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Abstract

The present study investigates the effects of spent air flows with and without effusion holes on heat/mass transfer on a

target plate for array impinging jets. For a conventional type of array impinging jets without effusion holes, the spent

air of the injected jets forms a cross-flow within the confined space and affects significantly the downstream jet flow. The

injection plate of array impinging jets is modified having effusion holes to prevent the cross-flow of the spent air where

the spent air is discharged through the effusion holes after impingement on the target plate. A naphthalene sublimation

method is employed to determine local heat/mass transfer coefficients on the target plate using a heat and mass transfer

analogy. The flow patterns of the array impinging jets are calculated numerically and compared for the cases without

and with the effusion holes. For small gap distances, heat/mass transfer coefficients without effusion holes are very non-

uniform due to the strong effects of cross-flow and re-entrainments of spent air. However, uniform distributions and

enhancements of heat/mass transfer coefficients are obtained by installing the effusion holes. For large gap distances, the

effect of cross-flow is weak and the distributions and levels of heat/mass transfer coefficients are similar for both cases.

� 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

Jet impingement is a common method of heating or

cooling solid surfaces. Heat transfer under impinging jet

is generally superior to that achieved with typical con-

vective heat transfer methods. The impingement cooling

jet has an advantage that it is easy to adjust the location

of interest and remove a large amount of heat effectively.

In many industrial systems, including high temperature

gas turbines, paper and glass manufacturing plants and

high density electrical and electronic equipment, im-

pinging jets are used to cool, heat or dry a surface. It is

necessary to use multiple jets to cool or heat a large area

in many applications.

The arrays of impingement jets have two major dif-

ferences from a single jet: One is the interference be-

tween adjacent jets prior to their impingement on the

surface. The other is the collision of the surface flows

(wall jets) associated with adjacent impinged jets [1].

Martin [2], Downs and James [3], Jambunathan et al. [4]

and Viskanta [5] reviewed extensively the previous

studies of single/array jet impingement heat transfer.

For the conventional array impinging jets, a cross-

flow is formed by the spent air from the impinging jets in

a confined space, and the amount of the cross-flow in-

creases as the flow moves downstream. Turbulence

intensity of impinging jets is increased because the cross-

flow disturbs impinging jets at downstream region.

Therefore, the local heat/mass transfer rate around the

stagnation region is enhanced. However, at the mid-way

region, the heat/mass transfer coefficients are decreased

because the thermal boundary layer develops in the

cross-flow at this region and flow pattern is similar to the

duct flow [6]. Therefore, the heat/mass transfer coeffi-

cients are non-uniform over the overall impingement

surface, and this non-uniformity can induce thermal

stress problem on the target plate.

One possible method to reduce the adverse effects of

cross-flow is to install the effusion holes and extract the

spent air through the effusion holes. Cho and Goldstein

[7] and Cho and Rhee [8] investigated the effect of hole
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arrangements on local heat/mass transfer characteristics

for the array jet impingement with spent air removal

through the effusion holes on the target plate. They

found that the high transfer rate is induced by strong

secondary vortices and flow acceleration, and the overall

transfer rate is approximately 45–55% higher than that

for impingement cooling alone. Rhee et al. [9] investi-

gated the local heat/mass transfer characteristics with

various cross-flow ratios for the impingement/effusion

cooling system. Also, Hollworth and Dagan [10] and

Hollworth et al. [11] measured the average and local

heat transfer coefficients of arrays of turbulent air jets

impinging on perforated target surfaces, and reported

that arrays with staggered vents consistently yield 20–

30% higher heat transfer rates than do the impinging jets

on the solid plates.

However, in many applications of array jet im-

pingement, it is difficult to remove the spent air through

the target plate. Therefore, the discharge of spent air

through the injection plate by installing effusion holes is

a possible method to reduce the effect of cross-flow and

enhance the heat transfer on the target plate.

Huber and Viskanta [12] studied the effect of spent

air exit in the orifice plate on the local and average heat

transfer for 3� 3 square array jet with 2� 2 square
spent air exit using the liquid crystal technique. Also,

they examined the effects of the gap distances

(H=D ¼ 0:25, 1.0, 6.0) and the Reynolds numbers (3500–
20,400). They found that the interaction of adjacent

impinged jets is reduced by spent air and the heat

transfer on target plate is more enhanced.

The present study investigates local heat/mass

transfer and flow characteristics on the target plate for

arrays of impinging jets with different types of spent air

exit; conventional array jets (array jets without effusion

holes) and array jets with effusion holes (spent air exit)

on the injection plate, and compares the results for

various gap distances between the injection and target

plates.

A naphthalene sublimation method is used to mea-

sure local heat/mass transfer coefficients on the target

plate. This technique eliminates the conduction and ra-

diation errors inherent in heat transfer experiments. The

surface boundary condition is analogous to an isother-

mal surface in a corresponding heat transfer problem.

The details of naphthalene sublimation method is pre-

sented by Goldstein and Cho [13].

The analysis of flow field is needed to understand

local heat/mass transfer characteristics on the target

plate. Therefore, surface flow visualization and numeri-

cal simulations using a commercial program (FLUENT)

are performed to investigate the flow characteristics

between the injection and target plates.

2. Experimental apparatus and procedure

2.1. Experimental apparatus

Fig. 1 shows the experimental apparatus which con-

sists of a blower, a heat exchanger, an orifice flowmeter,

a plenum chamber, and a test section with array of jet

nozzles. Air is supplied by the inverter-controlled blower

(3.7 kW). The temperature of the jet air is kept constant

through the heat exchanger with a constant-temperature

reservoir. The flow rate is measured using the orifice

flowmeter. A baffle and a honeycomb are inserted in the

plenum chamber to insure a uniform flow through each

injection hole. The temperature of the flow in the ple-

num chamber is measured by T-type thermocouples.

Nomenclature

d exit diameter of injection hole

D effusion hole diameter

Dnaph naphthalene vapor diffusivity in air

H gap distance between injection and target

plates

h local heat transfer coefficient

hm local mass transfer coefficient

l thickness of injection plate

_mm mass transfer rate per unit area

Nu Nusselt number

Pcham plenum chamber gage pressure

Pr Prandtl number

Red Reynolds number based on hole diameter

and mean velocity of the jet

S center-to-center spacing between injection

holes

Sc Schmidt number

Sh local Sherwood number, Eq. (2)

Sh spanwise-averaged Sherwood number, Eq.

(3)

Sh overall-averaged Sherwood number, Eq. (4)

x; y coordinate system, Fig. 2

z vertical distance from the target surface,

Fig. 2

DP pressure drop through the test section

Dy naphthalene sublimation depth

Greek symbols

Ds time interval during experiment

qs density of solid naphthalene

qv;w naphthalene vapor density on the surface

qv;1 naphthalene vapor density of the injected jet
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The air in the plenum chamber is distributed through

tubes, and injected to the target plate through the in-

jection holes in a plate. The length of tube is set to equal

to obtain equal pressure drop through the tubes.

Test section for conventional array impinging jets

with downstream spent air exit (without effusion holes)

is shown in Fig. 2(a). The injection holes are positioned

in a square arrangement and have contracted geometry

at the middle of the injection plate. The inlet diameter of

injection hole is 15 mm and the exit diameter (d) of in-
jection hole is 10 mm. The thickness of injection plate is

20 mm (l=d ¼ 2:0), and the hole-to-hole spacing is 60
mm (S=d ¼ 6:0). The jet array is enclosed by three

sidewalls which guide cross-flow of the spent air to

maximize the effect of cross-flow on array jet impinge-

ment. Thus, the cross-flow of the injected jets is formed

and flows in one-direction and the downstream jets are

injected into the cross-flow. The sidewalls are positioned

at a distance of S=2 (symmetry plane) from the outer-

most jet holes, so that the hole array simulates infinite

numbers of jets.

Fig. 2(b) shows the test sections for array impinging

jets with effusion holes on the injection plate. The jets

are injected into the chamber (closed space) and dis-

charged only through the effusion holes on the injection

plate. Twenty-five effusion holes are installed on the

injection plate and centered among four injection holes

as shown in Fig. 2(b). The diameter of effusion hole (D)
is 15 mm, and hole-to-hole spacing is the same as that of

injection hole (S=D ¼ 4:0; S=d ¼ 6:0).
The spacing between the injection and target plates

ðHÞ is changed from H=d ¼ 0:5 to H=d ¼ 10, and

Reynolds number of an injected jet is set to Red ¼ 10,000

for the present study. As shown in Fig. 2, a naphthalene

coated test plate is installed on the target plate to mea-

sure local heat/mass transfer coefficients, and the di-

mension of the naphthalene coated surface is 300 mm

(30d) by 150 mm (15d). A T-type thermocouple is in-

stalled inside the test plate to measure the temperature

of naphthalene surface.

Fig. 2. Schematic views of test section and hole arrangement: (a) without effusion holes and (b) with effusion holes.

Fig. 1. Schematic view of experimental apparatus.

D.-H. Rhee et al. / International Journal of Heat and Mass Transfer 46 (2003) 1049–1061 1051



For the array impinging jet without the effusion

holes, the pressure drop through the test section is

generated due to the cross-flow effect. The pressure drop

is estimated by measuring the static pressure difference

between at the upstream region (x=d ¼ �3:0) and the
exit region (x=d ¼ 27:0). For the small gap distances
(H=d ¼ 0:5 and 1.0), the static pressure at the upstream
region is higher than that at the downstream region and

the ratios of the pressure drop to the static pressure in

the plenum chamber are 69.5% and 35.0%, respectively.

Therefore, the velocity distribution of impinging jets

would be non-uniform for the small gap distances. To

reduce this problem, thick orifices of which the inner

diameter is 4 mm and the length is 50 mm are inserted in

the tubes connected to the plenum chamber and test

section. With the orifices in the tube, as shown in Table

1, the ratio of pressure drop is decreased to 4.8% and

1.4% for H=d ¼ 0:5 and 1.0, respectively. Therefore, it
can be assumed that a uniform array jet impingement is

obtained in the present study.

For the velocity measurement at the injection hole

exit, a hot-wire anemometer (TSI-IFA300) which is a

constant-temperature type with I-type sensor is used.

The hot wire probe is carried by three-axis traverse

controlled by PC. The sampling rates are 4000 Hz and

the number of sampled data is 4096 points and a low

pass filter of 2000 Hz is used for the measurement.

2.2. Data acquisition

In order to obtain local mass transfer coefficients, the

profile of the naphthalene surface coated on the test

plate is scanned by an automated surface measuring

system before and after exposure to the air flow. Sub-

limation depth during the run is calculated from the

difference of the surface profiles. Details of the mea-

suring system are presented by Cho and Rhee [8].

2.3. Heat/mass transfer coefficient

The local mass transfer coefficient is defined as:

hm ¼ _mm
qv;w � qv;1

¼ qsðDy=DsÞ
qv;w

ð1Þ

since impingement jet flow contains no naphthalene,

qv;1 ¼ 0, in the present study. Therefore, the mass

transfer coefficient is calculated from the local subli-

mation depth of naphthalene (Dy), run time (Ds), density
of solid naphthalene (qs), and naphthalene vapor density
(qv;w). The naphthalene vapor pressure is obtained from
a correlation of Ambrose et al. [14]. Then the naphtha-

lene vapor density, qv;w, is calculated from the perfect

gas law.

The Sherwood number can be expressed as:

Sh ¼ hmd=Dnaph ð2Þ

Dnaph is based on the discussion of naphthalene prop-

erties given by Goldstein and Cho [13].

The spanwise-averaged Sh is obtained by a numerical

integration:

Sh ¼
R S=2
0

Shdy
S=2

ð3Þ

In addition, the overall-averaged Sh for five rows is

calculated as:

Sh ¼
R x=d¼26
x=d¼�3 Shdðx=dÞ

29
ð4Þ

The mass transfer coefficients can be converted to the

heat transfer coefficients using the heat and mass

transfer analogy [15]. The Prandtl number is 0.71 for air

and the Schmidt number is 2.28 for the naphthalene

vapor in air at 25 �C. Since the experiments are con-
ducted at room temperature, the Lewis number (Pr=Sc)
for this study is about 0.307.

Nu
Sh

¼ Pr
Sc

� �0:4

; Nu ¼ 0:624Sh ð5Þ

Uncertainty values of the Sherwood number and the

mass transfer coefficient using Kline and McClintock�s
[16] method for single sample experiments, considering

the measured temperature, depth, position and correla-

tion equations, are within 6.2% and 5.4% in the entire

operating range of the measurement, respectively, based

on a 95% confidence interval.

These uncertainties are attributed mainly to the un-

certainty of properties of naphthalene, such as the

naphthalene saturated vapor pressure (5.1%), and dif-

fusion coefficient of naphthalene vapor in the air (3.0%).

However, uncertainty due to the sublimation depth

measurement is only 0.7%. The other uncertainties are

0.12% and 1.1% for Tw and qs, respectively.
The major uncertainties in the saturated vapor

pressure and naphthalene vapor diffusivity result mainly

from temperature values in each correlation. Thus, the

error can be reduced significantly if each experimental

test is conducted in the same temperature condition.

Table 1

Pressure drop in test section for array impinging jet without

effusion holes at Red ¼ 10,000

H=d Pressure drop without

orifice (DP=Pcham, %)
Pressure drop with

orifice (DP=Pcham, %)

0.5 69.5 4.8

1.0 35.0 1.4

2.0 13.4 0.6

4.0 5.8 –
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2.4. Numerical analysis

A numerical analysis using a commercial program

(FLUENT V5.4) is performed for the array impinging

jets without and with effusion holes in order to under-

stand the flow patterns. FLUENT is based on a finite

volume method with SIMPLE algorithm and is used

widely for general flow problems. The computational

domains are modeled by the geometries used in the ex-

periment, and the operating conditions are equal to

those of the experiments.

The computation domain grids are created using the

GAMBIT solid modeling and have non-uniform meshes

with fine grids in the regions of sharp velocity gradients.

Various grids are used to verify the grid independence of

the solution. To reduce grid sizes and calculation times,

the symmetry boundary conditions are applied to the

sidewalls (array jets without effusion holes) or cell

Fig. 3. Velocity profile at the nozzle exit for Red ¼ 5000.

Fig. 4. Comparison of local Nu number for impinging jet with

other results for H=d ¼ 2:0 and Red ¼ 10,000 along y=d ¼ 0:0.

Fig. 5. Velocity vector plots at center-plane for array impinging jets without effusion holes at Red ¼ 10,000. (a) H=d ¼ 2:0 and (b)

H=d ¼ 6:0.
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boundary (array jets with effusion holes), and the

number of grid points is about 200,000. The conditions

of numerical calculation are steady, three-dimensional

and turbulent flow using a Reynolds stress turbulence

modeling (RSM) with a standard wall function for near

wall region. The Reynolds number (Red) is fixed at

10,000 for the numerical calculations.

3. Results and discussion

3.1. Qualification tests

The qualification tests are performed to ensure the

symmetry of flow pattern and the validity of heat/mass

transfer results. The sidewalls in the test section are re-

moved during these tests to minimize the effect of cross-

flow. To ensure the uniform flow at the injection hole

exit, the velocity distribution of jet at the hole exit are

measured and presented in Fig. 3. The results show good

symmetry and uniformity in streamwise direction, and

the difference in values near the stagnation regions is

within 0.5%. The distributions of Sh along the mid-way

(y=d ¼ �3:0) at H=d ¼ 6:0 have shown a good symme-
try in the spanwise direction (within 3% difference of Sh

values).

Fig. 4 shows the local Nu distributions obtained by

the heat/mass transfer analogy (Eq. (5)) of the present

study and other results [8,17] for H=d ¼ 2:0 and

Red ¼ 10,000. The heat/mass transfer pattern near the

stagnation point is affected by the impinging jet flow

condition at the hole exit. Therefore, some discrepancies

are observed among the results for the same jet Rey-

nolds number. However, at the wall jet region, there is a

favorable agreement on the results. In addition, the

additional peak values are observed at r=d ¼ 3:0 for the
array jets due to the interaction between the adjacent

wall jets and these values are almost the same for both

cases.

3.2. Array impinging jets with/without effusion holes

3.2.1. Flow characteristics

Fig. 5 shows velocity vectors at the center-plane

(y=d ¼ 0:0) for array impinging jets without effusion
holes. For H=d ¼ 2:0 (Fig. 5(a)), cross-flow is formed at
downstream region and small clockwise vortices are

generated at the upstream side of impinging jets due to

the interactions between the wall jet flows of adjacent

impinging jets and the cross-flow. As the flow moves

downstream, flow rate and velocity of cross-flow in-

crease. At x=d > 18:0, it is shown clearly that the im-
pinging jets are shifted toward downstream direction.

For a large gap distance of H=d ¼ 6:0, the effect of
cross-flow is reduced because the cross-sectional area

increases. The size of vortex near the surface is larger

than that for H=d ¼ 2:0, and the center of impinging jets
are shifted a little.

Fig. 6 presents velocity vectors in the cross-sectional

view (y–z plane) at selected planes for the array im-
pinging jets at H=d ¼ 2:0. For the cases with cross-flow
(Fig. 6(a) and (b)), upward flow at y=d ¼ �3:0 (sym-
metric line) and large-scale vortices are developed due to

the collision of wall jets formed from the adjacent im-

pinging jets. As x=d increases, the center of these vortices
moves downward and toward the impinging jets. For

instance, the center of vortices is located at y=d ffi �1:8
and z=d ffi 1:2 at x=d ¼ 0:0, while the center of vortices is
at y=d ffi �1:5 and z=d ffi 1:0 at x=d ¼ 24:0. In addition,
the injected jets are more diffused outside near the sur-

face as the flow moves downstream. Therefore, flow re-

entrainment of spent air into the injected jet will increase

as moving downstream. This reduces the availability of

heat transfer performance of the jet due to large mixing

of spent air. This is possibly due to the increase of cross-

flow rate (velocity) and the development of secondary

flow.

Fig. 6. Velocity vectors at selected planes for array impinging

jets without effusion holes at H=d ¼ 2:0 and Red ¼ 10,000 (not

in scale). (a) x=d ¼ 0:0, (b) x=d ¼ 24:0 and (c) for array jet with

effusion hole.
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For the case with effusion holes (Fig. 6(c)), flow

pattern at the mid-way region (y=d ¼ �3:0) is similar to
that with the cross-flow. However, the size of vortices is

smaller than that with the cross-flow, and the center of

these vortices is located close to the mid-way region (at

y=d ffi �2:3 and z=d ffi 1:5). Hence, the diffusion of the
jets and re-entrainment of the spent air are much weaker

than those for the case with cross-flow.

3.2.2. Local heat/mass transfer measurements

Fig. 7 shows the contour plots for the array im-

pinging jets without effusion holes at Red ¼ 10,000. For

H=d ¼ 1:0 (Fig. 7(a)), two peak values are observed near
the stagnation region at upstream region (x=d < 6:0),
which is a typical pattern for impinging jets at small gap

distances. At downstream region, asymmetric distribu-

tions of Sh are formed. The strength of wall jet on the

upstream side of stagnation point is weaker than that on

the downstream side due to the cross-flow. Therefore,

heat/mass transfer enhanced region is shifted toward the

downstream side, and the local gradient of Sh distribu-

tion on the upstream side is very steep, while Sh on the

downstream side is changed gradually. Local values of

Sh at the stagnation points increase as x=d increases

because turbulence intensity of jet core is elevated due to

the interaction between the cross-flow and impinging

jets.

While the impinging jet has a little influence on heat/

mass transfer rate at mid-way region, heat/mass transfer

pattern at this region is much affected by the cross-flow.

For the case of H=d ¼ 1:0, the flow pattern at the mid-
way region is similar to a duct flow at downstream re-

gion because of the small spacing between the injection

and target plates, and the wall jets of adjacent impinging

jets do not interact with each other but flow downstream

at this region. Therefore, heat/mass transfer coefficients

on the downstream region are lower due to the devel-

oped boundary layer, and non-uniform distribution in

lateral direction is obtained.

For H=d ¼ 2:0, overall heat/mass transfer charac-
teristics are similar to those for H=d ¼ 1:0. At down-
stream region of x=d > 12:0, heat/mass transfer

enhanced region is spread widely in lateral direction due

to the large-scale vortices shown in Fig. 6, and asym-

metric distributions are also formed. However, in this

case, the effect of cross-flow is weakened due to the

Fig. 7. Contour plots of Sh for array impinging jets without effusion holes at Red ¼ 10,000. (a) H=d ¼ 1:0, (b) H=d ¼ 2:0 and (c)

H=d ¼ 6:0.
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increase of cross-sectional opening area. The local Sh on

the mid-way region is higher than that for H=d ¼ 1:0
because of the interactions between adjacent wall jets.

For a relatively large gap distance (H=d ¼ 6:0), the
distributions of Sh are fairly symmetric in the overall

region except at the channel exit region (x=d P 24:0).
Heat/mass transfer coefficient reaches a maximum value

at the stagnation point and decreases monotonously

because the jet potential core remains until this distance

with a maximum turbulence intensity [8].

Fig. 8 presents the contour plots of Sh for array

impinging jets with effusion holes. Dotted circles in the

contour plots represent the positions of effusion holes on

the injection plate. Symmetric distributions of Sh are

obtained in the overall region by installing the effusion

holes on the injection plate for all the tested cases.

For H=d ¼ 1:0, two peak values are observed near
the stagnation regions, and square cells of high heat/

mass transfer coefficients are formed due to interaction

between the adjacent wall jets and flow effusion through

the effusion holes. The flow is detached from the surface

of target plate and ejection through the effusion holes at

the regions where the effusion holes are located. There-

fore, upward flow patterns are generated and relatively

low transfer regions are appeared at these regions.

As the gap distance increases, the impinging jets be-

come diffused and turbulence intensity of the jet core

increases, thus one peak value is observed at each stag-

nation point. In addition, a large portion of the injected

jet is effused through the effusion holes before impinging

on the target plate. Therefore, heat/mass transfer coef-

ficients at the mid-way region is lower than those for the

small gap.

Local plots of Sh for array impinging jets without

effusion holes are presented in Fig. 9. For the small gap

distances (H=d 6 2:0), the cross-flow enhances heat/mass
transfer rates at the stagnation region on the target plate

with increasing turbulence intensity of the impinging

jets. Thus, Sh at the stagnation points increases as the

fluid moves downstream. For x=d P 9:0, the secondary
peak values due to the jet flow transition to turbulence

are only formed at the downstream side of the stagna-

tion points because the cross-flow affects the upstream

side of the jet. However, there is an apparent decrease of

heat/mass transfer at the mid-way region (y=d ¼ 1:5 and
3.0) because of development of thermal boundary layer

Fig. 8. Contour plots of Sh for array impinging jets with effusion at Red ¼ 10,000. (a) H=d ¼ 1:0, (b) H=d ¼ 2:0 and (c) H=d ¼ 6:0.
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and re-entrainment of the spent air. Therefore, the cross-

flow enhances the heat/mass transfer at the stagnation

region but reduces that on the mid-way region. For

H=d ¼ 1:0, the local heat/mass transfer coefficients at
the mid-way region stay constantly for x=d P 12:0 be-
cause the cross-flow prevents the collisions between the

adjacent wall jets. For H=d ¼ 2:0, the local distribution
at the center-line (y=d ¼ 0:0) is similar to that for

H=d ¼ 1:0. However, at the mid-way region (y=d ¼ 3:0),

the local heat/mass transfer coefficients at downstream

region are higher than those for H=d ¼ 1:0 due to the
interaction between the wall jets as mentioned before.

For the large gap distances (H=d P 4:0), the distri-
butions of Sh are fairly periodic in the overall region

because the cross-flow affects heat/mass transfer slightly.

Only one peak value is observed at each stagnation

point, and the levels of these peak values are similar for

all the stagnation points. At the center-line (y=d ¼ 0:0),

Fig. 9. Local distributions of Sh for array impinging jets without effusion holes at Red ¼ 10,000. (a) H=d ¼ 1:0, (b) H=d ¼ 2:0 and (c)

H=d ¼ 6:0.
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there are additional small peak values between the im-

pinging jets (x=d 	 3:5, 9.5, 16 and 22). This is due to the
small clockwise vortices, which are generated through

the interaction between the adjacent wall jets as shown

in the numerical results (Fig. 5).

Fig. 10 presents local plots of Sh for the array im-

pinging jets with effusion holes. The distributions are

quite periodic and fairly uniform in the overall region

for all the tested cases. There are two peak values at the

stagnation region for the small gap distances

(H=d 6 2:0), but only one peak value is observed for

relatively large gap distances due to the development of

the jet core flow. The additional small peak values are

formed at the midway (x=d ¼ 3:0, 9.0, 15.0 and 21.0) due
to the interaction between the wall jets. These peak

values are decreased as the gap distance increases be-

cause the jet is more diffused and the momentum of core

flow decreases for the large gap distance.

3.2.3. Average heat/mass transfer coefficient

Fig. 11 shows distributions of laterally averaged Sh

(Sh) for the various gap distances at Red ¼ 10,000. For

Fig. 10. Local distributions of Sh for array impinging jets with effusion holes at Red ¼ 10,000. (a) H=d ¼ 1:0, (b) H=d ¼ 2:0 and (c)

H=d ¼ 6:0.
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the small gap distances (H=d 6 2:0), the distribution
with the cross-flow is similar to that with the effusion

holes at the upstream region (x=d < 9:0), but Sh values
are much less than those with effusion holes at the

downstream region due to negative effects of the cross-

flow. The negative effects are the re-entrainment of the

spent air into the jet and the development of the thermal

boundary layer. The difference is larger with the smaller

gap distance. For the large gap distance of H=d ¼ 6:0,
the distributions of two cases, as expected, are almost

the same for the overall region. This means that the

cross-flow affect little the heat/mass transfer for the large

gap distances (H=d P 6:0).
Fig. 12 presents the overall-averaged Sh (Sh) for the

various gap distances at Red ¼ 10,000. For the case

without effusion holes, the cross-flow has negative effects

such as re-entrainment of the spent flow and develop-

ment of the thermal boundary layer on heat/mass

transfer enhancement on the target plate for the small

gap distances (H=d < 2:0). The maximum value is

H/d=6.0

H/d=2.0

H/d=1.0

Fig. 11. Local distributions of Sh for various gap distances at Red ¼ 10,000. (a) H=d ¼ 1:0, (b) H=d ¼ 2:0 and (c) H=d ¼ 6:0.
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obtained at H=d ¼ 2:0, and then Sh decreases gradually
as the gap distance increases. For the case with effusion

holes, the spent air in the gap is ejected through the ef-

fusion holes. Hence, the cross-flow is not generated and

flow re-entrainment is reduced significantly. Thus, Sh
has a maximum value at the small gap distance

(H=d ¼ 1:0), and this is about 20% higher than the value
without the effusion holes. The difference between two

cases increases as the gap distance decreases. For

H=d ¼ 0:5, Sh with effusion holes is about 60% higher

than that without the effusion holes. Therefore, it is

concluded that the enhancement of heat/mass transfer

and the improvement of uniformity are achieved by in-

stalling effusion holes for relatively small gap distances.

For relatively larger gap distances (H=d P 2:0), the
overall average values are similar to the case of cross-

flow because the cross-flow does not affect heat/mass

transfer on target plate significantly.

4. Conclusions

Flow and heat/mass transfer characteristics for the

array impinging jets with and without the effusion holes

are investigated for various gap distances. For the array

impinging jets without effusion holes, the cross-flow of

spent air has large influence on the heat/mass transfer

characteristics on the target plate for the small gap dis-

tances of H=d 6 2:0. For the small gap distances, the
heat/mass transfer coefficients at the stagnation points

increase as the flow moves downstream because the

turbulence intensity of the jet core increases due to the

interaction between the impinging jets and the cross-

flow. The heat/mass transfer coefficients at the mid-way

region are reduced due to re-entrainment of the spent air

and the development of the thermal boundary layer.

However, for the large gap distances (H=d P 4:0), the
cross-flow affects little the heat/mass transfer on the

target plate due to the large cross-sectional area of flow

path. The maximum average heat/mass transfer coeffi-

cient is obtained at H=d ¼ 2:0 for the present geometry.

For the array impinging jets with effusion holes, a

periodically uniform heat/mass transfer on the target

plate is obtained and the average value increases con-

tinuously with decreasing H=d because the spent air is
discharged through the effusion holes on the injection

plate and the flow re-entrainment is reduced signifi-

cantly. Therefore, for the small gap distances

(H=d < 2:0), the heat/mass transfer is augmented sig-
nificantly and the augmented values are 60% and 20%

higher for H=d ¼ 0:5 and 1.0, respectively, than those
without the effusion holes. However, for the large gap

distances, local distributions of heat/mass transfer co-

efficients and average values with the effusion holes are

similar to those without the effusion holes (with cross-

flow).
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