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The purpose of the present study is to investigate the local heat/mass transfer characteristics with circular pin fins

in the impingement/effusion cooling with an initial crossflow. The results are compared with those for the cases

without pin fins and with rib turbulators. The pin fins are installed between two perforated plates and the crossflow

passes between these two plates. A blowing ratio is changed from 0.5 to 1.5 for the fixed jet Reynolds number of

10,000. The local heat/mass transfer coefficients on the effusion plate are measured using a naphthalene sublimation

method. When circular pin fins are installed in the impingement/effusion system, heat/mass transfer is augmented

due to the generation of vortex and wake. Especially, locally low heat/mass transfer regions in front of the effusion

hole are reduced. Because pin fins divert the crossflow passing in the injection hole region, the wall jet is less swept

away than the casewithout pinfins,which results in the increase of heat/mass transfer.As the blowing ratio increases,

the pin fins lead to higher heat/mass transfer than the case without pin fins. Compared with rib turbulators, the pin

fins yield lower average Sh value at M� 1:0 but higher average Sh value at other blowing ratios.

Nomenclature

Dh = hydraulic diameter of test channel
Dcp = diameter of circular pin fin
Dnaph = mass diffusion coefficient of naphthalene vapor in

air
d = injection and effusion hole diameter
H = gap distance between injection and effusion plates
hm = local mass transfer coefficient
I = local momentum flux ratio of crossflow and

impinging jets, �cV
2
c =�iV

2
i

M = blowing ratio (total mass flow ratio of crossflow
and impinging jets), Qc=Qi, Eq. (1)

MR = local mass flux ratio of crossflow and impinging
jets, �cVc=�iVi

_m = local naphthalene mass transfer per unit area and
time, Eq. (2)

Nu = Nusselt number based on the hole diameter, hd=k
Nucp = Average Nusselt number based on the circular pin

fin diameter, hDcp=k
Phole = pitch of array holes
Pr = Prandtl number
Qc = flow rate of crossflow
Qi = flow rate of injected jet or effused flow
Recp = Reynolds number based on circular pin fin diameter

and maximum flow velocity in the channel
Red = Reynolds number based on hole diameter and

average velocity in the hole
ReDh = Reynolds number based on hydraulic diameter of

channel and average velocity of crossflow
Sc = Schmidt number
Sh = Sherwood number based on the hole diameter,

Eq. (3)
Sh = overall averaged Sherwood number

SL = longitudinal distance for pin fin arrangements
ST = transverse distance for pin fin arrangements
t = thickness of injection and effusion plates
Vc = mean velocity of crossflow
Vi = mean velocity of impinging jet
x, z = distance from the center of an effusion hole
�Pchannel = differential pressure between the inlet and the exit

of the channel
�Pjet = differential static pressure between the injection

and effusion plenum chambers
�t = test duration, Eq. (2)
�y = naphthalene sublimation depth per unit area during

the experiment, Eq. (2)
�c = density of crossflow
�i = density of impinging jet flow
�s = density of solid naphthalene, Eq. (2)
�v;w = naphthalene vapor density at the surface, Eq. (2)
�v;1 = naphthalene vapor density of the incoming flow,

Eq. (2)

Introduction

I N order to achieve high thermal efficiency, modern gas turbine
engines are designed to operate at very high temperature, which

requires proper cooling techniques to protect the components of the
gas turbines. Therefore, various cooling methods such as film
cooling, jet impingement cooling, and convective internal passage
cooling have been developed. Among the cooling schemes, an
impingement/effusion cooling is one of the advanced cooling
techniques for combustor liner or turbine parts cooling. This
technique combines two cooling schemes, that is, array jet
impingement and film cooling. Therefore, the inner surfaces of hot
components are cooled by the impingement of cooling air, and outer
surfaces that are in contact with hot gases are protected by effusion
film cooling (Fig. 1). For this advantage, the investigations on the
impingement/effusion cooling technique have been performed for
the last few decades.

Hollwarth and Dagan [1] and Hollwarth et al. [2] examined
average and local heat transfer coefficients on the effusion surface,
and reported that arrays with staggered vents consistently yield
higher heat transfer rates than do the impinging jets on the solid
plates. Nazari and Andrews [3] studied the film cooling performance
with the effects of the number of holes for impingement/effusion
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cooling. Cho and Goldstein [4] investigated the effect of hole
arrangements on local heat/mass transfer characteristics inside the
effusion plate. They reported that the overall transfer rate is
approximately 45–55%higher than that for the impingement cooling
alone. Cho and Rhee [5] and Rhee et al. [6] also investigated heat/
mass transfer and flow characteristics of an impingement/effusion
cooling system with various experimental conditions, such as gap
distance, Reynolds number, and hole arrangement and size.

In actual situations such as combustor liner and turbine parts
cooling, an initial crossflow is generated in the internal passages and
the crossflow significantly affects the heat transfer characteristics in
the passages. Hence, several studies have concentrated on the
crossflow effect. Metzger and Korstad [7], Bebahani and Goldstein
[8], Florschuetz et al. [9], Haiping et al. [10], Rhee et al. [11], Bailey
and Bunker [12], Gao et al. [13], and Huang et al. [14] investigated
the effects of crossflow on array jet impingements with various
conditions, and reported that the crossflow has an adverse effect.
However, these studies have been focused on array jet impingement
cooling.

For the impingement/effusion cooling system with crossflow,
Ekkad et al. [15] investigated the effect of crossflow orientation and
showed that the crossflow orientation with small crossflow leads to
high heat transfer distributions. Rhee et al. [16] performed the
experiment and examined the effects of the crossflow on heat
transfer. They reported that the overall heat/mass transfer rates on the
effusion (target) plate decrease as the crossflow rate increases, which
is a similar trend to array jet impingement. Also, they found that
locally low transfer regions are formed between the adjacent effusion
holes.

In general, because it is difficult to control the amount of crossflow
in the cooling system, it is important to reduce the adverse effect of
the crossflow at the fixed operating conditions. For this purpose, the
studies using ribs on the target or effusion plate have been conducted.
Haiping et al. [17,18] performed the experiments with various test
conditions for jet impingement cooling on a rib-roughened surface.
Andrews et al. [19] investigated the effects of the direction of the
transverse rib with respect to the crossflow for impingement cooling,
and reported that the rib turbulators change the effects of crossflow
and the enhancement of heat transfer is achievedwith ribs. Rhee et al.
[20] applied various rib configurations to the impingement/effusion
cooling system and reported that averaged heat transfer increased 4–
15% compared with the case without ribs.

For the same purpose, circular pin fins are considered to be one of
the possiblemethods to reduce the adverse effect of the crossflow and
to improve the cooling performance and durability. Also, using pin
fins has additional advantages such as heat conduction through the
pin fins and enhancement of structural strength of the system.
However, there have been only a few studies on pin fins in the
impingement/effusion cooling. Andrews et al. [21] and Annerfeldt
et al. [22] performed the experiments with pin fins but those were
confined to the jet impingement cooling. Funazaki et al. [23] and
Yamawki et al. [24] investigated the effects of circular pin fins on the
impingement/effusion cooling but did not consider the crossflow.

Therefore, in the present study, the effects of circular pin fins on
heat/mass transfer characteristics on the effusion plate are
investigated for the impingement/effusion cooling with an initial
crossflow. These results are compared with the case without pin fins
and the casewith rib turbulators. Also, the effects of the blowing ratio
(crossflow rate) are investigated.

A naphthalene sublimation method is used to measure the detailed
local heat/mass transfer coefficients on the effusion plate. One of the
great advantages of this technique is accurate and easy imposition of
isothermal or adiabatic boundary conditions in convective heat
transfer without conductive and radiative losses.

Experimental Apparatus and Conditions

Experimental Apparatus

Figure 2a shows the experimental apparatus, which is composed
of three parts: impinging jet, flow effusion, and crossflow supply
parts. The impinging jet and crossflow are supplied into the test
section by a blowing-type blower (blower 1) and the effusion flow is
discharged by a suction-type blower (blower 2). Three orifice flow
meters are installed to measure the flow rates of the crossflow, the
injected jets, and the effused flow, respectively.

The schematics of the test section and the effusion plate are
presented in Figs. 2b and 2c. The crossflow channel is located
between the injection and the effusion plenum chambers, and jets
from injection holes impinge on the effusion plate and then discharge
through the effusion holes to simulate the impingement/effusion
cooling. Cho and Goldstein [25] reported that heat/mass transfer
coefficients on the inside surface of the effusion plate are the same
with and without mainstream over the outer surface of the effusion

Fig. 1 Schematic view of impingement/effusion cooling in a combustor
liner.

Fig. 2 Schematic view of experimental facility.
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plate. Therefore, the effect of mainstream is not considered in the
present study.

The cross section of the channel is 300 mm �W� � 20 mm �H�,
and the hydraulic diameter of the channel is 37.5 mm. The distance
between the inlet of the channel and the first row of injection holes is
set to be 400 mm (10:7Dh). To obtain the turbulent channel flow,
sand paper and trip wire are installed at the inlet of the channel after
the contraction section with a 6:1 area ratio.

The diameter of the injection and the effusion holes is 10 mm, and
the thickness of the plates is 20 mm (t=d� 2:0). Each plate has 25
(5 � 5) holes of square array, and the ratio of hole spacing to the
diameter (Phole=d) is 6.0. A staggered hole arrangement between the
injection and the effusion plates is used in this study. The gap
distance between the injection and the effusion plate is fixed at
H=d� 2:0 for all the tested cases.

A naphthalene-coated test plate is installed on the effusion plate
for local mass transfer measurements as shown in Fig. 2b. Four
effusion holes are located in the test plate and these holes are
protected with the aluminum rim to maintain the circular hole shape.
The naphthalene-coated area in the test plate is 8:4 � 28d and a T-
type thermocouple is installed on the test plate to measure the
naphthalene surface temperature, which is needed to obtain
naphthalene vapor density on the surface.

Tomeasure pressure drop through the crossflow channel, inlet and
outlet pressure taps are installed at the sidewall 100 mm away from
the first row of injection holes and the last row of effusion holes,
respectively. Also, the static pressure at the injection and effusion
plenum chambers is measured to get the pressure drop across the
perforated plates. In this study, a differential pressure sensor (LPE
9145 model, Druck) was used to measure the differential static
pressure.

Pin Fin Arrangements

Figure 3 shows the schematic diagram of circular pin fin
arrangements. In the present study, five different pin fin
arrangements are considered and those are referred to as CP0,
CP1, CP2, CP1U, and CP1D, respectively. For all cases, circular pin
fins are installed along the centerline of the effusion holes, as shown
in Figs. 3a–3e. For the CP1 case, another row of circular pin fins is
installed along the centerline of the injection holes. For the CP2 case,
two additional rows of circular pin fins are positioned 1d away from
the centerline of the injection holes. Therefore, the number of
installed pin fins for CP1 andCP2 corresponds to two and three times
that for CP0, respectively.

For CP1U and CP1D, the number of installed pin fins is the same
as that for CP1 but the position of pin fins along the centerline of the
injection holes is different. The characters U and D mean that the
circular pin fins are installed at upstream and downstream positions
of the injection hole as shown in Figs. 3d and 3e, respectively.

The diameter of the circular pin fin is 10 mm and the height of the
pin fin is equal to the channel height. As shown in Fig. 3, the
longitudinal and transverse spacing of pin fins ranges from 1:5 to
6Dcp and the parameters of each case are listed in Table 1.

In the present study, the results with rib turbulators by Rhee et al.
[20] are presented to compare and evaluate various enhancement
techniques that could apply to the impingement/effusion cooling
systemwith crossflow. Figure 3f shows a schematic of rib turbulators
installed on the effusion plate. The rectangles indicate the transverse
rib turbulators of rectangular cross section (3 � 3 mm) and rib
turbulators are installed with the rib spacing of 3d.

Operating Conditions

In this study, to investigate the effects of the crossflow, the flow
rate (velocity) of the crossflow through the channel is changedwith a
fixed flow rate of impinging jets. A blowing ratio has been used to
represent the influence of crossflow on the cooling system. The
blowing ratio is a ratio of total flow rate of crossflow to the impinging
jets and defined as Eq. (1):

M�Qc=Qi (1)

The experiments were performed for the blowing ratio from 0.5 to
1.5 (ReDh � 6; 000–18; 000), and the desired conditions were
obtained by changing the flow rate of the crossflow with the fixed
flow rate of impinging jets. For the impingement/effusion cooling,
the flow rate of air through the effusion holes is set to be the same as
that through the injection holes to catch the effects of crossflow
precisely. A local mass flux ratio and momentum ratio based on the
blowing ratio range from 0.164 to 0.491 and from 0.027 to 0.241,
respectively. The operating conditions are listed in Table 2.

Data Reduction

The local mass transfer coefficient is defined as

hm � _m

�v;w � �v;1
� �s��y=�t�

�v;w
(2)

because the incoming flow contains no naphthalene, �v;1 � 0 in the

Crossflow
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Effusion holeCircular pin fin

6d3d

3d
CenterlineCrossflow

Injection hole

Effusion holeCircular pin fin
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3d
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ST

SL
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b) CP1 
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1d

1d

1d
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1.5d
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1.5d
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f) 90DU rib turbulators (Rhee et al. [20]) 
Fig. 3 Schematic view of various circular pin fin arrangements.
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present study, therefore the mass transfer coefficients are calculated
from sublimation depth, naphthalene vapor density, and solid
naphthalene density. The details of the measuring system are
described by Rhee et al. [16]. The Sherwood number, a
dimensionless form of mass transfer coefficient, is used to present
the heat/mass transfer results and can be expressed as

Sh� hmd=Dnaph (3)

Note that for the channel flow cases (the simple channel cooling),
the hydraulic diameter of the channel was used as a characteristic
length (ShDh � hmDh=Dnaph). The properties of naphthalene
suggested by Goldstein and Cho [26] are used in the present study.

Themass transfer coefficients can be converted to the heat transfer
coefficients using the heat and mass transfer analogy by Eckert [27].
The Prandtl number is 0.71 for air and the Schmidt number is 2.28 for
the naphthalene vapor in air at 25�C. The experiments were
conducted at room temperature, and the Lewis number (Pr=Sc) for
this study is about 0.31.

Nu=Sh� �Pr =Sc�0:4; Nu� 0:624Sh (4)

The comparison between heat transfer and mass transfer results is
presented by Rhee et al. [16]. Uncertainty of the Sherwood numbers
using the method of Kline and McClintock [28] for single sample
experiments, considering the measured surface temperature, depth,
position, and correlation equations, is within �7:1% in the entire
operating range of the measurement, based on a 95% confidence
interval. This uncertainty ismainly attributed to the uncertainty of the
properties of naphthalene, such as the naphthalene saturated vapor
density (3.8%) and diffusion coefficient of naphthalene vapor in air
(5.1%). In contrast, the error due to the depth measurement is only
0.7%. The other uncertainties are 1.1% and 4.9% for density of solid
naphthalene and mass transfer coefficient, respectively.

To estimate the pressure drop in the impingement/effusion cooling
system, a ratio of pressure drop through the channel to that across the

perforated plates (�Pcross=�Pjet) was presented. From these results,
one can assess the additional pressure losswith pinfins and predict its
effects on the operation of the cooling system.

Results and Discussion

In the present study, the local heat/mass transfer characteristics
with circular pin fins in the impingement/effusion cooling with
crossflow are investigated. The results are compared with the heat/
mass transfer patterns for the simple channel cooling (crossflow
only) and the impingement cooling of the jet array, which are also
tested for baseline data.

Simple Channel Cooling with Pin Fins

For the baseline data and the qualification test, the simple channel
flow with CP1 pin fin arrangement is tested at different channel
Reynolds numbers, which correspond to M� 1:0 and 1.5 for the
array jet impingement or the impingement/effusion cooling.

Figure 4 presents the contours ofSh for the simple channel cooling
with pin fins. As reported in the previous investigations [29,30], the
heat/mass transfer characteristics by the generation of horseshoe
vortices and wake are observed. High heat/mass transfer appears in
front of the pin fin on the endwall (effusion plate) due to the
horseshoe vortex. Just downstream of the pin fin, the relatively low
Sh distributions are observed because of a flow recirculation with
low local velocity. But farther downstream, the heat/mass transfer is
enhanced considerably due to the increase of flow disturbance.
Therefore, the augmentation of heat/mass transfer generally appears
in the wake region that is formed behind the pin fin. As shown in
Fig. 4b, the heat/mass transfer patterns around the pin fins are

Table 1 Pin fin arrangement parameters.

Case CP0 CP1 CP2 CP1U CP1D

SL (mm) 60 30 30 15&45 15&45
ST (mm) 60 30 20 30 30

Table 2 Operating conditions.

M MR I Red ReDh

0.5 0.164 0.027 10,000 6,130
1.0 0.327 0.107 10,000 12,270
1.5 0.491 0.241 10,000 18,400

10 20 30 4 0 50 60 70 80 90 100 110
Sh

-3.0 0.0 3.0 6.0 9.0 12.0 15.0 18.0 21.0
0.0

1.5

3.0

z/
d

a) Recp =3,930 (M=1.0)

b) Recp =5,890 (M=1.5)

-3.0 0.0 3.0 6.0 9.0 12.0 15.0 18.0 21.0

x/d

0.0

1.5

3.0

z/
d

Fig. 4 Contour plots of Sh for crossflow only with circular pin fins at

different Reynolds numbers.
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Fig. 5 Comparison of average Nusselt numbers of circular pin fins at

different Reynolds numbers.
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maintained with higher Reynolds numbers but the levels of Sh
distributions are higher due to the increase of crossflow velocity.

Figure 5 shows averaged Nusselt numbers at various Reynolds
numbers with other data suggested byVanFossen [31],Metzger et al.
[32,33], Chyu et al. [34], and Lau et al. [35]. The Nusselt numbers of
the present study are converted from the Sherwood numbers using
the heat andmass transfer analogy. TheReynolds number is based on
the maximum average velocity and the diameter of the circular pin
fin. Note that the maximum average velocity represents the mean
velocity inminimum flow area induced by the installation of pin fins.

As shown in the plot, our data are slightly lower than other results
except the result of Metzger et al. [33] (ST � 2:5, SL � 5:0). This is
because our pin spacing is larger and then the effect of the pin
decreases. However, our results are in good agreement with the
correlation of VanFossen [31] for the same pin spacing.

Array Jet Cooling with Initial Crossflow

For array jet impingement, the contour plots of Sh atM� 1:0 are
presented in Fig. 6. In the contour plots, the white dotted circles
represent the projected positions of the injection holes and hatched
circles indicate the circular pin fins installed in the channel. For an
array jet impingement cooling without pin fins (Fig. 6a), because the
spent air from impinging jets is added to the crossflow, the effects of
the crossflow become stronger as the flow moves downstream.
Therefore, the stagnation points of the impinging jets shift
downstream and the peak values decrease with increasing x=d.
Moreover, at the midway region (z=d � 0:0), heat/mass transfer is
much lower than that in the stagnation region because the wall jet,
which is the developing flow in an outward radial direction from the
stagnation region, is swept by the crossflow and the boundary layer
develops along the midway region.

When the pin fins are installed (Fig. 6b), the Sh distributions have
the combined features induced by the array jet and pin fin. In the
injection region (z=d � 3:0), except the first injection hole, the
stagnation points of impinging jets shift less downstream and the
levels of Sh distributions are higher than those for the case without
pin fins. This is because the effects of the crossflow along z=d � 3:0
are weakened by the pin fins. At the midway region (z=d � 0:0), the
effects of the crossflow are dominant and the high horseshoe-shaped
distributions of Sh are formed clearly around the pin fins.

Impingement/Effusion Cooling with Crossflow

Effects of Circular Pin Fins

Figure 7 presents the contour plots of Sh for the impingement/
effusion cooling with pin fins atM� 1:0 (including the case without
pinfins). For the comparison of pinfins, the result with rib turbulators
by Rhee et al. [20] is also presented. White dotted circles and small
half circles (full circles for the case without pin fins) represent the
projected positions of the injection holes and the effusion holes with
the aluminum rim between two half circles, respectively. Also
hatched circles and half circles indicate the circular pin fins installed
in the channel.

For the case without pin fins, the Sh distributions are nonuniform
and asymmetric because the injected jet is deflected and thewall jet is
swept away by the crossflow. Therefore, wall jets do not cover the
upstream regions of the stagnation points and heart-shaped low
transfer regions are formed between the effusion holes. Meanwhile,
the contour represents a periodic distribution, except the first row of
injection holes, because a certain amount of the crossflow and spent
air is discharged through the effusion holes and balance betweenflow
inlet and outlet in the channel is conserved.

When the pin fins are installed in the channel, the change of Sh
distributions is observed in the effusion region (z=d � 0:0). The pin
fin generates the vortex and wake, promoting the flow mixing and
increasing the local turbulence. Therefore, locally low heat/mass
transfer regions are reduced at the upstream of the effusion holes.

The CP0 case (Fig. 7b) shows that the positions of stagnation
points shift more downstream whereas Sh distributions are very
similar to those for the case without pin fins in the injection region
(z=d � 3:0). This is because the pin fin reduces the cross-sectional
area at injection hole positions (x=d��3, 3, 9, 15, and 21) and
increases the effect of crossflow.

The contour plots of CP1 and CP2 are shown in Figs. 7c and 7d,
respectively. For both cases, high Sh distributions spread more
upstream (negative x direction) than those for the case without pin
fins. Especially, for the CP2 case, locally high heat/mass transfer
regions expanded more laterally (both z directions). This mainly
results from the blockage effect that the pin fin obstructs the
crossflow and prevents the wall jet from being swept away. In the
effusion region (z=d � 0:0) and midway region (z=d � 1:0) for

Sh
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Fig. 6 Contour plots of Sh for array jet cooling with initial crossflow at

M� 1:0.
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CP2, higher Sh are observed than for other caseswith pin fins. This is
attributed to the increase of flowmixing induced by short pin spacing
ST . Moreover, additional heat transfer enhancement is expected due
to larger surface enlargement and heat conduction induced by the
increase of installed pin fins.

To compare with the circular pin fins, the contour of the case with
rib turbulators is presented in Fig. 7e. White, long rectangles
represent the transverse rib turbulators installed on the effusion
surface. Owing to the effects of rib turbulators such as blocking the
near-wall crossflow and flow reattachment behind the rib turbulator,
the heat/mass transfer pattern is different from that for the cases with
pin fins. These transverse rib turbulators make the wall jet spread
more widely in the lateral direction although the wall jet does not
develop downstream and the recirculating flow is formed behind the
rib turbulator. Compared with the circular pin fins, higher Sh values
are observed widely at the interrib regions of the injection hole (e.g.,
7:5< x=d < 10:5) whereas relatively low Sh values appear at the
interrib regions of the effusion hole (e.g., 10:5< x=d < 13:5). The
flow suction through the effusion hole accelerates local flow around
the effusion holes. Moreover, this flow suction promotes the
reattachment of the flow passing over the ribs. Therefore, locally
high heat/mass transfer regions (e.g., z=d � 1:0 and x=d � 11:5) are
formed.

As shown in the contour plots, the pin fin relates to the wall jet
partially in the region of the installed pin fin whereas the rib
turbulators have interaction with the wall jet in the entire region,
which induces the difference of overall Sh distributions.

Figure 8 represents the local Sh distributions for the case with and
without pin fins. As shown in the contour plots, the Sh distributions
have periodic pattern in the overall region except the inlet region
including the first injection hole. Therefore, to observe the effects of
the pin fin on local heat/mass transfer more clearly, the data in the
range of 6:0< x=d < 21:0 are presented. In the local plots, the value
of zero indicates the position of installed pin fins or effusion holes.

The local values along the centerline of the injection holes
(z=d� 3:0) are presented in Fig. 8a. For all cases, the levels of peak
values at stagnation points are almost the same and Sh values
decrease as the boundary layer develops after impingement.
Moreover, at the downstream region of the stagnation point, the
secondary peaks appear about 2d away from the stagnation point due
to the flow transition of the wall jet to turbulent flow. However, at the
upstream region of the stagnation point, the secondary peaks are
hardly observed because of the interaction with the crossflow.

For the CP0 case, the stagnation points shift about 0:3d
downstream, compared with other cases. This is caused by the
increased crossflow effect. When pin fins are installed along z=d�
3:0 (CP1 case), the strong vortex produces additional peaks in front
of the pin fins (x=d � 11:5 and 17.5) whereas the recirculating flow
leads to low Sh values just behind the pin fins. The CP2 case has
higher values at the upstream region of the stagnation point.
However, the Sh values are lower than those for the case without pin
fins at the downstream region because the wall jet spreads more
toward the lateral direction and the effect of the wall jet along
z=d� 3:0 decreases.

Along z=d� 0:0 (Fig. 8b), all CP cases show similar Sh
distributions because the pin fins are installed at the same positions
(x=d� 9, 15 and 21). Behind the pin fins, CP cases have 40–55%
higher values than the case without pin fins due to the increased flow
disturbance. Around the effusion holes (x=d � 6, 12, and 18), the
locally high values of Sh are obtained because the flow at those
regions is accelerated and disturbed.

Figure 9 shows the local Sh distributions along z=d� 3:0 for the
case with rib turbulators and CP2. In the plot, the value of zero
indicates the position of installed rib turbulators. As expected in the
contour plots, the local Sh distributions for the case with rib
turbulators are different from those for CP2. At the interrib regions of
the injection hole (e.g., 7:5< x=d < 10:5), high Sh values are
observed in the upstream region of stagnation point because the rib
turbulator in front of the injection hole prevents the near-wall
crossflow and then the wall jet spreads well toward the upstream
direction. However, at the interrib regions of effusion hole (e.g.,
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10:5< x=d < 13:5), the rib turbulator behind the injection hole
prevents the wall jet from spreading downstream and produces the
recirculation flow, so that Sh values are lower than those for CP2.

Effects of Pin Fin Position

In the present study, two different pin fin positions on the basis of
CP1 configuration are investigated to protect the impinging jets from
the crossflow and to reduce the low heat/mass transfer regions more
effectively. As shown in Fig. 10, the local heat/mass transfer
characteristics vary with the change of pin fin position along the
centerline of the injection holes (z=d� 3:0).

ForCP1U, because the pinfins installed along z=d� 3:0 block the
crossflow just in front of the impinging jets, the stagnation regions
are formed more upstream than those for other cases. The wake
induced by the pin fin disappears because the wall jet spreads behind
the pin fin. Therefore, the CP1U case produces a little enhancement
of heat/mass transfer in the injection region. However, the
accelerated crossflow around the pin fin strongly pushes the wall jet
downstream and then the wall jet does not develop well in the lateral
direction. Hence, in themidway region (z=d � 1:5),Sh distributions
are similar to those for CP1. It is shown that parts of the stagnation
regions are slightly away from the centerline of the injection hole.
This is possibly attributed to the discrepancy of the centerline
between the pin and the impinging jet: when the center of the pin is
positioned in the upward region of the centerline of the injection
holes (i.e., z=d > 3:0), on the basis of crossflow approaching the
impinging jet, a smaller amount of crossflow passes in the upward
region (z=d > 3:0) than in the downward region (z=d < 3:0). Also
the center of low-pressure distributions just behind the pin is formed
in the upward region (z=d > 3:0). So the impinging jet is deflected in

the upward region (z=d > 3:0) and then an asymmetric Sh pattern
appears.

When the pin fins are installed just behind the impinging jets
(CP1D case), the injected flow directly meets the pin fin and the wall
jet spreads around the pin fin. Comparedwith other cases, the wall jet
spreads more toward the lateral direction from the stagnation region.
However, this wall jet developing laterally collides with the
crossflow and is swept away downstream, which does not enhance
the heat/mass transfer in themidway and effusion regions.Moreover,
the stagnation zone is reduced and locally low heat/mass transfer
occurs behind the pin fin. The reason is that the pin fin blocks thewall
jet passing along z=d� 3:0 and most of the wall jet spreads into the
surrounding area as mentioned.

Figure 11 presents the local Sh distributions along z=d� 3:0. For
CP1U, the higherSh values are obtained at the upstream region of the
stagnation point than for CP1 due to strong blockage effect. In
contrast, the CP1D case has low Sh values, especially at the
downstream region of the stagnation point. This is because the wall
jet developing along z=d� 3:0 is blocked by the pinfin, although the
flow mixing due to wake increases, which means that Sh reduction
caused by blocking of the wall jet is greater than Sh augmentation by
wake. Therefore, it is found that a pin fin position like CP1D is not
good for enhancing the heat/mass transfer in the injection region.

The area-averaged Sh values for various cases at M� 1:0 are
shown in Fig. 12. The averaged values are calculated by averaging
local data in the range of �3:0 	 x=d 	 21:0 and 0 	 z=d 	 3:0. It
is noted that the averaged values at the inlet region
(�3:0 	 x=d 	 3:0) are about 10% lower than those from other
regions.

As expected in the local Sh distributions, the CP1, CP1U, andCP2
configurations have 5–11% higher values than the case without pin
fins. Among the tested cases with circular pin fins, CP2 has the
highest averaged Sh value. The reason is that the increase of the
number of installed pin fins strengthens the blockage effect and flow
disturbance. In contrast, CP0 and CP1D have similar values to the
case without pin fins although the heat/mass transfer are enhanced in
the effusion region. This is attributed to the fact that the pin fin
strengthens the effect of the crossflow for CP0 and blocks the
spreading of the wall jet for CP1D, decreasing the heat/mass transfer
in the injection region.

As shown in Fig. 12, the case with rib turbulators yields a higher
averaged value than pin fin cases, because long transverse ribs
protect the wall jet from being swept away by the crossflow in the
entire region, and heat/mass transfer enhancement due to flow
reattachment is added. On the contrary, the circular pin fins protect
the wall jet from the crossflow only behind the region of the installed
pin fins, inducing weaker blockage effect in the whole region
compared with rib turbulators. However, the pin fins have merits
such as larger surface enlargement and heat conduction. So, the
additional heat transfer augmentation is expected with pin fins.

Effects of Blowing Ratio

In this study, the experiments were carried out with various
blowing ratios from 0.5 to 1.5 for CP1 and CP2 to investigate the
effects of the blowing ratio (crossflow rate). For the case without pin
fins, which are reported in [16], the level of Sh at the stagnation
region becomes lower as the blowing ratio increases. Also low heat/
mass transfer region between effusion holes enlarges.

Figures 13 shows the contours of the CP1 case at M� 0:5 and
M� 1:5, respectively. At a low blowing ratio of M� 0:5, the
stagnation regions are not affected significantly by the crossflow and
the wall jet spreads well on the whole effusion plate except in the
vicinity of the effusion hole. The heat/mass transfer on the effusion
plate is slightly affected by the pin fins because of a low-channel
Reynolds number. However, at a high blowing ratio ofM� 1:5, the
influence of pin fins becomes greater, leading to the heat/mass
transfer enhancement around the pin fin as shown in simple channel
flow case (Fig. 4). The stagnation point and the wall jet greatly shift
downstream by the strong crossflow. Behind the effusion hole, the
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high Sh values are observed due to the strong reattachment of the
channel crossflow with suction into the effusion hole [36].

LocalShdistributions along z=d� 3:0 are presented in Fig. 14.At
the low blowing ratio ofM� 0:5, the stagnation points are found at
the center of the injection hole (x=d� 9, 15 and 21) and the
secondary peaks due to flow transition to turbulence are also
observed clearly. However, as the blowing ratio increases, these
secondary peaks disappear and the positions of stagnation points
move downstream. For the case of M� 1:0, the level of stagnation
point is the highest because the turbulence intensity increases by
interaction between the injected jet and the crossflow. At the high
blowing ratio ofM� 1:5, the level of stagnation point decreases and
the position of that shifts more downstream. However, in the wake
region, the strong crossflow (M� 1:5) induces slightly higher Sh
values than those for the case of M� 1:0.

Figure 15 presents the overall average Sh values at various
blowing ratios. In the case without pin fins, as the blowing ratio
increases, the averaged value decreases considerably due to the
adverse effect of the crossflow. The cases with pin fins show the
similar feature. However, higher averaged values are obtained than
for the case without pin fins due to the influence of pin fins.
Especially, at M� 1:5, the cases with pin fins have 16–22%
enhancement for averaged Sh values.

Compared with rib turbulators, lower averaged values are
obtained at the blowing ratio of M� 1:0. This is attributed to the
partial blockage effect by pin fins as mentioned before. However, the
cases with pin fins have higher values than the case with rib
turbulators at a low blowing ratio ofM� 0:5. The reason is that rib
turbulators act as obstacles to the wall jet, confining the wall jet in the
region between the installed rib turbulators as reported in [20]
whereas the pin fins do not confine the wall jet. With increasing the
blowing ratio from 1.0 to 1.5, the reduction of averaged Sh for the
cases with pin fins is smaller than that for rib turbulators. This is
because the impinging jet is less swept away downstream, in other
words, the pin fin installed in front of the injection hole protects the

impinging jet from the crossflow better than the rib turbulator in the
channel. Therefore, it is found that the CP2 configuration is effective
in a wide range ofM� 0:5 to 1.5 and rib turbulators give the highest
enhancement at the specific condition (M� 1:0) for averaged Sh
value.

Pressure Loss

In the present study, the pressure drop in the crossflow channel
was measured to investigate pressure loss in the channel having the
pin fins. The pressure drop through the channel is normalized by the
pressure difference between the injection and effusion plenum
chambers, that is, a ratio of pressure drop through the channel to that
across the perforated plates (�Pcross=�Pjet). From these pressure
measurements, one can assess the additional pressure loss with pin
fins and predict its effects on the operation of the cooling system.
Figure 16 presents the results at various blowing ratios. The value for
the case with rib turbulators is also presented to compare with pin
fins.

It is shown that the pressure drop becomes greater as the blowing
ratio increases, that is, the Reynolds number of the channel flow
increases. For the case without pin fins, the pressure drop through the
channel is less than 10% of that across the perforated plates. On the
contrary, for the cases with pin fins, the pressure drop through the
channel increases considerably due to the reduction of the cross-
sectional area. Pressure loss becomes higher with increasing the
number of installed pin fins. In particular, the pressure loss of CP2 is
approximately three–four times higher than that without pin fins.
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Compared with rib turbulators, the cases with pin fins induce greater
pressure loss, which means that the circular pin fins need more
pumping power to obtain the same flow rate in the impingement/
effusion cooling system.

Although it is accompanied by high pressure loss, the pin fins have
additional favorable effects: surface enlargement, heat conduction
through the pin fins, and enhancement of structural strength in the
system. The installation of pin fins could give more effective cooling
performance than that of ribs in an impingement/effusion cooling
system where more pressure loss is acceptable or structural strength
of system is required.Meanwhile, the rib turbulators are preferable to
the pin fins when low pressure is needed.

Conclusion

The present study investigates the local heat/mass transfer
characteristics with circular pin fins in the impingement/effusion
cooling with crossflow. The results are compared with those for the
cases without pin fins and with rib turbulators. The results of this
study can be summarized as follows:

1) When circular pin fins are installed in the channel, locally low
heat/mass transfer regions are reduced due to the generation of vortex
and wake. Moreover, the pin fins prevent the wall jet from being
swept away, increasing the local heat/mass transfer in the injection
region.

2) The alteration of pin fin positions along the centerline of the
injection hole affects the impinging jet andwall jet directly, resulting
in the change of local heat/mass transfer distributions. When the pin
fins are installed in front of the impinging jet, the blockage effect on
the crossflow enhances the heat/mass transfer. However, the pin fins
installed just behind the impinging jet block the wall jet, decreasing
the heat/mass transfer.

3) Using the circular pin fins, the overall heat/mass transfer
increases 5–11% than that for the case without pin fins at M� 1:0.
The increase of installed pin fins leads to the augmentation of the
overall Sh value. However, despite the installation of pin fins, the
CP0 and CP1D cases have little enhancement of overall Sh value.

4) At the low blowing ratio ofM� 0:5, the overall Sh values are
similar to the case without pin fins. As the blowing ratio increases,
higher Sh values are obtained compared with the case without pin
fins, producing 16–22% enhancement of overall Sh value at
M� 1:5.

5) Compared with rib turbulators, the cases with pin fins have
lower average Sh values due to the partial blockage effect at
M� 1:0. However, CP2 configuration yields higher average Sh
values at other blowing ratios because the pin fins block the wall jet
less at M� 0:5 and protect the impinging jet from the crossflow
more effectively at M� 1:5 than the rib turbulators.

6) Pressure drop through the channel becomes greater as the
number of installed pin fins and the blowing ratio increases.
Although the pressure loss through the channel is less than 10% of
that across the perforated plates for the case without pin fins, the
pressure loss of the CP2 case is approximately three–four times
higher than that without pin fins. Compared with rib turbulators, the
pressure loss by the pin fins becomes higher as the blowing ratio
increases.
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