

those specified in the



experimental conditions. Solutions were

considered to be convergent when the
residual of all algebraic

equations 1s less than the prescribed value of

normalized

8 10 12 14 16 1BI20
AD
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1x10™".  Details
employed in this article have been described
in Wae-hayee M., et al. [18].

of numerical techniques

" Olifim content
B o fim removes

Fig. 5. Flow patterns on the impingement surface with oil film technique for the inline

arrangement and Re=13,400 (Experimental results).

3. Results and discussions
3.1 Flow characteristics

Flow patterns of impinging jets on the
impingement surface using the o1l film
technique are shown in Fig.5 and 6. The
black regions represent the impingement
areas where the o1l film has been completely
removed, and the white regions represent
those with original o1l film coating. The flow
patterns on the impingement surface with
AR=1, AR=4 and AR=8 with 6=0° as shown
in Fig.5(a)-(c) for the inline arragement and

6(a)-(c) for the staggered arrangement, are
taken from [15] for comparison with results
from the present study.

The velocity vector and contour in the Y-
axis on Z-X plane near the impingement
surface (1 mm above the surface) are shown
for the inline arrangement in Fig.7 and for
the staggered arrangement in Fig.8. Because
the condition at the surface is no-slip , this
position 1s chosen to represent the plane
The Y-
component velocity represents the velocity in
the direction normal to the impingement

sufficiently near the surface.
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surface, with positive direction towards the
downstream of the jet that impinges on the
wall. Area of high Y-component velocity
contour identifies the impingement region of
each cell. These velocity contours of both jet
flow

arrangements agree well with the

patterns on the impingement surface as

shown earlier in Fig.5 and 6 by notifying
area of high Y-component velocity of CFD
coressponding to the black area of oil film.
This good agreement can be correspondingly
used to explain the characteristics of jets
flow from the CFD results on the heat
transfer behavior in the next section

- Ol fim content
B of fim removes

8 10 12 14 16 18 20
X

- AT

10 12 14 18 18 20
XD

16 18 20

Fig. 6. Flow patterns on the impingement surface with oil film technique for the staggered

arrangement and Re=13,400 (Experimental results).

both and

arrangements of AR=1 as shown in Fig.6(a)

For inline staggered
and Fig.7(a), the impingement area of each
cell are shifted to downstream direction due
to the effect of cross-flow. This cross-flow
effect on jet impingements with inline
arrangement 1s less significant than on the
ones with the staggered arrangement by
notifying cancellation of the impingements at

downstream region (13<X/D<20). This flow

characteristic can be explained that the cross-
flow can easily pass through space between
rows of inline jets, whereas it was blocked
by downstream jets in the case of staggered
arrangement [18]. It can be seen that there
are no impingement regions (Black areas) at
the last jet column in Fig.6(a) and no areas of
high Y-component velocity contour at the
same jet column as shown in Fig.8(a). It can

also be observed that the deflection of



downstream impinging jets with staggered
arrangement as shown in Fig.9(a) is stronger

10 12 14 18 1g
/D
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than those with the inline one as shown in
Fig.10(a).

Y-Velocity (mvs)
2.00

132

()AR=B 6-45¢

8 & 10 12 14 1& 18
#D

Fig. 7. Flow characteristic of impinging jets on X- Z plane above the impingement surface of

1 mm for the in-line arrangement and Re=13,400 (CFD results).

In the case of orifice with AR=4 and 8 at
6=0°, it 1s found that the cross-flow effect
can be minimized by these elongated orifices
for the
getting the larger impingement region (Black
area) of AR=4 and 8 (Fig.5(b) and (c)) than
those the 4R=I1 (Fig.5(a)). For the case of
the
region (Black areas) at downstream region
(10<X/D<20) of AR=8 (Fig.6(c)) 1s larger
than that AR=1 (Fig.6(a)), but it seem to be
smaller comparing to those 4AR=4 (Fig.6(b)).
This 1s due to the jet 1ssuing from elongated

inline arrangement, notified by

staggered arrangement, impingement

orifice with 4R=8 producing the longer
circumference as well as increasing contact
area to mix with the cross-flow. It can also

be observed that the Y-component velocity
areas at the downstream direction of AR=8
(Fig.8(c)) are smaller than that the 4R=4
(Fig.8(b)) than
AR=1(Fig.8(a)). Corresponding to preceding
paragraph, with the case of #=0°, the use of

and  larger those

jet with 4R=4 and inline arrangement can be
More
details of this section have been intensely
discussed in [15].

In the case of AR=4 with 6=15°for the
inline arrangement as shown in Fig.5(d), the

minimized the cross-flow effect.

mmpingement region of each cell 1s directly
in the
extended in the Z-axis. In addition, each

extended X-axis and obliquely

impingement cell is more obliquely extended
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in the +Z-axis and contracted in the -Z-axis
when the attacking angle becomes larger, at
6=30°and 45° as shown in Fig. 5(f) and (h).
This is different from those with 4R=4 at

6=0°, that the impingement regions are
particularly extended in the X-axis (without

extending into the +Z-axis) as shown in
Fig.5(b).

e & 10 12 14 18 18
XD

Fig. 8. Flow characteristic of impinging jets on X- Z plane above the impingement surface of

1 mm for the staggered arrangement and Re=13,400 (CFD results).

The
regions to the downstream direction is from

extension of the impingement
the cross-flow effect. It can be observed from
Fig.9 and 10 that the downstream impinging
jet (jet columns No.4 to 6) are more deflect
to cross-flow parthline than that the upstream
jets(jet columns No.l to 3). The oblique
extension of impingement region to the +7
direction is from the attacking angle effect
as shown in Fig.11. The jets are deflected in
the +Z direction
configurations. This deflection is stronger

along the orifice

when location of jets is far from the first jet
column. Moreover, the deflection of jets with

staggered arrangement is larger than the one
with inline that will be discussed in the next
section.

For the case with 4R=8 at £#=15° with the
mmline arrangement as shown in Fig. 5(e), the
characteristics of flow patterns of the jets is
similar to the case with 4R=4 under the same
attacking angle mentioned above. However,
when the attacking angle becomes 6=30° and
45°, the impingement regions at 4<X/D<20
seem to be getting smaller as shown in Fig.
5(g) and (1). For the case of the largest
attacking angle, 6=45°, particularly, there is
no impingement area in the downstream



region (13<X/D<20) because the high cross-
flow velocity strikes on the jet flow with the
large attacking area. This can be observed in
Fig.9(e) for the case of 4R=8 at #=45°that
the downstream impinging jets (columns 5
and 6) tend to cross-flow part line with
slightly impinging on the target surface.
When  the
arrangements are compared, it is found that
for the
arrangement can be seen throughout the

mnline and  staggered

the impingement regions inline

streamwise direction (except for the case of
AR=8 at 6=30"° and 45°). This

characteristics are similar to the case of

flow

staggered arrangment for AR=4 at 6=0°,
0=15°, 6=30° (Fig.6(b), (d) and (f)) and
AR=8 at 6=0° (Fig.6(c)). However, for the
others, they are unclearly expressed at the
downtream area (10<X/D<20). The absence
of the impingement regions corresponds to
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the stronger deflection of the downtream jet
with staggered arrangement as compared at
the same conditions between Fig.9. and 10.
Results show that the attacking angle has
significant effects on the impinging jet array
of the eclongated orifice as schematically
sketched in Fig. 12. For the case of attacking
angle 6=0°,
issuing from the elongated orifice with the

the cross-flow strikes on the jet

small attacking area as dipicted in Fig. 12(a).
This attacking area becomes larger when the
attacking angle 1s increased, as shown in Fig.
12(b) and (c). Moreover, the attacking angle
effect for the case of AR=8 is
prominent than for the case of AR=4 due to

more

the longer perimeter of 4R=8. Consequently,
the deflection of jet from the orifice with

AR=8 1s larger than the case of 4R=4 as

mentioned above.

* x  k
Plane Z=1.5D *X % %
I
7
* k%

* *
* * I
*- *-
Flow out
x * Orifice location

YD

Y/D

Fig. 9. Flow characteristic of impinging jets on X-Y plane at 7Z=1.5D; for the in-line

arrangement and Re=13,400 (CFD results, Numbers in marked circle indicate the jet column

order).
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Fig. 10. Flow characteristic of impinging jets on X-Y plane at Z=-0.75D; for the staggered
arrangement and Re=13,400 (CFD results, Numbers in marked circle indicate the jet column

order).
Plane X=4.5D =
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(a) AR=4, 6=45°, Inline (b) AR=4, 8=45°, Staggered

Fig. 11. Flow characteristic of impinging jets on Y-Z plane for AR=4, 6=45°, and Re=13,400
(CFD results).



In line with the above observations, the areas
of high Y-component velocity, as defined in
the impingement regions for the case of
staggered arrangement, 4R=4 and 8 at £=30°
and 45° when 0<X/D<10 (Fig. 8(1), (g), (h)
and (1)), are more clearly seen than those the
inline one under the same conditions (Fig.
71, (g), (h) and (1)). These flow
characteristics can be explained, that the
staggered configuration elongated orifice
allows the downstream wall jets of each
the
downstream jet intervals, as depicted in Fig.
13(b), whereas those arranged with the inline

impingement cell to pass through

configuration are blocked by the downstream
jets, as depicted in Fig. 12(a). It should be
noted that this different flow characteristics
between the inline arrangement and the
staggered arrangement appear particularly
for the case of large attacking angles, 6=30°
and 45° where 0<X/D<10, and there are also
the

characteristics, 1illustrated and discussed 1n

significant effects on heat transfer

the next section.

Small attacking area

—_—
—

—_—
Crossflow—=(-— -
—_—

—_—
—_—

(a) Without attacking angle

Large attacking area
—_
/
—
—_— -
—
—
—

(b) Small attacking angle
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3.2 Heat transfer characteristics on the

impingement surface

Contours of local Nusselt number on the
impingement surface for Re=13,400 for both
jet arrangements are shown in Fig. 14 and
15. These contours correspond to the oil film
patterns on the impingement surface in Fig. 5
and 6,
component velocity near the impingement

as well as the contours of Y-

surface in Fig 7 and 8. Areas of high Nusselt
number (V>180) are impingement regions
that relate to the black area of flow patterns
and high Y-component velocity in flow
fields. Generally, the heat transfer rates of
impinging jets for AR=4 and 8 at #=0° are
higher than those for 4R=1, as compared and
depicted in Fig. 14(a)-(c) and 15(a)-(c), and
the areas of high heat transfer are shifted
further downstream as previously discussed

in[15].

Largest attacking area

—/
 —
—_—
—— A,
e
E
—_—

(c) Large attacking angle

Fig. 12. Sketch of flow characteristics of the cross-flow through difference of attacking angle.

1 1 il S

Wall jet @ﬁi ﬁ \‘f\\{)\ ﬁ\ \@\\\ {\\‘\\
d"edlon\*TTTT T‘H‘T '\'\ '\\ \ ‘<<\ ,{\
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N T SRR

(a) Without attacking angle
(Strong collision between wall jet)

(b) Small attacking angle
(Moderate collision betwsen wall jet)

(c) Large attacking angle
(Slight collision between wall jet)

Fig. 13. Sketch of attacking angle etfect on the wall jet at upstream region.
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CRS

27 (h)AR:tJ‘B:fiSU
R

2 4 B 10 12 14 18 18 20
xiv

Fig. 14. Nusselt number distributions on the impimgement surface for the inline arrangement
and Re=13,400 (Experimental results, 7=27°C).

The characteristics of Nusselt number
distributions for the case of a small attacking
angle, 6=15°, is comparable to those with the
attacking angle of #=0°, but is quite different
from the case of large attacking angles at
6=30° and 45°. The Nusselt number in the
downstream region (10<X/D<20) of both jet
arrangements abruptly decreases when the
attacking angle is larger due to increasing
attacking area between the cross-flow and
the impinging jets, as discussed earlier on the
jet flow characteristics.

Indeed, the areas of high Nusselt number
(Ni>180) in each impingement cell are
the
extended in the +Z-axis when the attacking

extended in X-axis and obliquely

angle is larger. This corresponds well to
those impingement regions on the surface as

shown before in Fig. 5 and 6 by the oil film
technique, and in Fig.7 and § by the CFD.
The extension of these high value areas in
the X-axis is from the effect of cross-tlow
shown earlier in Fig. 9 and 10, and the
oblique extension of these areas in the +7-
axis 1s from the effect of attacking angle as
previously illustrated in Fig. 11.

From Fig.14, the area of high Nusselt
number (corresponding to impingement
regions) of each impingement cell for inline
arrangement with 4R=4 and 8 at 6=0° and
15° is rather uniformly distributed from
upstream to downstream direction. These
areas become smaller when the attacking
angle become larger to be 6=30° and 45°.
Aspecially for the case of 4R=8 and 6=45°,

there are no impingement region for the last



jet column as shown in Fig.14(i). This is due
to large blocked area from the long
circumference of orifice with 4R=8 and the
large attacking angle at significant cross-
flow effect at downstream direction as erlier
discussion in flow characteristics. These area
becoming smaller at downstream direction is

clearly seen for the case of staggered
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arrangement as shown in Fig.15 accept for
AR=4 with 6=0° and 15° as shown in
Fig.15(b) and (d). The distribution of area of
high Nusselt number is rather consistent
from upstream to downstream direction. This
1s shown that the jet from AR=4 can be
minimized the effect of cross-flow batter
than that 4R=8.

%) (a) AR ::'
Vo | K
o (\ 08 @

10 12 14 18 18 20
XD

Fig. 15. Nusselt number distributions on

arrangement and Re=13,400 (Experimental results, 7,

3 Spanwise average Nusselt number

Distributions of the spanwise average
Nusselt number along the downstream
direction for the case of Re=5,000, 7,500 and
13,400 are shown in Fig. 16. Each value in
this case is calculated from the local heat
which

average

coefficient, m turn is

the

transfer

dependent on local wall

Sz=(c) AR=8,8=0°

14 16 18 20

10 12
AID

the impingement surface for the staggered

V6]

temperatures taken in the range of -3<Z/D<3.
Generally, decreasing Reynolds number, the
value gets smaller while its distribution
characteristics Each
distribution and its peak value at a particular

slighly  change.
X/D location for the case of attacking angle
at 6=0° and 6=15°

consistent compared
locations, as shown in Fig.16(b)-(e). But, the

is quite similar and

to other spanwise
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peak value seems to be dramatically in this region become rather flat, especially
decreased when the attacking angle becomes for Re=7,500 and 5,000 for both jet
larger at 6=30° and 45° towards the arrangements. This relates to those the
downstream region (10<X/D<20), as shown cancelation of impingement of downstream
in Fig. 16(f)-(i). In the particular case of jets as early shown in Fig 10(e).

AR=8 at 6=45° (Fig.16 (1)), the distributions

o 160
E
5 140 inline, Re=13,400
@ 120 === Staggered, Re=13 400
2 100 .
=z ——inline, Re=7 500
L 80
© === Staggered, Re=7 500
T 60
§ a0 inline, Re=5,000
T 2 Staggered, Re=5 000
c
Y
0 2 4 G 8 10 12 14 13 18 20
XD
160
(b) AR=4, 0=0° (c)AR=8, 0=0°

Spanwise average Musselt number
=3
=]

['(d)AR=4, 0=15¢

120

Spanwise average Nusselt number

160

160
140 \ I (n)AR=4, 8=45° || 140

120

\
\ 100
N/ 30
AN\ . -
f\/_ - _/_‘:}j 80

Spanwise average Nusselt number Spanwisz average Nusselt numbar

: G 20 5
Beccef : tof
10 12 14 135 18 20 (i} 2 4 6 8 10 12 14 16
XID RD
Fig. 16. Spanwise average Nusselt number distribution along the cross-flow direction
(Experimental results, 7; = 26.7°C and numbers in marked circle indicate the jet

column order).

18 20
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Fig. 17. Average Nusselt number (Experimental results).

Almost all of the spanwise average
Nusselt number for the inline arrangement 1s
higher than those of the
arrangement except their peak values at jet
column 3 and 4 for AR=4 at 6=30° (Fig.
16(f)); and jet column 2 and 3 for AR=8 at
6=30° (Fig. 16(g)), and AR=4 and 8 at §=45°
(Fig. 16(h) and (i)). This is due to the high
local Nusselt number at their impingement
regions resulting from the effects of jet

staggered

arrangement and attacking angle on the wall
jet that had been explained in Fig.13.

3.4 Average Nusselt number

The average Nusselt number on the
immpingement surface calculated from the
average local wall temperature in area of
0.5<X/D<20 -3<7/D<3 the
attacking angle are shown in Fig.17. From

and versus
this fugure, the effect of every parameter on
the overall heat transfer can be summarily
seen. The effects of jet arrangement are
revealed that the average values from inline
configuration is almost higher than those the
staggered one, and the values from 4R=4 1s

almost higher than those the AR=1 and 8, due
to less signifucant cross-flow effect of mline
arrangement and appropriation of width and
length of AR=4 comparing with the case of
AR=8.

Almost all of the
number tends to decrease when the attacking

average Nusselt

angle is increased. However, as shown in
Fig. 17 (b), for the case of AR=8 with
Re=7,500 in both jet arrangements, the
average value at 6=15° is higher than that at
#=0°, but is still lower than that for the case
of AR=1.
For the case of AR=4, Re=13,400 with
17(c)), and
staggered

the inline arrangement (Fig.

AR=8, Re=5.000 with the
arrangement (Fig. 17(a)), the corresponding
average Nusselt number in the case of 6=15°
is slightly higher than that for AR=1, but is
still lower than that at #=0°. From these
results, the effect of attacking angle is not
very heat
transfer on the overall impingement surface.

significant in increasing the
It can, however, increase local heat transfer
in the upstream region, the area with minor
cross-flow effect.
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Fig. 18. Average Nusselt number (Experimental results).

Table. 1. Correlation equations for 5,000<Re<13,400

25000

Orifice geometry Inlme Staggered
AR=1 0.0401Re"#1° 0.0167Re" %"
AR=4, 6=0° 0.0215Re™™* 0.0171Re""
AR=4, 0=15° 0.0381Re"™  0.0188Re™™”
AR=4, 6-30° 0.0255Re™ 0.0207Re™ "
AR=4, 6-45° 0.0398Re™ %! 0.0186Re™ !
AR=8, 6=0° 0.0336Re”™* 0.0154Re""*
AR=8, 6=15° 0.05Re" 7% 0.029Re" %%
AR=8, 6=30° 0.0336Re”™  0.0373Re"*¥
AR=8, 6-45° 0.018Re"% 0.0198Re™*”

Fig.18 is shown an example of plotting
the average Nusselt number versus Reynolds
number for 4R=1 with mline arrangement to
predict an empirical correlation. Table.l is
shown the power correlation equation that
obtamne from all experimental results. It
should be noted that these correlation
equations can be adopted for the Reynolds
number in the range of 5,000<Re<13,400,
the jet-to-plate distance of H=2Dy and the
jet-to-jet distance of both streamwise and
spanwise direction of S=3D;. In addition,
the well-known correlation for impingement
heat transter with cross-flow of Froschuetz et
al. [9] and results of Katti and Prabhu [11]

are added in Fig.18. It 1s difficult to find the
jet-to-jet spacing in previous work that be
same with the present study. The modified
jet-to-jet spacing in stremwise direction ,
S§=6D, in this work is provisionally plotted
due to simple modification of the test
section. The slight discrepancy of plotting
for this and those studies i1s from small
different jet-to-jet spacing. This is exactly
known that the small different jet-to-jet
spacing results slightly different heat transfer
on target surface.



4. Conclusions

The main focus of this study is to
examine the attacking angle effect from air
jets discharging through elongated orifice
with 4R=4 and 8 on the
transtfer

flow and heat
different jet
impingement arrays, inline and staggered

characteristics of
arrangements, by  experimental  and
numerical investigation. The main results are
as follows:

1. The jet issuing from elongated
orifice with 4R=4 can minimize the cross-
flow effect, and the aspect ratio of this
orifice shouldn’t more than 4R=8.

2. The effect of small attacking angle
(6=15°) from clongated orifice on the flow
and heat transfer of impinging jet array are
rather similar to the case of attacking angle at
6=0°. Tt 1s, however, quite different when the
attacking angles become larger at #=30° and
45°. At downstream regions, especially, heat
transfer rapidly decreases and deflection of
the jets veers towards the downstream
direction without actual impingement. The
decrease in heat transfer and deflection of the
jets around these downstream regions for
staggered arrangement is more prominent
than those of the inline one.

3. Generally, heat transfer on the
impingement surface decreases greater when
the

However, when specific area on this surface

attacking angle becomes larger.
1s considered, local heat transfer at the
upstream region for large attacking angles
6=30" and 45° is found to be higher than
those for attacking angles 6=0° and 15°,
the
These

confirmed by flow visualization on the

especially  in case of staggered

arrangement. results are also

region with larger impingement area.
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