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ABSTRACT

The present study is conducted to investigate the effect of rib
arrangements on an impingement/effusion cooling system with
crossflow. To simulate the impingement/effusion cooling system,
two perforated plates are placed in parallel and staggered
arrangements with a gap distance of 2 times of the hole diameter.
Initial crossflow passes between the plates, and square ribs (3mm)
are installed on the effusion plate. Both the injection and effusion
hole diameters are 10 mm, and the flow rate of crossflow is fixed to
that of the impinging jet. The Reynolds number based on the hole
diameter and hole-to-hole pitch are fixed to 10,000 and 6 times of
the hole diameter, respectively. To investigate the effects of rib
arrangements, various rib arrangements are used. With the initial
crossflow, the flow and heat/mass transfer characteristics are
changed significantly from the results without the crossflow. The
locally low transfer regions are formed at the mid-way between the
effusion holes. Therefore, ribs were installed to obtain the uniform
heat/mass transfer and to enhance the heat/mass transfer. The
results present higher heat/mass transfer rates than that for a surface
without ribs because the ribs prevent the wall jets from being swept
away by the crossflow and increase local turbulence of the flow
near the surface.

NOMENCLATURE

D injection and effusion hole diameter

Dy hydraulic diameter of test duct

Dupn  mass diffusion coefficient of naphthalene vapor in air
e rib height

H gap distance between injection and effusion plates

hn local mass transfer coefficient

| local momentum flux ratio of crossflow and impinging jets,
p Vi piVE

m local naphthalene mass transfer per unit area and time

M blowing rate (total mass flow ratio of crossflow and
impinging jets), QJ/Q;

MR local mass flux ratio of crossflow and impinging jets,
pcVelpiVi

Nu Nusselt number based on the hole diameter, hd/k

Pr Prandtl number

Proe  pitch of array holes

Prib pitch of ribs

Q. mass flow rate of crossflow
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Qi mass flow rate of injected jet or effused flow
Re, Reynolds number based on hole diameter and the average
velocity in the hole

Rep,  Reynolds number based on hydraulic diameter of duct and
average velocity of crossflow

Sc Schmidt number

Sh Sherwood number based on the hole diameter, hyd/Drapn

Shsp  spanwise average Sherwood number

Sh overall average Sherwood number

t thickness of injection and effusion plates

Ve mean velocity of crossflow

Vi mean velocity of impinging jet

w rib width

X, Z distance from the center of a effusion hole (Fig. 2)

Greek symbols

a rib angle of attack

Pe density of crossflow

pi density of impinging jet flow

Ps density of solid naphthalene

Pyw naphthalene vapor density on the surface
Puoo naphthalene vapor density of the injected jet.
At test duration

Ay local sublimation depth of naphthalene

INTRODUCTION

The thermal efficiency and specific power of gas turbine
systems depend strongly on turbine inlet temperature. The inlet
temperature is limited by the potential structural failure of the
engine components mainly attributable to high thermal stresses and
reductions in material strength due to high wall temperature. The
wall temperature can be reduced by various cooling techniques
such as internal convection cooling, jet impingement cooling, and
film cooling. In recent years, impingement/effusion cooling, which
is one of the advanced cooling schemes, has been developed and
used in gas turbine engines. In this cooling scheme, the inner
surfaces of hot components, such as combustor wall or blade
surface, are cooled by the impingement of cooling air and outer
surfaces which contact with hot gases are protected by effusion film
cooling. This includes two flow situations, such as jet impingement
on a plate and effusion flow through the holes of the target plate. In
addition, in actual situations of combustor wall or turbine blade
cooling, crossflow exists in the internal passages. Therefore, to
improve cooling performance on the hot components, one should
know the local heat transfer characteristics of the
impingement/effusion cooling with crossflow.



The studies related to the effects of crossflow have been
performed for the last few decades. Metzger and Korstad (1992)
and Florschuetz et al. (1984) investigated the effects of crossflow
on heat transfer/flow characteristics of array jet impingement, and
reported that heat transfer is decreased at upstream region due to
initial crossflow. Haiping et al. (1999) studied flow/heat transfer
characteristics for impinging jets with initial crossflow in
numerical method. Rhee et al. (2003) investigated the effect of
crossflow on heat transfer characteristics for impingement/effusion
cooling and compared with the array jet impingement with initial
crossflow. They reported that the crossflow induce an adverse
effect on the heat/mass transfer and the locally low transfer regions
are formed when the crossflow exists. These low heat/mass transfer
regions can be considered potential hot spots and the non-uniform
heat transfer causes thermal stresses. Also, the overall heat/mass
transfer rates on the effusion (target) plate decrease as the velocity
of crossflow increases because the crossflow weakens the
impingement heat transfer much more than it enhances the
convective heat transfer.

In the present study, various rib arrangements are used to obtain
the uniform heat/mass transfer and to enhance the heat/mass
transfer for the impingement/effusion cooling with initial
crossflow.

To prevent hot spots and obtain better cooling performance, not
only information of overall heat transfer coefficient but also its local
variation is required by Cho et al. (1997). Therefore, a naphthalene
sublimation method is used to measure local heat/mass transfer
coefficients on the effusion plate. This technique eliminates the
conduction and radiation errors inherent in heat transfer
experiments. The surface boundary condition is analogous to an
isothermal surface in a corresponding heat transfer experiment.

EXPERIMENTAL APPARATUS AND PROCEDURE

Experimental Apparatus and Operating Conditions

Experimental apparatus. Figure 1 shows the
schematic view of experimental apparatus. The experimental
apparatus is composed of three parts; impinging jet, flow effusion
and crossflow supply parts. Two inverter-controlled blowers
(Blower 1 and Blower 2) are used to obtain the designed operating
conditions. Blower 1 (10HP) supplies air to the impinging jet and the
crossflow plenum chambers, and the flow rate through each part is
controlled by gate valves. Flow in the test section (between the
injection and effusion plates) is sucked through the effusion holes
by Blower 2. Three orifice flow meters are installed to measure the
flow rates of the crossflow, the injected jets and the effused flow. In
the present study, the flow rate of the crossflow is set to be the same
as the flow rate of impinging jets.

Temperature of air in each plenum chamber is measured by
T-type thermocouples, and is controlled using a heat exchanger to
maintain the difference between the room temperature and
temperature of air in the plenums within 0.2°C. In each plenum
chamber, baffles, screens and honeycombs are installed to obtain
uniform flow conditions. Cho and Goldstein (1995) reported that
heat/mass transfer coefficients on inside surface of the effusion
plate are the same with and without crossflow over the outer surface
of effusion plate (i.e. mainstream), therefore the effect of
mainstream is not considered in the present study.

The crossflow duct is located between the injection and the
effusion plenum chambers. Room air from Blower 1 enters the
crossflow plenum chamber, and then is discharged into the room
through the duct. The cross section of duct is 300 mm (W)x20 mm
(H), and the hydraulic diameter (Dy,) of the crossflow duct is 37.5
mm. The contraction section of which the area ratio is 6:1 is
installed to obtain a uniform flow at the inlet of crossflow duct. Trip
wire and sandpaper are installed to obtain a fully developed
turbulent flow at the inlet region of the crossflow duct, and the
distance between the inlet of duct and the first row of injection
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Fig. 2 Schematic diagrams of injection, effusion holes and rib
arrangements

holes is set to be 400 mm (10.7 Dy).

The coordinate system and injection and effusion hole
arrangements are presented in Fig. 2. The diameters of the injection
and the effusion holes are 10 mm, and the thickness of plates is 20
mm (t/d=2.0). The injection and effusion plates have 25 (5x5) holes
of square array, and the ratio of hole spacing to the diameter (P/d) is
6.0.

A staggered hole arrangement between the injection and the
effusion plates is used in this study. The naphthalene coated test
plate is installed on the effusion plate for local mass transfer
measurements as shown in Fig. 2. Four effusion holes are located in
the test plate and the effusion holes are protected with the
aluminum rim to maintain the circular hole shapes. The
naphthalene-coated area in the test plate is 8.4dx28d and T-type
thermocouple is installed in the test plate to measure precisely the
naphthalene surface temperature.

Rib configurations. The detailed rib configurations are
illustrated in Fig. 3. The numerals of 90D, 90U, 90DU, 45V, and
45A represent the attack angle of the ribs. For 90D and 90U, the ribs
are installed at downstream and upstream side of the effusion holes,
respectively. For 90DU, the ribs are installed at both sides of the
effusion holes. The case of 45V is concave and the case of 45A is
convex toward the downstream direction (x direction) at the center
line of the effusion holes.
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Fig. 3 Schematic diagrams of rib arrangements

Table. 1 Operating conditions

Rey Rep, | d (mm)
10,000 | 12,270 10

Dy, (mm)
37.5

H/d
2.0

1.0 | 0.327

The ribs made of aluminum have a square cross section and the
rib height () and width (w) are 3 mmx3 mm, and the rib
height-to-hydraulic diameter ratio (e/Dy) is 0.08. The ribs are glued
onto the upward facing surface of the effusion plate by the
double-sided tape. The rib-to-rib pitch (Py) is 60 mm so that P,p/e
is 20 (Pyp = 30 mm and P,j,/e = 10 for the case of 90DU).

Operating conditions. The blowing rate represents a ratio
of the flow rate of the crossflow to the impinging jets, and is
defined as Eq. (1).

M=QJ/Q; @

The effects of the blowing rate on heat/mass transfer for the
impingement/effusion cooling with crossflow are reported by Rhee
et al. (2003), and in the present study, the experiments are
performed with the fixed blowing rate of 1.0 (Repy,=12,270). In
other words, the flow rate of the crossflow is the same as the flow
rate of impinging jets. Then, the local mass flux ratio of crossflow
and impinging jets (MR) is 0.327 and local momentum flux ratio of
crossflow and impinging jets (1) is 0.107. The gap distance between
the injection and the effusion plate is fixed at H/d=2.0. Flow rates
of air through the injection holes and the effusion holes are set to be
constant, and the Reynolds numbers of the flow through the
injection and effusion holes are fixed at Re4=10,000. Details of
operating conditions are listed in Table 1.

Data Acquisition
In order to obtain the 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
air flow. Sublimation depth during the run is calculated from the
difference of the surface profiles. The measuring system consists 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 (IEEE-488) board. The depth gauge is a Linear Variable

Differential Transformer (LVDT) made by Schaevitz Engineering
(LBB-375TA-020), which has a resolution of 0.025 pum. Error of
the LVDT measurements on a flat plate is less than 1% of an
average sublimation depth of 40 um during the run. The automated
system typically obtains more than two thousand data points in an
hour.

Heat/Mass Transfer Coefficient
The local mass transfer coefficient is defined as:

j AY/A
h oo _r(Ay/AT) @
Pvw " Pvw

Pyw

since incoming flow contains no naphthalene, p,.,=0 in the present
study. The naphthalene vapor pressure is obtained from a
correlation of Ambrose et al. (1975). Then, the naphthalene vapor
density, o, is calculated from the perfect gas law.

The Sherwood number can be expressed as:

Sh=h,d/D ®

naph

Diapn is based on the discussion of naphthalene properties given by
Goldstein and Cho (1995). The mass transfer coefficients can be
converted to the heat transfer coefficients using the heat and mass
transfer analogy per Eckert (1976). 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 are conducted at room temperature, and the
Lewis number (Pr/Sc) for this study is about 0.307.

0.4
Nu Pr
—= — , Nu=0.624Sh (4)
Sh Sc

Uncertainty of the Sherwood numbers using the method of
Kline and McClintock (1953) for single sample experiments,
considering the measured temperature, depth, position and
correlation equations, is within £7.1% in the entire operating range
of the measurement, based on a 95% confidence interval.

RESULTS AND DISCUSSION

In this study, the heat/mass transfer characteristics induced by
the rib turbulators are investigated for the impingement/effusion
cooling with initial crossflow.

Local Heat/mass Transfer

Impingement/effusion cooling with initial crossflow.  Figure 4
presents the contour plot of Sh for the impingement/effusion
cooling with initial crossflow. White dotted circles and the small
full circles in the contour plot represent the projected positions of
injection holes and the effusion holes with the aluminum rim
between two circles, respectively. The local distributions of Sh for
the impingement/effusion cooling with initial crossflow at z/d=3.0
and 0.0 are presented in Fig. 5.

As shown in Fig. 4, the Sherwood number contour shows a
periodic distribution except the first row of injection holes because
a certain amount of the crossflow and the spent air is discharged
through the effusion holes and the balance between the flow
entrance and exhaust is preserved. The locally high heat/mass
transfer regions are formed at the stagnation regions and the regions
of the high heat/mass transfer are bended and deflected toward the
downstream direction by the crossflow, and the locally high
heat/mass transfer coefficients are observed around the inlet of
effusion holes due to the flow disturbance and the flow acceleration
toward the effusion holes. However, the heart-shaped low transfer
regions are formed between the effusion holes because the wall jets
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swept by the crossflow are sucked by the effusion holes and the
flow field is similar to that in a duct at this region.

As shown in Fig. 5, the local distributions of Sh at z/d=3.0 show
that the peak values at the stagnation points increases slightly as the
flow moves downstream because the interaction between the
impinging jets and the crossflow enhances the turbulence intensity
of jets. The secondary peaks at the downstream regions of the
stagnation points appear but the peaks at the upstream region
disappear. At z/d=0.0, the Sherwood numbers have peak values at
the trailing edge (downstream) of the effusion holes, and then
decrease monotonously. The reason is that the effusion flow
through the holes removes the high concentration (temperature) air
of the mass (thermal) boundary layer and the duct core flow
attaches on this region. Then, the mass (thermal) boundary layer
re-develops as the flow goes to the upstream side of the next
effusion hole. The locally low heat/mass transfer regions are shown
between the effusion holes, as mentioned before.

The low heat/mass transfer regions can be considered potential
hot spots and the non-uniform heat transfer causes thermal stresses.
Therefore, ribs were installed to obtain the uniform heat/mass
transfer and to enhance the heat/mass transfer.

90° Ribs. Figure 6 presents the contour plots of the Sh
for the 90° rib arrays; 90D, 90U, and 90DU. For the case of 90D, the
stagnation regions spread a little bit toward the upstream direction
because of the blockage effects of the ribs, as shown in Fig. 6(a),
and the high heat/mass transfer regions around the stagnation points
spread in the lateral direction because the ribs prevent wall jet from
being swept away by the crossflow. Therefore, the heart-shaped
low heat/mass transfer regions which are formed for the case
without rib turbulator are not observed any more. The relatively
high heat/mass transfer regions are observed behind the effusion
holes (z/d~0.0 and x/d=~3, 9, 15, 21) due to the promotion of the
reattachment of the separation flow by the suction through the
effusion holes.

For the case of 90U (Fig. 6(b)), the stagnation regions spread
more than the case of 90D toward the upstream direction because of
the ribs installed right behind the stagnation points and the
blockage effects of the ribs. However, the low heat/mass transfer
regions are formed behind the ribs (z/d~3.0) due to the recirculation
of the flows as reported by Cho et al. (2001). At the upstream
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Fig. 6 Contour plots of Sh for 90° rib arrangements

regions of the effusion holes (z/d~1.0), relatively high heat/mass
transfer regions are observed due to the promotion of the
reattachment of the separation flow by the suction through the
effusion holes. But low heat/mass transfer regions are formed
between the effusion holes (similarly the case without rib) because
a certain amount of flows is effused and does not cover those
regions.

For the case of 90DU (Fig. 6(c)), heat/mass transfer
characteristics of 90D and 90U are observed at the same time. At
the inter-rib regions where the stagnation points are formed, the
stagnation regions spread a little bit toward the upstream direction
because of the blockage effects of the ribs, and the high heat/mass
transfer regions around the stagnation points spread in the lateral
direction because the ribs prevent impinging jet from being swept
away by the crossflow, like the case of 90D. At the inter-rib regions
where the effusion holes exist, low heat/mass transfer regions are
formed behind the rib (z/d~3.0) due to the flow separation and
recirculation, and at the upstream regions of the effusion holes
(z/d=1.0), relatively high heat/mass transfer regions are observed
due to the reattachment of the separation flow, like the case of 90U.

Figures 7 and 8 present the local distributions of the Sh for the
90° rib arrays.

At 2/d=3.0 (Fig. 7), for the cases of 90U and 90DU, locally low
heat/mass transfers are shown behind the ribs due to the blockage
effects of the ribs. But the case of 90D show the similar pattern with
the case of no rib at z/d=3.0 without the locally low heat/mass
transfers.

At z/d=0.0 (Fig. 8), for the case of 90U, locally low heat/mass
transfers are shown between the effusion holes, which is not
observed for the cases of 90D and 90DU, because a certain amount
of flows does not cover those regions but is discharged through the
effusion holes.

For the cases of 90U and 90DU, there are locally high heat/mass
transfer regions before the rib which is installed after the stagnation
point due to the corner vortex. But for the case of 90D, the effect of
the corner vortex is not observed due to the small amount of flow as
shown in Figs. 7 and 8.

V-shaped and A-shaped Ribs. Figure 9 shows the
contour plots of the heat/mass transfer coefficients for the cases of
45V and 45A. The detailed local heat/mass transfer coefficients are
presented in Figs. 10 and 11 for the two lateral positions (z/d=3.0
and z/d=0.0).

The V-shaped and A-shaped rib induce counter-rotating
secondary flows, and the heat/mass transfer in the downward flow
regions is augmented and that in the upward flow regions is abated
as reported by Choi et al. (2002). Therefore, a complex heat/mass
transfer characteristics are observed in these cases.
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As shown in Fig. 9, the secondary flows affect the heat/mass
transfer distributions in the inter-rib regions. The low heat/mass
transfer regions between the effusion holes are shrunk due to the
secondary flows. The downward secondary flow is formed along
z/d=0.0 for the case of 45V and z/d=3.0 for the case of 45A. The
upward secondary flow is formed near the z/d=3.0 for the case of
45V and z/d=0.0 for the case of 45A. The heat/mass transfer in the
downward flow regions is augmented. The reason is that the
downward flows lead the almost naphthalene-free fluid from the
mainstream and impinge onto the ribbed walls, and reinforce the
flow reattachments. On the other hand, the heat/mass transfer
coefficients show flat distributions without enhancement of the
heat/mass transfer in the upward flow regions.

For the 45V case (Fig. 9(a)), at the upstream regions of the
effusion holes, relatively high heat/mass transfer regions are
observed due to the downward secondary flows, which is
reinforced by the flow suction through the effusion holes (like the
case of 90U).

For the case of 45A (Fig. 9(b)), relatively high heat/mass
transfer regions are observed before the effusion holes (z/d=0.0 and
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x/d~4, 10, 16) due to the promotion of the reattachment of the
separation flow by the suction through the effusion holes. But, low
heat/mass transfer regions are formed behind the effusion holes
(z/d~0.0 and x/d~2, 8, 14, 20) because of the upward secondary
flows and the flow suction.

As shown in Fig. 10, at the stagnation points, all three cases have
the almost same values. For the case of 45V, the secondary peaks of
heat/mass transfer coefficients are observed in front of the ribs in
spite of the upward flow regions. The reason is that the corner
vortices are formed and the impinging jets weaken the effects of the
upward flows at these regions. But the locally low heat/mass
transfers are shown behind the ribs due to the recirculation of the
flows. For the case of 45A, the locally high heat/mass transfers are
shown behind the ribs due to downward secondary flows.

At 2/d=0.0 (Fig. 11), for the case of 45V, the peaks are not
observed in front of the ribs because a certain amount of flows is
effused and does not cover those regions. But the locally high
heat/mass transfers are shown behind the ribs at the downward flow
regions and these values are much higher than the values for the case
of 45A (Fig. 10) because the downward flows are strengthened by the
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at M=1.0, Re4=10,000, and H/d=2.0.

flow suction for 45V case, as mentioned above. For the case of 45A,
the secondary peaks of high heat/mass transfer can not observed in
front of the ribs because of the upward secondary flows.

Average heat/mass transfer. Figures 12 and 13
present the spanwise averaged Sherwood numbers on the effusion
plate for the various rib arrangements. The averaged values are
obtained by taking the local data in the region of 0.0<z/d<3.0. The
average Sherwood numbers for 90U show the most uniform values
for all the tested cases due to the promotion of the reattachment of
the separation flow by the flow suction around the effusion holes.

But for the case of 90U as shown in Figs. 6(b) and 8, there are
locally low heat/mass transfer regions between the effusion holes
and behind the ribs (z/d~3.0).

For the case of 90DU, high average Sherwood numbers are
observed at the inter-rib regions where the stagnation points are
formed. But, relatively low average Sherwood numbers are observed
at the inter-rib regions where the effusion holes exist. This pattern is
periodic except the first row of injection and effusion holes.

Figure 13 presents the spanwise averaged Sherwood numbers on
the effusion plate for the cases of 45V and 45A. For the case of 45V,
the average values at the stagnation points are about 30% higher
than those for the case of 45A. The reason is that the high transfer
regions due to the downward secondary flows are formed at the
same lateral positions as stagnation regions.

For the case of 45A, the secondary peaks of the spanwise
averaged Sherwood numbers are observed at x/d~1, 7, 13, and 19
because of the downward secondary flows. The lowest spanwise
averaged Sherwood numbers are observed between the effusion
hole region and the stagnation region (x/d=~2, 8, 14, 20) because of
the flow suction through the effusion holes and the upward
secondary flows.

Figure 14 shows the overall averaged Sherwood numbers on the
effusion plate for various cooling schemes. The overall averaged
values are obtained by taking the local data in the region of
0.0<z/d<3.0 and 0.0<x/d<18.0. For all the tested cases, the cooling
performances are better than that of the impingement/effusion
cooling with initial crossflow (without rib). The case of 90DU
shows about 12% higher cooling performance than the
impingement/effusion cooling with initial crossflow (without rib).
The case of 90U shows a little bit higher cooling performance than
the case of 90D. The average cooling performances for the cases of
45V and 45A are almost the same.

CONCLUSIONS

In the present study, the heat/mass transfer characteristics
induced by the rib turbulators for the impingement/ effusion
cooling with initial crossflow are investigated and compared with
those for the impingement/effusion cooling with initial crossflow
(without rib turbulator). The results are summarized as follows:

- With the initial crossflow (without rib), the regions of high
heat/mass transfer at the stagnation points are bended and deflected
toward the downstream direction by the crossflow, and the
heart-shaped low heat/mass transfer regions are formed between
the effusion holes because the wall jets swept by the crossflow are
sucked by the effusion holes.

- All the cases with the rib turbulators show better cooling
performances than that of the impingement/effusion cooling
without rib and the heart-shaped low heat/mass transfer regions for
the impingement/effusion cooling with initial crossflow (without
rib) disappear by installing the rib turbulators.

- For the 90° rib arrays, the stagnation regions spread toward the
upstream direction because of the blockage effects of the ribs and
the high heat/mass transfer regions around the stagnation points
spread in the lateral direction because the ribs prevent wall jet from
being swept away by the crossflow. The average cooling
performance for the case of 90U shows a little bit higher than that
for the case of 90D. For the case of 90DU, heat/mass transfer
characteristics of 90D and 90U are observed at the same time. The
average cooling performance for 90DU shows the highest value for
all the tested cases and that is about 12% higher than the
impingement/effusion cooling with initial crossflow (without rib).

- The V-shaped and A-shaped rib induce counter-rotating
secondary flows. Therefore, a complex heat/mass transfer
characteristics are observed in these cases. The heat/mass transfer
in the downward flow regions is augmented and that in the upward
flow regions is abated. For the case of 45V, the heat/mass transfer in
the downward flow regions is much higher than that for the case of
45A because the downward flows are strengthened by the flow



suction for 45V case. But the average cooling performances for the
cases of 45V and 45A are almost the same, in spite of the difference
of the rib arrangements.
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