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Heat (Mass) Transfer on Effusion Plate
in Impingement/Effusion Cooling Systems
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The local heat/mass transfer characteristics on an inner surface of the effusion plate in an impingement/effusion
cooling system have been investigated. Two perforated plates are installed in parallel position to simulate the
impingement/effusion cooling system. The experiments have been conducted for three different hole arrangements,
staggered, square, and hexagonal, with various gap distances of 1, 2, 4, and 6 times the effusion hole diameter. The
Reynolds number based on the effusion hole diameter is � xed at 1 ££ 104 . A naphthalene sublimation method is
used to determine the local heat/mass transfer coef� cients on the effusion plate. For all of the tested cases, high
transfer regions are formed near the stagnation points and at the midline region of the adjacent impinging jets
due to secondary vortices and � ow acceleration to the effusion holes. The heat/mass transfer coef� cient in the
whole region increases with decreasing gap distance. The staggered hole arrangement shows the highest average
heat transfer coef� cient due to the largest area ratio of the effusion to the injection hole; however, the heat/mass
transfer on the effusion plate is more uniform for the square and hexagonalhole arrangements because the number
of injection holes is increased.

Nomenclature
Ae = total hole area of effusion plate
Ai = total hole area of injection plate
D = effusion hole diameter
d = injection hole diameter
H = gap distance between injection and effusion plates
hm = local mass transfer coef� cient
Knaph = mass diffusion coef� cient of naphthalenevapor in air
ND = number of effusion holes
Nd = number of injection holes
Nu = Nusselt number based on effusion hole diameter
P = pitch of array holes
Pr = Prandtl number
ReD = Reynolds number based on effusion hole diameter

and the average velocity in the hole
Red = Reynolds number based on injection hole diameter

and the average velocity in the hole
Sc = Schmidt number
Sh = Sherwood number based on effusion hole diameter,

Eq. (2)
Sh = average Sherwood number
x; z = distance from the center of a hole (Fig. 2)

Introduction

M ODERN gas turbine engines are designed to be operated at
high turbine inlet temperature to achieve high thermal ef� -

ciency. The high turbine inlet temperature requires proper cooling
techniques to protect the components of the gas turbines, particu-
larly combustorwalls and turbineblades.Therefore,variouscooling
methods, such as � lm cooling, jet impingement cooling, and con-
vective internal passage cooling, have been developed. In recent
years, complex cooling techniques that are the combined forms of
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different cooling methods have been investigated and developed,
and an impingement/effusioncoolingtechniqueis one of these com-
bined cooling techniques.

Impingement/effusion cooling is the method that combines a full
coverage� lmcooling(effusioncooling)anda jet impingementcool-
ing. Full coverage � lm cooling is a good method to protect the sur-
face of components from a hot gas stream and can be applied to gas
turbine combustors ef� ciently. Jet impingement cooling is an effec-
tive way to cool the surface with locally high transfer rates. The
surface heat transfer patterns can be controlledby the con� guration
of jet arrays. Better cooling performance can be obtained by proper
combination of these cooling techniques.

Many studies of each cooling technique (array jet impingement
cooling or � lm cooling) have been performed extensively. For
the full coverage � lm cooling techniques, Andrews and Mkpadi,1

Andrews et al.,2;3 and Andrews and Bazdini Tehrani4 investigated
extensively the average heat transfer rates for full coverage � lm
cooling with various conditions, such as hole-to-hole pitches and
hole diameters. The previous studies of the jet impingement cool-
ing techniquewith various parameters are well reviewed by Downs
and James,5 Jambunathanet al.,6 and Viskanta.7 However, there are
only a few studies of the impingement/effusion cooling technique,
especially for local heat transfer measurements on the inner surface
of effusion plate.

Sparrow and Ortiz8 measured average heat/mass transfer coef� -
cients and conducted� ow visualizationon the upstream-facingsur-
face of a single perforated plate (effusion only). Holes in the plate
were in an equilateral hexagonal con� guration, and the Reynolds
number based on the hole diameter was tested between 2 £ 103 and
2 £ 104. The results show that the Sherwood number increases lin-
early with the Reynolds number.

Huber and Viskanta9 examined the effect of spent air exit in the
ori� ce plate on the local and average heat transfer for array of im-
pinging jets. Their results show that the interaction of adjacent im-
pinged jets and the � ow reentrainment are reduced by the spent air
exit, and then the heat transfer on target plate is enhanced.

Al Dabagh et al.10 and Andrews and Nazari11 investigated the
effects of the number of holes on the cooling effectiveness on the
outersurfaceof the effusionplate in the impingement/effusioncool-
ing and reported that the in� uence of the number of impingement
holes is small on the outer surface, but the in� uence of reducing the
number of effusion holes is signi� cant.

Hollworth and Dagan12 and Hollworth and Lehmann13 measured
the averageand local heat transfer coef� cients of arrays of turbulent
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air jets impingingon perforatedtarget surfaces and reported that the
arrays with staggered effusion holes yield consistently higher heat
transfer rates than do the impinging jets only on the solid plates.

Funazaki et al.14 studied the heat transfer characteristics for the
impingement/effusion cooling with pin � ns of staggered arrange-
ment and reportedthat high heat transfer is generatednot only on the
target plate but also on the surfacesof the pins and that high cooling
performance can be obtained with less cooling air consumption.

Cho and Goldstein15 conductedheat/mass transfermeasurements
on two perforated plates with a small hole-to-hole pitch, 3D. They
reported that the heat/mass transfer rates on the target surface of the
second plate are approximately 45 » 55% higher than that for the
impingement cooling alone and are about three or four times that
for the effusion alone (single layer).

Cho and Rhee16 investigated the local heat/mass transfer charac-
teristics on the inner surface of effusion plate for the impingement/
effusion cooling for various gap distances and hole arrangements
and reported that the cooling performance is enhanced with the
small gap distance and that the injection to effusion hole arrange-
ment is very important to obtain a high and uniform transfer on the
effusion plate.

Most studiesfor the impingement/effusioncoolingfocusedon the
averageheat transfer characteristicsor overall cooling performance
with the limitedexperimentalconditions.However,a completeanal-
ysis of heat transfer with cooling techniques such as � lm cooling
and impingement/effusion cooling requires detailed heat transfer
coef� cient distributions on the internal walls as well as inside the
hole surfaces and adiabatic wall temperatures (� lm cooling effec-
tiveness) and heat transfer coef� cient distributions on the exposed
surfaces.17 In addition, information not only of overall heat transfer
coef� cient but also of local variation is required to prevent hot spots
and to obtain better cooling design.18 Local data are also useful to
model the numerical computation and to evaluate thermal stress in
this cooling system.

Therefore, in the present study, the local heat/mass transfer char-
acteristics on the inner surface of the effusion plate are investi-
gated with various injection hole arrangements and gap distances.
Two parallel plates with circular holes are used to simulate the
impingement/effusioncoolingsystem.Three injectionholearrange-
ments of staggered, square, and hexagonal patterns are tested with
variousgap distancesfrom 1D to 6D at � xed mass � ow rate through
the effusion holes at the injection to effusion hole diameter ratio
(d=D) of 0.67.

A naphthalene sublimation method is employed to measure the
detailed local heat/mass transfer coef� cients on the inner surface
of effusion plate. One of the great advantages of this technique is
accurate and easy imposition of boundary conditions analogous to
isothermalor adiabaticwall in convectiveheat transferwithout con-
ductive and radiative losses.19 Measured mass transfer coef� cients
can be converted into heat transfer coef� cients using the heat and
mass transfer analogy.20

Experimental Apparatus and Procedure
Experimental Apparatus

Figure 1 is a schematicviewof the experimentalapparatus.Room
air is drawn into the settling baf� e by a suction-type blower and
passes through perforated plates and an ori� ce � ow meter and then
is discharged outside. Cho and Goldstein21 reported that heat/mass
transfer characteristics on the inside surface of the effusion plate
are not affected by the outside cross� ow (mainstream); therefore,
the effect of cross� ow is not considered in the present study. The
injection and effusion plates are placed in a parallel position, and
the various hole arrangements are achieved by changing the injec-
tion plates. T-type thermocouplesare installed in a settling baf� e, a
plenum chamber, and the test plate to measure the accurate temper-
ature of naphthalene surface and incoming � ow.

Figures 1b and 1c are schematic views of effusion plates of
the square and hexagonal hole arrangements. The naphthalene-
coated test plate is placed at the center of effusion plate, which
is mounted on the plenum chamber with the cross-sectionalarea of

a) Test apparatus

b) Effusion plate for staggered and square arrays

c) Effusion plate for hexagonal array

Fig. 1 Schematic diagrams of experimental apparatus and effusion
plates.
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Table 1 Experimental parameters

Hole Ratio of number
arrangement d , mm D, mm of holes (Nd :ND ) Ae=Ai H=D ReD Red

Staggered array 10 15 1:1 (25:25) 2.25 1.0, 2.0, 4.0, 6.0 1 £ 104 1:5 £ 104

Square array 10 15 3:1 (75:25) 0.75 1.0, 2.0, 4.0, 6.0 1 £ 104 5 £ 103

Hexagonal array 10 15 2.4:1 (60:25) 1.125 1.0, 2.0, 4.0, 6.0 1 £ 104 7:5 £ 103

450 £ 450 mm. The two effusion plates have 25 (5 £ 5) holes with
pitch-to-diameter ratio (P=D) of 6, and the effusion hole diameter
D is 15 mm. The test plate has an effusion hole in the middle with
the naphthalene-coatedarea of 8:3D £ 8:3D. The central position
of the test plate on the effusionplate with a suf� ciently largenumber
of holes ensures that endwall effects are negligibleat the measuring
domain. The Reynolds number based on the effusion hole diameter
is � xed for ReD D 1 £ 104 to maintain constant velocity (mass � ow
rate) through the effusion holes.

Schematic diagrams of hole arrangements and coordinate sys-
tems are presented in Fig. 2. Three different hole arrays are investi-
gated for the two perforatedplates:1) staggeredarray with the same
number of impingement holes and effusion holes (1:1) (Fig. 2a),
2) square array with the hole number ratio of 3:1 (Fig. 2b), and
3) hexagonal array with the hole number ratio of 2:4:1 (Fig. 2c).
For the hexagonal hole arrangement, each injection hole locates on
the gravitationalcenterof an equilateral triangle formed by adjacent
three effusion holes. These three hole arrangements are selected to
investigate heat transfer distributions affected by the different � ow
patterns, the staggered, square, and hexagonal array jet patterns.

In general, it is desirable to design for the larger pressure drop
across the injection plate (to maximize jet intensity and convective
heat transfer rates),and the smaller pressuredrop across the effusion
plate produces lower jet velocities in � lm cooling situations, in turn
resulting in lower boundary layer jet mixing action and better � lm
coolingperformance.Therefore,in thepresentstudy, thediameterof
the injection hole is designed to be smaller than that of the effusion
hole. The diameter of injection hole d is 10 mm (d=D D 0:67) for
all of the tested plates, and the thicknessof the plates is 1.33D (2d).

The effusionto injectionhole area ratios (Ae=Ai ) of the staggered,
square,and hexagonalarraysare 2.25, 0.75, and 1.125, respectively,
becausethe numberof injectionholes is different.For all the hole ar-
rangements, the experiments have been performed with four differ-
ent gap distances H of 1, 2, 4, and 6D. The detailsof test parameters
and operating conditions are listed in Table 1.

The resultsobtained in this study are comparedwith the resultsof
previouswork,16 which investigateda staggeredarraywith injection
hole diameter of d D 15 mm to evaluate effects of the injection hole
size with a � xed � ow rate.

Heat/Mass Transfer Coef� cient

The local mass transfer coef� cient is de� ned as

hm D
Pm

½v;w ¡ ½v;1
D ½s.dy=d¿/

½v;w

(1)

because the impinging jet � ow contains no naphthalene, ½v;1 D 0,
in the present study. Therefore, the mass transfer coef� cient is cal-
culated from the local sublimationdepth of naphthalene,dy, the run
time d¿ , the density of solid naphthalene½s , and naphthalenevapor
density½v;w . The naphthalenevapor density ½v;w is calculated from
the perfect gas law, and the naphthalene vapor pressure is obtained
from a correlation of Ambrose et al.22

The Sherwood number can be expressed as

Sh D hm D=Knaph (2)

Knaph is based on the discussionof naphthalene properties given by
Goldstein and Cho.19

In this study, the nondimensionalnumbers, such as the Sherwood
number, use the effusion hole diameter as a characteristic length.
The heat/mass transfer of impinging jet is usually characterizedby

a) Staggered array

b) Square array

c) Hexagonal array

Fig. 2 Schematic diagrams of hole arrangements.

the injectionhole diameter.However, the operatingconditions,such
as mass � ow rate through the effusion holes and gap distance, are
basedon the effusionholediameter in this study.Therefore,the heat/
mass transfer characteristicsare normalized with the effusion hole
diameter in the present study.

To obtain local mass transfer coef� cients hm , the pro� le of the
naphthalene surface coated on the test plate is scanned by an
automated surface measuring system before and after exposure to
air� ow. Sublimationdepth during the experiment is calculatedfrom
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the difference of the surface pro� les. The measuring system con-
sists of a depth gauge, a linear signal conditioner(Lucas ATA-101),
a digital multimeter (Keithley Model 2001), two stepping-motor-
driven positioners, a motor controller, and a personal computer
with GPIB (Instituteof Electrical and ElectronicsEngineering-488)
board. The depth gauge is a linear variable differential transformer
(LVDT) made by SchaevitzEngineering(Model LBB-375TA-020),
which has a resolution of 0.025 ¹m. Error of the LVDT measure-
ments on a � at plate is 0.7% of an averaged sublimation depth of
40 ¹m during the run. The automated system typicallyobtainsmore
than 2000 data points in an hour.

The mass transfercoef� cients canbe convertedto theheat transfer
coef� cients using the heat and mass transfer analogy.20 The Prandtl
number is 0.71 for air and the Schmidt number is 2.28 for the naph-
thalenevapor in air at 25±C. The experimentsare conductedat room
temperature, and the Lewis number (Pr=Sc) for this study is about
0.307:

Nu=Sh D .Pr=Sc/0:4; N u D 0:624Sh (3)

Uncertainty of the Sherwood numbers using Kline and
McClintock’s23 method for single-sample experiments, when the
measured temperature, depth, position, and correlation equations
are considered, is within §7:1% in the entire operating range of the
measurement,based on a 95% con� dence interval.This uncertainty
is attributed mainly to the uncertainty of properties of naphthalene,
such as the naphthalene saturated vapor pressure (3.8%), and dif-
fusion coef� cient of naphthalenevapor in the air (5.1%). However,
the uncertainty due to the sublimation depth measurement is only
0.7%. The other uncertaintiesare 0.2, 1.1, and 4.9% for Tw , ½s , and
hm , respectively.

Results and Discussion
Heat/Mass Transfer in Staggered Hole Arrangement

Figure 3 shows contour plots of heat/mass transfer in the stag-
gered array for various gap distances at ReD D 1 £ 104. The broken
circles and concentric half-circles represent the projected position
of the injectionholeson the effusionplate and a rim of effusionhole,
respectively.The experimental results show almost perfect symme-
try, and so the results in the right half-regions (0:0 · z=D · 3:0) are
presented in the contour plots.

As shown in Fig. 3, all of the cases show the same trend: high
transfer regions are apparent near the stagnation points, whereas
relatively low transfer regions are observed near the effusion hole
and at the wall jet regions due to developmentof the boundary layer
of the wall jet after impingement.

a) H/D = 1.0 b) H/D = 2.0 c) H/D = 4.0 d) H/D = 6.0

Fig. 3 Contour plots of staggered array with d = 10 mm for various gap distances.

As the � ow goes, the adjacent wall jets collide with each other
at the midline (z=D D 0:0 and x=D D 0:0). Therefore, the upward
primary vortices are formed with the countervortices impinging on
the midline.16 The countervorticesenhanceheat/mass transfer rates
along the midline forming an additional peak (Fig. 3). Figure 4
presents the schematic view of the � ow pattern on the centerplane
of impinging jets. The primary vortices are formed due to the in-
teraction of adjacent wall jets, and the counter-rotating secondary
vortices are formed between the primary vortices. Therefore, the
relatively low transfer regions are formed between the primary and
secondary vortices, and the small peak regions are formed at the
midway region due to impingement of the secondaryvortices. This
pattern will be shown clearly in local Sherwood number distribu-
tions (Fig. 5). The secondary vortices generated at the midway re-
gions then � ow toward the effusion holes due to the � ow suction of
effusion holes.

As the gap distanceincreases,the annularpeak regionsaroundthe
stagnation region disappear, as shown in Figs. 3a–3d. These heat/
mass transfer patterns are related to developmentof the injected jets
for different gap distances. The developed jet with the large gap
distances produces only one peak at the stagnation point (Fig. 3d).

The local heat/mass transfer coef� cients are replotted along the
lines of z=D D 3:0 and 0.0 in Fig. 5. The pointswith Sherwoodnum-
ber value of 0 stand for the centerlineof the effusion hole. With the
small H=D (D1:0 and 2.0), there are two peaks near the stagnation
points. The inner peak, which is about 0.3D (0.45d) apart from the
stagnation point, is caused by the � ow acceleration that makes the
boundary layer thin. The mass transfer decreases after this peak
due to development of the boundary layer with decelerating � ow.
The boundary layer transits to turbulent � ow at x=D »D §2:2, and
the heat/mass transfer coef� cient reaches a secondarypeak value at

Fig. 4 Schematic � ow pattern on the centerplane of impinging jets.
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Fig. 5 Local Sherwood number of staggered array with d = 10 mm for
various gap distances.

the region that is approximately1.2D (1.8d) apart from the stagna-
tion point.This phenomenonis also referredas the secondaryvortex
formation. The secondary vortex is induced by unsteady � ow sepa-
ration, which is initiated by the unsteady adverse pressure gradient
produced by the main rolling vortex.24 The vortices on the wall dis-
turb the boundary-layer � ow and entrain the ambient � uid into the
boundarylayer.The secondarypeakvalue increaseswith decreasing
the gap distance.

With the large H=D (¸4.0), the turbulence intensity at the jet
core increases, so that the heat/mass transfer near the stagnation
point is higher than the earlier cases. However, the secondary peak
disappearswith the large gap distancebecause the � ow acceleration
and transition to turbulent � ow are not generated with the large
nozzle-to-plate distance. Thus, the local distribution of Sherwood
number presents a continuously decreasing pattern. At H=D D 4:0
(H=d D 6:0, d D 10 mm), the heat/mass transfer coef� cient of the
stagnationpoint reaches a maximum value because the jet potential
core grows to a maximum turbulence intensity before impingement
on the targetsurface.This case is equivalentto the gap distanceof six
times the injection hole diameter (H=d D 6:0, d D 10 mm) and is in
good agreementwith results of H=d D 6:0 (d D 15 mm) in previous
work.16 At the midway region (x=D D 0:0), the additionalpeaks are
observed as already mentioned. The levels of Sherwood number in
the midway region are almost the same for all of the tested cases.
Therefore, one can say that the strength of the secondaryvortices is
affected little by the gap distance between two plates.

A comparison of the results of staggered arrays with d D 15 and
10 mm demonstrates that the maximum and secondary peak values
of the case with d D 10 mm are almost twice those with d D 15 mm
(Fig. 5a). It is becausethe air jet throughinjectionhole of d D 10mm
has much higher momentum than that of d D 15 mm for the same
Reynolds number ReD (the same mass � ow rate). Although each
casehas largedifferencesin local values,both casesshow the similar
heat/mass transfer patterns.

Figure 6 presents the local Nusselt number distributionsobtained
by the heat/mass transfer analogy [Eq. (3)] of the present study
(H=d D 1:5 and 3.0) and another single jet result25 (H=d D 2:0) for

Fig. 6 Comparison of local Nusselt number for impinging jet with
other results at Red = 1.5 ££ 104.

Red D 1:5 £ 104 . For the small gap distances, the distributions are
in accordancewith the single jet result. For the large gap distanceof
H=d D 6:0, some discrepanciesare observed in stagnationand wall
jet regions.This is possiblydue to thedifferencesin theexperimental
conditions.For example, for the single jet, the fully developedpipe
jet impinges on the target plate, whereas the array jets are injected
through the injection plate (nozzle plate) in this study.

Heat/Mass Transfer in Square Hole Arrangement

Figure 7 presents the contour plots of the Sherwood number for
the square hole arrangement with various gap distances. Although
more uniform heat/mass transfer distributions are obtained due to
the increase of number of the injection holes, the overall levels
of Sherwood number are much lower than those for the staggered
arrangement due to the decrease of the injected jet velocity. In
addition, locally low transfer regions are formed at x=D D §1:5
and z=D D 1:5, especially for the large gap distance (H=D D 6:0).
The reason is that the distance between centers of injection and
effusion holes is longer, and then the strength of the wall jet of
the far-off impinging jet (x=D D §3:0 and z=D D 3:0) is weak.
The regions of weak transfer rates widen, and the levels of Sher-
wood number decrease as the gap distance increases. These locally
low transfer regions should be avoided to prevent hot spots on
a component.

Figure 8 presents the local distributions of the Sherwood num-
ber. Along the line of z=D D 3:0, the graph includes three stag-
nation points of impinging jets. This means that the hole-to-hole
pitch of the impingement jets is reduced to half (3D) of that of the
staggered arrangement, whereas the pitch of the impinging jets at
z=D D 0:0 is the sameas thecaseof staggeredarray (6D) as shownin
Fig. 2.

At z=D D 3:0 (Fig. 8a), the adjacent wall jets collide with each
otherbefore transitionof the boundarylayerdue to the smallerpitch,
and the secondary peaks are not generated. Note that the valleys
and peaks near the stagnation points are observed for the small-
est gap distance of H=D D 1:0 due to the � ow acceleration.At the
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a) H/D = 1.0 b) H/D = 2.0 c) H/D = 4.0 d) H/D = 6.0

Fig. 7 Contour plots of Sherwood number for square array with d = 10 mm for various gap distances.

Fig. 8 Local Sh of square array with d = 10 mm for various gap
distances.

midway regions (x=D D §1:5), the additional peaks are formed by
the counter-rotatingsecondary vortices explained in Fig. 4.

The Sherwood number at the stagnationpoint indicates the high-
est value obtained with H=D D 2:0 (H=d D 3:0), whereas the high-
est Sherwood number is observed at H=D D 4:0 (H=d D 4:0) for
the staggered hole arrangement, as shown in Fig. 5. The reason
for this is that the interactionof adjacent jets is stronger than that for
the staggered hole arrangement, and the jets develop more quickly
due to the smaller hole-to-hole pitch. In addition, it may be that the

Fig. 9 Local Sherwood number of various hole arrangements at
z/D = 3.0 for H/D = 1.0: , staggered array (d = 10 mm); °, square ar-
ray (d = 10 mm); and +, staggered array (d = 15 mm).

Reynolds number based on the injection hole (Red / is smaller than
that of the staggered array due to lower jet velocity, and the jet � ow
with smaller Reynolds number Red is more likely to develop than
that with larger Reynolds number Red .

At z=D D 0:0, the monotonous Sherwood number patterns from
the stagnation point to effusion hole are observed for all gap dis-
tances, except for H=D D 1:0. For H=D D 1:0, the secondary peak
is clearly observed at x=D »D 2:0 due to the � ow transition,which is
hardly noticed at z=D D 3:0 in Fig. 8.

Figure 9 presents the effects of the number of holes on the line
of z=D D 3:0 at H=D D 1:0. The peak Sherwood number values
of the square array are much lower than those of the staggered
array with d D 10 mm due to the lower injection hole velocity.
However, the maximum Sherwood number of the square array is
slightly higher than that of the staggered array of d D 15 mm in
spite of the smaller Ae=Ai . The reason for this is that the jet � ow
from the hole of d D 10 mm has longer distance between the plates
(in terms of H=d) to develop, so that the � ow gains higher turbu-
lence intensity than that from the hole of d D 15 mm for the same
gap distance due to the stronger interaction between the adjacent
jets. In addition, there is another stagnation point at x=D D 0:0 for
the square arrangement, and more uniform distribution is clearly
achieved.However, the locally low transfer regions are formed with
the square hole arrangement as shown in Fig. 7 due to its geometric



RHEE, CHOI, AND CHO 101

a) H/D = 1.0 b) H/D = 2.0 c) H/D = 4.0 d) H/D = 6.0

Fig. 10 Contour plots of Sherwood number for hexagonal array with H/D = 1.0 at ReD = 1 ££ 104.

feature, and the existence of low transfer regions is not desirable in
the hot-temperaturecomponents as mentioned before.

Heat/Mass Transfer in Hexagonal Hole Arrangement

Figure10 shows thecontourplotsof the Sherwoodnumberfor the
hexagonal array at ReD D 1 £ 104 . The injection hole is located on
the gravitationalcenterof an equilateral triangle formed by adjacent
three effusion holes. Therefore, the wall jet � ow after impingement
on the target plate is divided into three directional� ows, and each of
those goes into one of the three effusion holes that are in the same
distances from the stagnation point. This � ow pattern makes the
dark region (relatively high transfer region) that has an equilateral
triangular pattern in the contour.

The overallSherwoodnumberdecreasesas H=D increases,and it
is the same trendaswith the staggeredandsquareholearrangements.
However, even at the large gap distances, the Sherwood number
contour shows fairly uniform distributions with little low transfer
regions between the impingement jets.

Figure 11 presents the local distributionsof Sherwoodnumber for
the hexagonal arrangement.The Sherwood values at the stagnation
points are about 10% higher than those for the square arrangement
because the area ratio of effusion to injection hole is increased.For
the small gap distanceof H=D D 1:0, the secondarypeaksdue to the
� ow transition are observed clearly. However, for H=D ¸ 2:0, the
overall heat/mass transfer decreases as the gap distance increases.
Especially, the heat/mass transfer at the wall jet regions decreases
signi� cantly.However,as alreadymentioned,theuniformheat/mass
transfer distributionsare obtained with the hexagonal hole arrange-
ments without the low transfer regions (hot spots).

Average Heat/Mass Transfer

Figure 12 presents the average Sherwood numbers for various
hole arrangements at ReD D 1 £ 104 . For the staggered and square
hole arrangements, the average values are obtained by numerical
integrationon the regionof ¡3:0 · x=D · 3:0 and 0:0 · z=D · 3:0.
The average values for the hexagonal array are obtained on the
triangular region formed by centers of the effusion hole and two
adjacent injection holes.

For all tested cases, the average Sherwood numbers indicate
the maximum values at H=D D 1:0 (the smallest gap distance in
the present study) and decrease continuously as the gap distance
increases.Average Sherwood number Sh for the staggeredarrange-
ment of d D 10 mm is the highest for all gap distances because of
the high jet � ow velocity. As expected from the local distributions
of Sherwood number, the averagevalues for the square arrangement

Fig. 11 Local plots of Sherwood number for hexagonal array with
H/D = 1.0 at ReD = 1 ££ 104.

are about 10% lower than those for the hexagonal arrangement and
the staggered hole arrangement of d D 15 mm due to the decreased
area ratio (Ae=Ai ).

For thehexagonalholearrangement,theaveragevaluesare almost
the same as those for the staggered array of d D 15 mm because the
area ratio is close to a unity and the low transfer region observed in
the square array has disappeared.

AlthoughtheaverageSherwoodnumber Sh of the staggeredarray
of d D 10 mm is the highest in all H=D, from the view points of
heat transfer uniformity involving the thermal stress problem, the
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Fig. 12 Average Sherwood number for different arrays and various
gap distances at ReD = 1 ££ 104.

hexagonal arrangements will be one choice of the impingement/
effusion cooling system.

Conclusions
In thepresentstudy, the localheat/mass transfercharacteristicson

the inner surface of the effusion plate are investigated with various
hole arrangements and gap distances.

In the impingement/effusion cooling, the high transfer regions
on the effusion plate are formed on the stagnation regions and the
additional peaks are formed at the midway regions due to the in-
teraction between the wall jets. The heat/mass transfer coef� cient
distributionsare fairly symmetricbecausethe spent air is discharged
through the effusion holes.

For the staggeredhole arrangement, the local Sherwood numbers
show the highest values among all tested cases due to the high
impinging jet � ow velocity related to the large effusion to injection
hole area ratio. However, the local distribution is very nonuniform
resulting in high thermal stress in hot-temperaturecomponents.

For the square hole arrangement, although the overall levels of
Sherwood number are lower than those for the staggered arrange-
ment, relativelyuniformdistributionsare obtainedbecausethe num-
ber of injection holes is increased. However, for relatively large
gap distances, the square hole arrangement includes the locally low
transfer regions (hot spots) formed near the effusion holes.

For the hexagonal hole arrangement, the equilateral triangular
cells of high transfer rates are formed and fairly uniform distribu-
tions are obtained for all tested gap distances (1:0 · H=D · 6:0).
The averageSherwoodnumbersare about10% higher than those for
the square arrangement due to the increase of effusion to injection
hole area ratio.

The average Sherwood number decreases as the gap distance in-
creases for all tested hole arrangements and increases with increas-
ing area ratio of effusion to injection hole. This implies that the
effusion to injection hole area ratio is a more dominant factor than
the hole arrangement for the average performance estimate in the
impingement/effusion cooling system.
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