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Abstract

The effect of discrete delta (or triangular)-shaped tabs with different orientations on the film cooling performance from a row of
cylindrical holes is investigated. The holes are inclined at 35° along the streamwise direction and the tabs are located along the
upstream edge of the holes. Three tab orientations are investigated: (1) tabs placed parallel to the film cooled surface covering a part
of the hole; (2) tabs oriented downward at —45°; and (3) tabs oriented upwards at 45°. Measurements were carried out in a low-speed
wind tunnel using the transient liquid crystal technique. The mainstream velocity and free-stream turbulence intensity in the low-
speed wind tunnel are 9 m/s and 7% respectively and the mainstream Reynolds number based on hole diameter is around 7100.
Three blowing ratios of 0.56, 1.13, and 1.7 are tested. Results show that the tabs oriented downwards provide the highest effec-
tiveness at a blowing ratio of 0.56 while the tabs oriented horizontally provides the highest film effectiveness at blowing ratios of 1.13
and 1.7. The higher effectiveness with the tabs is due to the generation of secondary eddies counter-rotating with respect to the
kidney pair; these eddies reduce jet penetration and thus increase film-cooling effectiveness. The horizontally oriented tabs produce

higher discharge coefficients (lower pressure drop) over the entire range of blowing ratios.

© 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Film cooling is used extensively in modern gas tur-
bine engines for cooling hot gas path components such
as nozzle vanes and turbine blades. In film cooling,
cooler air is injected through discrete holes on the blade
surface to provide a coolant film that protects the outer
blade surface from the detrimental effects of the hot
combustion gases. The holes are inclined along the
streamwise direction at very shallow angles (around 30°)
to provide high cooling effectiveness. Film cooling is
highest when the coolant flow hugs the surface and does
not penetrate and dissipate in the hot mainstream.

In recent years, several studies have focused on
developing techniques to enhance film-cooling effec-
tiveness. These techniques have included compound
angle-injection (Ligrani et al., 1994a,b; Sen et al., 1996;
Schmidt et al., 1996; Ekkad et al., 1997a,b), shaped-
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holes (Sen et al., 1996, Schmidt et al., 1996; Gritsch et al.,
1998a,b; Reiss and Bolcs, 2000; Wittig et al., 1996),
holes with struts (Shih et al., 1999), and tabbed holes
(Ekkad et al.,, 2000). Studies with compound angle
injection clearly demonstrate higher film-cooling effec-
tiveness, and greater lateral coverage, but this is asso-
ciated with the penalty of increased local heat transfer
coefficient in the region downstream of the jet. With hole
shaping, the hole is diffused in the forward direction or
in the lateral direction, and the exit jet-velocity is re-
duced (maintaining the mass flow rate constant) leading
to lower penetration and higher film-cooling effective-
ness. Further, lateral diffusion of the holes provides
greater lateral coverage. Shaped holes provide 30-50%
higher film effectiveness and about 20% lower heat
transfer coefficients on the surface compared to a typical
cylindrical hole at the same blowing ratio. Tabbed-holes
have been shown recently by Ekkad et al. (2000) to
produce significant increases (nearly 200%) in the film-
cooling effectiveness. This improved performance is re-
lated to the generation of vorticity by the tabs that
counters the kidney-pair vortex of the coolant jets, and
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Nomenclature

Cq film hole discharge coefficient

d film hole diameter, cm

DR coolant-to-mainstream density ratio, p./p.,

h heat transfer coefficient with film injection,
Wim? K

hy heat transfer coefficient without film injec-

tion, W/m? K

coolant-to-mainstream momentum flux ratio,
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thermal conductivity of test surface, W/mK

thermal conductivity of air, W/m K
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time of liquid crystal color change, s

temperature, K

free-stream turbulence intensity, Vu? /Uy
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flow velocity, m/s
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reduces jet penetration keeping the coolant jet closer to
the blade surface. Ekkad et al. (2000) investigated var-
ious tab locations and the tab located at the upstream
edge of the hole was shown to have the best perfor-
mance. However, only horizontal tab orientations (tab
parallel to the surface) were considered.

There have been several studies in the literature re-
porting velocity measurements from vertical jets with
tabs located at the exit of the jet. A study by Bradbury
and Khadem (1975) was the first to focus on the effect of
tab placements on vertical jet-cross-flow mixing for or-
thogonal injection. They placed square tabs and exam-
ined the effects on the mixing phenomenon in the flow
field downstream of the holes. Zaman and Foss (1997)
and Zaman (1998) also placed delta shaped vortex
generators upstream of the hole and investigated their
effects on the downstream flow field. They reported a
40% reduction in jet penetration. Their tab was trian-
gular in shape and placed such that the apex of the
triangle was tilted either up or down into the jet hole
exit. They also observed more lateral spreading for the
downward tilted tab. However, all the above studies on
using tabs were performed on jets with normal injection.
Also, only flow field measurements were presented
without any information on the effect of tabs on the heat
transfer and film-cooling effectiveness.

Most turbine blade geometries typically use angled
injection to improve the benefits of film cooling and
information on surface heat transfer and cooling effec-
tiveness are important for blade designers. As noted
earlier, the only study where the effect of tabs on film-
cooling performance has been studied is that of Ekkad
et al. (2000) who examined the effect of placing discrete

tabs on injection holes angled at 35° along the stream-
wise direction. The tabs were located along either the
upstream edge or the downstream edge of the hole or
symmetrically along the spanwise edges. It was observed
that placing the tabs along the upstream edge of the hole
increased the film-cooling effectiveness over the plain
cylindrical hole case. The other tab locations showed no
significant improvements in film-cooling effectiveness.

The present study aims to explore the effect of up-
stream tab orientations on the film-cooling behavior.
The tabs are located along the upstream edge of the film-
cooling holes since, as noted above, only this loca-
tion yielded improvements in film-cooling effectiveness.
Three tab orientations are examined: (1) parallel to the
surface (2) oriented downwards at —45° and (3) oriented
upwards at 45°. Of specific interest is to find the tab
orientation that provides the highest film-cooling effec-
tiveness and the lowest pressure drop. The hole dis-
charge coefficient or the pressure drop is an important
parameter in coolant hole designs and must be consid-
ered along with film-cooling effectiveness.

The tests are conducted on a flat surface with a single
row of inclined cylindrical holes in a low-speed wind
tunnel. Heat transfer measurements are made using a
transient liquid crystal technique (Ekkad et al., 1997a,b).
The transient liquid crystal technique has several ad-
vantages over other techniques such as naphthalene
sublimation and steady state techniques. The experi-
mental method is quick, provides high resolution data
and the coating is reversible so that it can be reused for
several tests. Flow and pressure measurements are made
using hot-wire anemometry and pressure transducers
respectively.
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2. Experimental setup and procedure

All the experiments were carried out in a low-speed
wind tunnel setup with compressed air supply for cool-
ant air. Fig. 1 shows the comprehensive view of the
experimental arrangement. The test setup consists of a
blower connected to a 12 kW heater that heats the air to
a free-stream temperature of 58 °C. The air is then
routed through a section with baffles to ensure adequate
mixing of the hot air to obtain a uniform temperature
across the cross-section. The heated air is passed
through a 4:1 2-D converging nozzle. In order to allow
the air to heat up to the desired temperature, the air
exiting the nozzle is initially routed out away from the
test section by using a by-pass gate. The temperature of
the air is continuously monitored at the exit of the gate,
and when the desired temperature is reached, the gate is
fully opened. The open gate allows the flow into a test
section made of Plexiglas and has a cross-section of 30-
cm width and 9-cm height. The components upstream of
the test section are covered with insulation to minimize
the heating time. The bottom plate of the test section is
made of 2.22-cm thick Plexiglas. This plate has a re-
placeable section about 25.4 cm downstream of the test
section inlet. This replaceable section can be inter-
changed to change the hole geometry. A trip (rod of
diameter 0.3175 cm) is placed at the entrance to the test
section to ensure the beginning of a new boundary layer.
The film holes are located 30.5 cm downstream of the
trip. The coolant air is provided from a separate com-
pressed air supply and is metered for flow measurement.
The coolant air is then passed through a heater to heat
up the air. Prior to the experiment, the hot air is routed
away from the test section using a three-way diverter
valve. When the valve is flipped, the coolant enters a

plenum below the test plate and is then ejected through
the film-cooling holes into the test section. The main-
stream hot air is flipped a second or so later to allow for
coolant to fill the plenum underneath the test plate. The
time difference between the switching of coolant and
mainstream flow depends on the blowing ratio of the
coolant. Thermocouples are mounted upstream of the
hole row to measure the mainstream temperature, and
inside one of the holes to measure the coolant exit
temperature. The image processing system is triggered to
initiate taking data only when the mainstream air is
diverted into the test section.

Fig. 2 shows the test plate with film hole geometry
used in this study. There are six holes of 1.27-cm di-
ameter in each row inclined at 35° in the streamwise
direction. The hole spacing between adjacent holes is
3-hole diameters for all the holes. Measurements were
performed for the middle four holes. Fig. 3 shows the
coolant flow loop and the tab configuration. The tab is a
thin equilateral triangle made of cardboard material.
Each side of the triangular piece is 1.27-cm and the
height of the tab (/) is 1.1 cm. The tabs are placed in the
locations as shown in the figure. Case 1 is the plain cy-
lindrical hole with no tabs. In Case 2, the tab is placed
on the upstream side of the hole with the tab covering
33% (31/4) of the upstream centerline length of the hole.
The tab region projecting over the coolant hole is ori-
ented downwards at 45° (6 = —45°). In Case 3, the tab is
oriented parallel to the film cooled surface (6 = 0°). In
Case 4, the tab is oriented upwards at 45° (6 = 45°).

Measurements of the free-stream velocity and tur-
bulence were obtained using a calibrated single hot wire
and a TSI data acquisition system. These measurements
were performed along the jet-centerline at several
streamwise locations, and provide information on how
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Fig. 1. Experimental setup.
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Fig. 2. Test plate geometry.

the tabs influence the jet penetration and jet-cross-flow
mixing. These hydrodynamic effects play an important
role in determining the cooling effectiveness and heat
transfer coefficient. All the hot wire measurements were
made for cold flow ensuring there was no temperature
contamination of the hot wire results.

The liquid crystal color changes were determined
using an image processing system. The RGB camera is
placed above the test section and is connected to the
Color Frame Grabber board inside the computer. The
frame grabber board is programmed through commer-
cially available software to monitor the color change
times of the liquid crystal coating. The software tracks
the appearance of the green color at every pixel location
during a sudden transient heating experiment. Two
similar tests are run to resolve the heat transfer coeffi-
cient and film effectiveness at every pixel location. An
8-channel A/D system is used for measuring the tem-
peratures during the transient test.

The first test has the mainstream heated to 58 °C and
the coolant heated slightly above room temperature.
Both the flows are initially heated and routed away from
the test section. The airflow is suddenly switched to start
a transient heating of the liquid crystal coating. The

Trip W\r‘e\

image processing system and the temperature measure-
ment system are triggered to start obtaining data at the
same instant the flows are switched. The time of color
change of each pixel location to change color to green
since the initiation of the transient test is determined.
The second test is run similarly with the coolant tem-
perature heated to a temperature slightly above the
mainstream temperature. For this study, there are 400
points along the streamwise direction and 200 points
along the lateral direction. A spanwise region of four
middle rows is measured with the streamwise distance
about 17 hole diameters downstream of the hole
downstream edge.

The generalized equation for the three-temperature
problem using semi-infinite solid assumption and 1-D
transient conduction model is given as,

hot hy/ot
T, — T = [l—exp (kz)erfc< A )}
x T+ (1 —n) T — T}

where T, is the liquid crystal color change temperature
(35.4 °C). The transient responses of the mainstream
and coolant temperatures during the tests are incorpo-
rated using the Duhamels’ superposition theorem. Sub-
sequently, the two equations with different coolant
temperatures and color change times are solved simul-
taneously to determine the local heat transfer coefficient
and film effectiveness values at every single point on the
test surface. More details of this solution technique are
presented by Ekkad et al. (1997a,b).

As shown by Ekkad et al. (1997b), the local heat flux
ratio ¢”/q; , the heat flux with film injection to that
without film injection can be expressed as

¢ _h (1 _ ﬁ)

%’ B ho @

where i/hy and 7 is the area averaged heat transfer co-
efficient and film effectiveness values respectively. The

value of @ is the overall cooling effectiveness. A value of
0.6 was assumed for the overall cooling effectiveness for
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Fig. 3. Film hole and flow geometry and tab configuration.
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this study. A heat flux ratio of less than 1.0 indicates
that film injection reduces the heat flux into the surface.

Experimental uncertainty in heat transfer coefficient
and film effectiveness measurement is estimated to be
about £6.4% and *7.9%, respectively using the meth-
odology of Kline and McClintock (1953). The individual
uncertainties in color change time (¢) is £0.2 s; main-
stream temperature (7,,) is 0.2 °C; surface initial
temperature (7;) is £0.5 °C; coolant temperature (7z) is
+0.2 °C; and material physical properties (v/o/k) is
+3%. Near hole, the results are affected by two-dimen-
sional conduction. This issue is not critical to the heat
transfer coefficient distributions as both coolant and
mainstream are heated for the hot test. However, it
should be noted that the over-prediction in the imme-
diate vicinity of the film hole for film effectiveness could
be as high as 17%. The above estimated levels in un-
certainty near the holes are due to the possibility of in-
validation of the semi-infinite model assumption.
Experimental uncertainty is the flow velocity and tur-
bulence intensity measurements are in the order of +4%.

3. Results and discussion

The measured mainstream velocity and free-stream
turbulence intensity using a calibrated single hot wire
probe are 9 m/s and 7%, respectively. The mainstream
Reynolds number (Req) based on film hole diameter is
7100. The boundary layer profile measured downstream
of the trip is close to the fully turbulent flow profile
(1/7th law). The momentum thickness Reynolds number
(Rep) just upstream of the hole is 511 and the corre-
sponding boundary layer thickness is 9.87 mm. Three
blowing ratios, M = 0.56, 1.13, and 1.7, are investigated
in this study.

3.1. Velocity measurements

Fig. 4 presents the velocity profiles upstream of the
hole (X /d = —1) and at several locations downstream of
the hole (X/d =1, 3, 5, 10). These velocity profiles are
presented for a representative M = 1.13. The upstream
velocity profile is unaffected by the jet injected into the
boundary layer downstream. The oncoming velocity
profile, as indicated earlier, is typical of a turbulent
boundary layer with 1/7th law profile. The no-tabs (Case
1) velocity profile shows an inflection due to the coolant
jet just downstream of injection at X/d =1 with the
highest velocity around Y/d ~ 0.8. Further down-
stream, the jet injection effect reduces rapidly, and the
flow begins to recover. However, even at X /d = 10, the
velocity profile indicates that the flow recovery is not yet
complete. For the straight or horizontal tab (Case 3), the
location of peak velocity is closer to the wall (Y /d ~ 0.6)
indicating that the jet penetration is reduced in the
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Fig. 4. Velocity profiles upstream and downstream of film injection.

presence of the horizontal tabs. With the tabs located
upstream of the hole center, a vortical pair with vorticity
opposite to that of the jet-kidney vortices are obtained
(Zaman, 1998) and reduce the strength of the kidney
vortices. This reduces the self-induction of vorticity and
the jet penetration. This should lead to improved film-
cooling effectiveness (presented in the next section). The
lower jet penetration can also be observed at X /d = 3.
For the downward tab (Case 2), the jet is again closer to
the wall (peak velocity location at ¥ /d ~ 0.6) than for
the no-tab case and the coolant jet velocity at X /d = 1 is
higher than for all the other cases. As far downstream as
X /d = 10, the coolant jet seems to stay close to the wall
in contrast to the other cases. This behavior is again
conducive for cooling effectiveness. With the upward tab
(Case 4), the peak-velocity at X /d = 1 occurs at a higher
Y/d location (Y /d ~ 1-1.1). This is also evident in the
velocity profile at X /d = 3 where the peak velocity lo-
cation is shifted upwards relative to the location for the
no-tabs case. The upward deflection may be due to
a Coanda effect by which the jet is pulled toward the
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upward oriented tab. The greater jet penetration is ex-
pected to be detrimental for film-cooling effectiveness.
Fig. 5 presents the turbulence intensity upstream
(X/d = —1) and at several locations downstream of the
hole (X/d = 1, 3, 5, 10). Several studies have shown that
jet injection produces increased turbulence levels inside
the boundary layers due to the shear layer mixing and
this is the main reason that the local heat transfer co-
efficients downstream of jet injection show higher val-
ues. To improve blade cooling, the cooling effectiveness
must be increased without affecting the surface heat
transfer coefficients. The profiles in Fig. 5 show two
peaks, and represent the wake-region (peak closer to the
wall) and the jet (peak closer to the free-stream). The
effect of these separate origins can be seen as far
downstream as X/d =5. Note that the cross-flow
boundary layer is entrained into the wake downstream
of the jet injection, and is responsible for the high tur-

5
Case-1 (No Tabs) —e— X/d=1 —— Xid=+1
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Fig. 5. Turbulence intensity distributions upstream and downstream of
injection.

bulence intensities observed in this region. In Fig. 5, the
maximum turbulence intensities will be interpreted as a
measure of the enhanced turbulent mixing produced by
the tabs. For the no tabs condition (Case 1), the maxi-
mum turbulence intensity at X/d =1 is around 25%.
The turbulence intensity for the horizontal or straight
tab is slightly higher than that for the no tab conditions
(Case 3) indicating that the presence of the tab does not
considerably enhance the shear layer mixing. However,
as pointed out earlier in the velocity plots, the jet is
closer to the surface (note that the location of the
coolant jet is harder to discern in the turbulence inten-
sity plots due to the high turbulence values in the wake).
The greater proximity of the jet to the wall is likely to
lead to enhanced effectiveness as seen later. Further the
slight increase in the intensity levels, and the greater
proximity of the peak velocity to the wall is also likely to
increase the heat transfer coefficient. The turbulence
intensity for the downward tab (Case 2) is much higher
with values close to 40%. The jet is also close to the
surface for this case (relative to Case 1), as seen earlier,
in the mean velocity profiles. Therefore both high ef-
fectiveness and high heat transfer coefficients are ex-
pected for this case. The turbulence intensity decreases
for the upward tabs (Case 4). However, as for the mean
velocity, the location of the peak turbulence intensity is
shifted away from the wall. The upward shift in the peak
velocity and turbulence intensity locations is likely to
reduce film-cooling effectiveness, while the reduced tur-
bulence intensity levels themselves are likely to reduce
heat transfer coefficient.

3.2. Film-cooling effectiveness and heat transfer coefficient

Fig. 6 presents the comparison of the present results
with published results for M = 1.13 for simple injection
holes (Case 1). The spanwise averaged film effectiveness
(77) results for M = 1.13 are compared with the results
from Pedersen et al. (1977) at M = 1.0, Schmidt et al.
(1996) at M =1.25, and Gritsch et al. (1998b) at
M = 1.0 in Fig. 6(a). Results show that the present data
for M = 1.13 is in good agreement with results from all
the above studies. The data from Gritsch et al. (1998b)
also shows the slight increase in film effectiveness just
downstream of the holes. Other studies do not present
data close to the hole. The spanwise averaged heat
transfer coefficient ratios (//hg) for M = 1.13 are plot-
ted versus the normalized axial distance from the hole
(X/d) in Fig. 6(b), and compared with the studies by
Eriksen and Goldstein (1974) at M = 1.0, Hay et al.
(1985) at M = 1.0, and Gritsch et al. (1998a) at M = 1.5.
Based on the above comparisons, it is fair to say that
the results from the present study are in good agree-
ment with published results for the baseline case,
Case 1.
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Fig. 6. Comparison of present data with other studies.

Fig. 7 presents the detailed film-cooling effectiveness
distributions (7) for all cases at M = 1.13. The detailed
distributions are shown for only the two middle holes
although measurements were performed for the middle
four holes. For Case 1 (no tabs), the film effectiveness
distributions are higher along the jet centerlines, with
almost no cooling in between the holes for most of the
plate length. The jets appear to lift off at the downstream
edge and reattach farther downstream creating a low
effectiveness region just downstream of the holes. After
reattachment, the jets spread laterally and full spanwise
coverage is observed around X /d = 8. Case 2 (tabs with
0 = —45°), shows much higher effectiveness than Case 1
over the entire region. Further, complete coverage is
achieved within 2-hole diameters. For this case, as noted
earlier in Fig. 4, the jet was closest to the surface and is
therefore responsible for the high effectiveness. The ra-
pid lateral increase in the coverage is indicative of en-
hanced coolant jet coverage in the lateral direction. Case
3 (tabs with 8 = 0°) shows enhancements in film-cooling
effectiveness similar to those of Case 2 with slightly
lower effectiveness values in the near vicinity of the hole.
In this case, the coolant jet penetration was again re-
duced by the tabs (Fig. 4), and this fact is again re-
sponsible for the improved film-cooling effectiveness.

n
| - I
Q 0.2 0.4 08 0.8

> x/d=0

x/d=17

Case 3

Case 4

Fig. 7. Detailed film effectiveness distributions for all cases, M = 1.13.

However, the higher turbulence intensity levels observed
for this case are perhaps responsible for greater mixing
and lower effectiveness than Case 2. The film-cooling
effectiveness for Case 4 (tabs oriented upward with
0 = 45°) is quite low, and is even lower than the baseline
case with no tabs. This is because the tabs oriented
upwards at 45° do not interact with the jet in the same
manner as the tabs in Cases 2 and 3, and therefore the
tabs do not generate the vortex pair produced by the
downward oriented or horizontal tabs. Instead, as
shown earlier, the jet penetration is enhanced in this case
presumably due to a Coanda-type effect. This enhanced
penetration leads to lower effectiveness. The upward
oriented tabs also interacts with the cross-flow, and
deflects it around the jet holes. Thus the blanketing ef-
fect of the cross-flow pushing the jet downward is di-
minished leading to reduced coverage of the surface by
the coolant film. Further since the upward tabs provide
partial blockage to the cross-flow, the deflected flow is
accelerated between the coolant holes, diminishing the
lateral spreading of the jets.

Fig. 8 presents the detailed heat transfer coefficient
ratio distributions (A/hg) for all cases at M = 1.13. The
baseline heat transfer coefficient (%9) was measured on
the test plate without film holes. The heat transfer
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Case 1

Case 2
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Fig. 8. Detailed heat transfer coefficient ratio distributions for all cases,
M =1.13.

coefficient distributions for the Case 1 holes clearly
show the presence of the counter rotating vortex
pair with heat transfer coefficients higher along the
side edges of the hole. The results are consistent with
that presented by Goldstein and Taylor (1982). The
region along the centerline shows a low heat transfer
region behind the downstream edge of the hole. This
is potentially due to the action of jet lift-off and flow
separation downstream of the jet. Further downstream,
the heat transfer coefficient ratio is enhanced beyond
values of 2.0. As for the film-cooling effectiveness, Cases
2 and 3 show similar behavior and exhibit much higher
heat transfer coefficient ratios compared to Case 1. As
noted earlier, the tab-induced vorticity reduces the jet
vertical penetration and also increases the turbulence
levels. The increased turbulence levels are responsible
for the greater levels of heat transfer coefficient. In Fig.
5, Case 2 shows higher peak turbulence levels than Case
3, and correspondingly, higher heat transfer coeffi-
cients are observed for Case 2 in Figs. 8 and 9. Case 4
shows lower heat transfer coefficient ratios and also

lesser spreading than Cases 2 and 3. In fact the heat
transfer coefficient values for Case 4 are lower than
those of Case 1. This observation is again linked to
the lower turbulence intensity levels obtained in Case 4
(Fig. 5).

Fig. 9 presents the effect of blowing ratio (M) on the
spanwise averaged film effectiveness (77) and heat trans-
fer coefficient ratio (i/hg) distributions for the four
cases considered. For all four cases, the film effectiveness
is highest for M = 1.13 over most of the test section. In
general, the best results for effectiveness are obtained for
Cases 2 and 3 due to the reduced jet penetration (Fig. 4)
obtained for these cases. Peak values of around 0.35 are
achieved for Cases 2 and 3 roughly 3-hole diameter
downstream of injection. Except for Case 3, effectiveness
is lowest for M = 1.7 presumably due to greater vertical
penetration of the jet. As note earlier, Case 4 shows no
increase in effectiveness over Case 1. The highest effec-
tiveness is around 0.17 for this hole geometry at any
blowing ratio.

As expected, the heat transfer coefficient ratios in-
crease with increasing blowing ratio. The increased
coolant injection typically produces increases in mixing
and turbulence generation resulting in higher heat
transfer coefficients. Comparing the four cases it is evi-
dent that Case 2 has the highest heat transfer coefficient
and is correlated to the highest turbulence intensity
values obtained for this case (Fig. 5). Analyzing the ef-
fectiveness and heat transfer coefficient values together,
it is evident that for Case 2, best performance (highest
effectiveness, lowest heat transfer coefficient) is achieved
at M = 0.56, while the worst performance (lowest ef-
fectiveness, highest heat transfer coefficient) is observed
at M = 1.7. For Case 3, increasing effectiveness is as-
sociated with increasing heat transfer coefficient. At
M = 1.13 and 1.7, Case 3 appears to exhibit higher ef-
fectiveness values but lower heat transfer coefficients
than Case 2, and would appear to be the best choice
from a cooling perspective.

Fig. 10 presents the effect of tab orientation on
spanwise averaged film effectiveness (77) and heat trans-
fer coefficient ratio (%/hg) for the three blowing ratios
considered. Effectiveness is generally highest at M =
1.13 and drops off as M is increased to 1.7 presumably
due to jet lift-off. For Cases 1, 2 and 4, the drop in the
effectiveness values at M = 1.7 is generally greater than
50%, while there is only a marginal decrease in effec-
tiveness for Case 3. This clearly indicates the capability
of the horizontal tabs (Case 3) in effectively reducing jet
penetration through the introduction of vorticity coun-
ter to the kidney pair. However, it should be noted that
even with the reduced effectiveness at M = 1.7, Cases 2
and 3 have higher peak effectiveness values (0.15 and 0.3
respectively) compared to the baseline case. Clearly, if
superior performance in terms of effectiveness is re-
quired over a range of blowing ratios, Case 3 with
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Fig. 9. Effect of blowing ratio on span averaged film effectiveness and heat transfer coefficient ratio distributions for all tab orientations.

horizontal tabs is the most desirable; on the other hand,
Case 2 performs at the same level as Case 3 at M = 0.56
and 1.13. Case 4 is clearly unacceptable since the effec-
tiveness values are even lower than the baseline cylin-
drical case.

The average heat transfer coefficient distribution for
Cases 2 and 3 increase with blowing ratio and the lo-
cation of the peak shifts downstream. The increase in
the average heat transfer coefficient occurs primarily
from M = 0.56 to 1.13, with the peak location shifting
from immediately downstream of the hole at M = 0.56
to X/d =4 at M = 1.13. This shift in the peak is due to

jet lift-off and reattachment at the higher blowing ratio.
From M =1.13 to 1.7, no significant change in heat
transfer coefficient is observed; contrast this with the
significant reduction in effectiveness for Case 2 when M
was increased from 1.13 to 1.7. For Cases 1 and 4, the
changes in heat transfer coefficient with M are rather
small.

Fig. 11 presents the effect of momentum flux ratio (/)
on area-averaged (or overall-averaged) heat transfer co-
efficient ratios (%/hg) and film effectiveness (7) for each
of the four cases. Momentum flux ratio is used as it
encompasses the density ratio and blowing ratio into
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Fig. 10. Effect of tab orientation on span averaged film effectiveness and heat transfer coefficient ratio distributions for all blowing ratios.

one parameter. The results for different density coolant
could then be compared under same momentum flux
ratio conditions. The density ratio in the present study is
closer to 1.0. The heat transfer coefficient ratios and film
effectiveness values for all points downstream of the film
holes in the measured region are averaged to provide a
single area-averaged heat transfer coefficient ratio and
film effectiveness value (0 <X /d <17). Also presented
are heat flux ratio (¢”/q(). which integrates the effect of
overall-averaged heat transfer coefficient and film-cool-
ing effectiveness values. The heat flux ratios are calcu-
lated at every pixel point and averaged as is the case for
the heat transfer coefficient and film effectiveness values.
Case 2 has the highest 77 at low [ values (7 < 1.3) but
drops off rapidly at high I values (I = 3). Case 3 has the
highest 77 value at I = 3. Cases 2 and 3 have comparably
high (%/ho) values for the entire 7 range. Based on these
observations, one would expect that Case 3 should
provide the lowest heat flux ratio to the plate. This is
indeed confirmed by the ¢”/q{ plot, where Cases 3 and 4
have the lowest heat flux ratio to the surface. The low
heat flux ratio for Case 4 (despite the low film effec-
tiveness) is associated with the extremely low values of

the heat transfer coefficient obtained for this case (see
(h/ho) plov).

3.3. Discharge coefficients

The discharge coefficients (inversely proportional to
the pressure drop across the coolant hole) are plotted in
Fig. 12. The discharge coefficients are shown both with
and without the cross-flow, and show only a small effect
of the cross-flow at low-pressure ratios. There is a sig-
nificantly larger pressure drop with the downward ori-
ented tabs relative to the horizontal tabs. Since the
horizontal tabs had greater effectiveness over the entire
range of blowing ratios considered, they are clearly the
preferred orientation from the combined perspectives of
effectiveness and pressure drop. The downward oriented
tabs do provide enhancements in cooling effectiveness,
as seen earlier, but this is at the expense of considerably
greater pressure drop. The upward oriented tabs do not
introduce additional pressure drop across the hole, but
as seen earlier, they did not provide any enhancements
in film-cooling effectiveness. It is important to note
here that the horizontal tabs provide similar levels of
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discharge coefficients as that shown by Gritsch et al.
(1998b) for their shaped holes at low-pressure ratios.
This observation combined with the significantly greater
cooling effectiveness achieved with Cases 2 and 3 com-
pared to the baseline case indicate the potential benefits
of using tabs to enhance blade cooling.

4. Conclusions

The influence of placing a tab at the exit of a film-
cooling hole on the surface heat transfer coefficient and
film effectiveness has been investigated. The tabs are lo-
cated along the upstream edge of the hole. Three different
tab orientations have been tested: (1) tabs oriented
downward at an angle of —45° (2) tabs placed horizon-
tally parallel to the film cooled surface, and (3) tabs ori-
ented upwards at 45°. The horizontal and downward
oriented tabs show the best performance with nearly a
threefold enhancement in the peak film-cooling effec-
tiveness for blowing ratios of 1.13 and 1.7. The horizontal
tabs appear to exhibit the highest film-cooling effective-
ness over the range of blowing ratios tested. The down-
ward oriented tabs exhibit performance comparable to
the horizontal tabs at M = 0.56 and 1.13, but the per-
formance drops off at the higher blowing ratio of 1.7. The
improvements with the horizontal and downward ori-
ented tabs are attributed to the generation of secondary
vortices by the tabs with vorticity counter to the kidney
pair. This leads to a reduction of the jet penetration and
improvement in film-cooling effectiveness. The upward
oriented tabs are ineffective, and lead to reductions in the
film-cooling effectiveness. For the tabs to be effective, it is
observed that they should interact with the flow exiting
the film-cooling hole (as for the downward oriented and
horizontal tabs) rather than the cross-flow (as for the
upward oriented tab). In general heat transfer coefficients
are also enhanced (about 40-50%) for horizontal and
downward oriented tabs, but the increase in effectiveness
(about 200-300%) exceeds the corresponding increase in
the heat transfer coefficient. The pressure drop across the
hole to provide the same amount of cooling is signifi-
cantly higher for the downward tabs compared to the
horizontal tabs resulting in a greater penalty to achieve
higher performance. Since the horizontal tab perfor-
mance is equivalent to the downward tab and the pressure
drop penalty is lower, the horizontal tab is recommended
as the best tab configuration.

For engine like conditions, the usage of tabs to im-
prove film cooling may not be a practical solution. It is
difficult to apply tabs to actual airfoils as the presence of
tabs will increase aerodynamic losses and may also burn
off during operation. The present study is aimed at
creating better understanding of jet-mainstream mixing
and the results may be pertinent to other similar features
that may be more practical.
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