JOURNAL OF THERMOPHYSICS AND HEAT TRANSFER
Vol. 17, No. 3, July-September 2003

Flat Surface Film Cooling from Cylindrical
Holes with Discrete Tabs

Hasan Nasir,* Srinath V. Ekkad," and Sumanta Acharyai
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The effect of discrete delta-shaped tabs on film cooling performance from a row of cylindrical angled holes is
investigated. The holes are inclined at 35 deg along the streamwise direction. Four tab locations are investigated:
1) tabs placed along the upstream edge of the hole covering 33% of the hole, 2) tabs placed along the upstream
edge covering 11% of the hole, 3) tabs placed along the downstream edge of the hole, and 4) tabs placed along the
lateral edges of the hole. They are compared to the baseline case without tabs. Measurements were carried out
in a low-speed wind tunnel using the transient liquid crystal technique. The mainstream velocity and freestream
turbulence intensity in the low-speed wind tunnel are 8.5 m/s and 6 %, respectively, and the Reynolds number based
on hole diameter is 6375. Three blowing ratios of 0.56, 1.13, and 1.7 are tested. Results show that the tab placed
upstream of the hole covering 33 % of the hole exit provides the highest film effectiveness compared to other tab
locations studied. This is because the jet liftoff in the presence of the upstream tabs is reduced and there is greater

lateral spreading of the jet.
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film hole discharge coefficient

film hole diameter, mm

heat transfer coefficient with film injection, W/m? - K
heat transfer coefficient without film injection, W/m? - K
spanwise averaged heat transfer coefficient
area-averaged heat transfer coefficient

momentum flux ratio, (pU?)./(pU?)

thermal conductivity of test surface, W/m - K
thermal conductivity of air, W/m - K

height of the delta tab in the streamwise direction,cm
blowing ratio, (pUp)/(pU)

Prandtl number

Reynolds number, pUqd /1

temperature, K

free stream turbulence intensity

time of liquid crystal color change, s

flow velocity, m/s

streamwise distance, m

spanwise distance, m

thermal diffusivity of test surface, m?2/s

streamwise angle of film hole

film effectiveness, (T; — Too) /(T, — T)

spanwise average film effectiveness

area-averaged film effectiveness

fluid dynamic viscosity, N - s/m?

fluid density, kg/m?

= overall cooling effectiveness, (Too — T1) /(T — T¢.)

(=]
I I nn

TN TS S S X
1l

IXTH
[

N X
Q
L 1 | | R T A R [

BT SISISR R < xq“y
1l

Subscripts

= coolant
film or adiabatic wall temperature
initial

~ 0
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Introduction

ILM cooling is used extensively in modern gas turbine engines

for cooling hot gas path components such as airfoils. Inject-
ing cooler air through discrete holes from inside the blade surface
provides a coolant film that protects the outer blade surface from
detrimental effects of the hot combustion gases. The holes are in-
clined along the streamwise directionat very shallow angles (around
30 deg) to provide high cooling effectiveness. Film cooling is high-
est when the coolant flow hugs the surface and does not penetrate
and dissipate in the hot mainstream.

There are numerous studies that focus on film cooling over flat
surfaces with streamwise coolant injection. Recently, efforts have
been directed at exploring techniques that would enable enhanced
film cooling effectiveness. Several studies' ~® have focused on com-
pound angle injection with cylindrical holes to provide increased
cooling effectiveness. These studies show that compound angle in-
jection provides higher film cooling effectivenessbut also increases
heat transfer coefficient in the region downstream of the jet. Sen
etal.’ and Schmidtet al.* presented some results with shaped holes.
The shaped holes provide higher effectivenessand lower heat trans-
fer coefficients compared to compound angle injection holes. Other
studies’ also show that shaped holes provide better film cooling
protection. Hole shaping provides 30-50% higher film effective-
ness and about 20% lower heat transfer coefficients on the surface
compared to a typical cylindrical hole at the same blowing ratio.
Shaped holes tailor the mainstream—jet interactions by reducing the
jet momentum (keeping the mass flow rate constant). The resulting
jets have lower penetration, thus, producing higher film effective-
ness and lower heat transfer coefficients.

In recent years several studies have explored the effect of locat-
ing a tab at the exit of a jet injecting into a crossflow. It is well
recognized that jet penetration into the crossflow is controlled by
the evolution and growth of a kidney-shaped counter-rotating vor-
tex pair (CVP). Tabs produce streamwise vorticity (vortex pair) in
their wake and can beneficially or adversely interact with the jet
CVP. Bradbury and Khadem® placed square tabs at the exit of a hole
injecting vertically into the crossflow and examined their effects on
the mixing phenomenon in the flowfield downstream of the holes.
Zaman and Foss? and Zaman'? also placed delta-shaped vortex gen-
erators upstream of the hole injected vertically into the crossflow
and investigated their effects on the downstream flowfield. They re-
ported a 40% reduction in jet penetration. Their tab was triangular
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in shape and placed such that the apex of the triangle was tilted
either up or down into the jet hole exit. They reported greater lat-
eral spreading for the downward-tilted tab. However, all of the cited
studies on using tabs to improve coolant protection were performed
on jets with normal injection. Also, only flowfield measurements
were presented, without any information on the heat transfer or film
cooling effectiveness obtained with these geometries.

Most turbine blade geometries typically use angled injection to
improve film cooling effectiveness. In this study, the focus is on
injection holes angled at 35 deg along the streamwise direction.
Discrete tabs were placed around the holes to improve film cooling
performance. Whereas issues pertaining to manufacturability,costs,
and reliability of the tabs in the harsh turbine environments can be
raised, and are extremely importantissues, the present study is lim-
ited to providing a proof of concept to the idea of using tabs for
improving film cooling effectiveness. Later studies will address the
mentioned practical issues pertaining to the integration of the con-
cept for engine applications. Also, this study does not incorporate
the density ratio effects that exist in the real engine because both
coolant and mainstream are both at similar temperature levels.

Detailed heat transfer coefficients and film effectivenessdistribu-
tions on the cooling surface with comparisons to typical cylindrical
injection hole cases are presented. The tests are conducted on a flat
surface with a single row of inclined cylindrical holes in a low-
speed wind tunnel with compressed air supply for coolant air. Heat
transfer measurements were made using a transient liquid crystal
technique. Ekkad et al.>® have demonstrated the effective use of a
transient liquid crystal method for simultaneous determination of
heat transfer coefficient and film effectiveness distributions.

Experimental Setup and Procedure

Figure 1 shows the comprehensive view of the experimental ar-
rangement. The test setup consists of a blowerconnectedto a 12-kW
heater that heats the air to a freestream temperature of 58°C. The air
is then routed through a section with baffles to ensure adequate mix-
ing of the hot air to obtain a uniform temperature across the cross
section. The presence of the baffles inadvertently contributed to the
high freestream turbulence in the mainstream. A thermocouple was
traversed across the test section to check for uniformity of the in-
let thermal field. The air is then passed through a two-dimensional
4:1 converging nozzle. 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 bypass 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 hot air
is effectively sealed such that no air leaks into the test section and
affects the initial temperature condition of the test surface. 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 replaceable section about
25.4 cm downstream of the test section inlet. This replaceable sec-
tion can be interchanged to change the hole geometry. A trip is
placed at the entrance to the test section to produce a fully turbu-
lent boundary layer over the test plate. The film holes are located
30.5 cm downstream of the trip. The coolant air is provided from
a separate compressed air supply and is metered for flow measure-
ment. Air is then passed through a heater to heat up the air. Before
the experiment, the hot air is routed away from the test sectionusing
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. 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 coolant temperature is measured inside only one hole because
pretesting showed that all film holes had the same flow rate and
temperature conditions.

Figure 2 shows the test plate with film hole geometry used in
this study. There are six holes of 1.27 cm diameterin each row. The
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Fig. 3 Film hole geometry and tab placement.

hole spacingbetweenadjacentholesis 3-holediameters forall of the
holes. Figure 3 shows the tabdimensions. The tabis a thinequilateral
triangle made of cardboard material. The tabs are attached on to the
surface using double-sided tape. The thickness of the tab is only
1 mm, which is negligible compared to the local boundary-layer
thickness, § =9.7 mm. 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 Fig. 3. Case 1 is the plain cylindrical hole
with no tabs. In case 2, the tab is placed on the upstream side of the
hole with the tab covering 33% (3!/4) of the upstream centerline
length of the hole. Case 3 is where the tab covers only 11% (I/4)
of the upstream centerline length of the hole. Case 4 is where the
tab covers 33% of the downstream side of the hole. Case 5 is where
two tabs are placed at the midsection of the holes such that the tabs
cover the center region of the holes creating two distinct regions
along upstream and downstream edges. The tabs cover 22% (I/4
for each tab) of the centerline area in the lateral direction. Figure 3
also shows the hole geometry the tabs effectively produce. In effect,
these tabs modify the hole exit shape and produce shaped holes of
a differentform than that mentioned earlier.

The detailed velocity and turbulencemeasurements were obtained
using a calibrated single hot wire and a TSI data acquisitionsystem.
These measurements were made to explore the effect of the tabs on
the jet penetration and turbulence levels.

The liquid crystal color changes were digitized using an image
processing system. The red—green-blue camerais placed above the
test section and is connected to the color frame grabber board in-
side the computer. The frame grabber board is programmed through
commercially available software to monitor the color change times
of the liquid crystal coating. The software tracks the appearance of
the green color (from test initiation) at every pixel location during a
sudden transient heating experiment. More details on the measure-
ment techniqueare providedby Ekkad etal.’ Two tests with different
coolant temperatures are run to resolve the heat transfer coefficient
and film effectiveness at every pixel location. An 8-channel A/D
system is used for measuring the temperatures during the transient
test. Before the actual tests are conducted, the liquid crystal color
is calibrated vs temperature to use the correct condition to calculate
the heat transfer coefficient. Calibration is performedin situ using a
thermocouple attached to the liquid crystal layer. The liquid crystal
coating (R35C1W) has a temperature bandwidth of 1°C from red
appearanceto blue appearance. Green color appears at 35.4°C under
the present test conditions.

The first test has the mainstream heated to 58°C and the coolant
heated slightly above room temperature. Both the flows are initially
heated androutedaway fromthe test section. The airflow is suddenly

switched to start a transientheating of the liquid crystal coating. The
image processing system and the temperature measurement system
are triggered to start obtaining data at the same instant that both
coolant and main flows are switched into the test section. 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 temperature heated to a temperature
slightly above the mainstream temperature. Both the heat transfer
coefficient and film effectivenessare solved from the two equations
simultaneously. For this study, there are 400 points (pixels) along
the streamwise direction and 200 points (pixels) along the lateral
direction. The measured region focuses on the four middle holes
of the test section. The end holes are omitted due to wall effects.
Typical test times are 80—-120 s depending on the levels of heat
transfer to the liquid crystal layer.

The generalizedequationfor the film coolingproblemusing semi-
infinite solid assumption and one-dimensionaltransientconduction
model is given as

T,—T = [1 —exp(h*at/k?) erfc(h«/ot_t/k)]

x[nT. + (1 —nTs — T)]

where T, is the liquid crystal color change temperature (35.4°C).
The transientresponsesof the mainstream and coolanttemperatures
during the tests are incorporated using Duhamel’s superposition
theorem. Subsequently, the two equations with different coolant
temperatures and color change times are solved simultaneously 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 in Refs. 5 and 6.

As shown by Ekkad et al.,’ the local heat flux ratio q"/qy, the
heat flux with film injection to that without film injection, can be
expressedas q”/q) =h/ho[1 — (n/ ®)], where h/ hy and 7 are the
measured area-averaged heat transfer coefficient and film effective-
ness values, respectively. The values downstream of the holes are
averaged over the entire measured region to produce singular values
of i/ hy and 5. These values are then incorporated into the preced-
ing equation to determine and overall-averaged heat flux reduction
value for that particular cooling hole geometry. The value of ®, the
overall cooling effectiveness, is set at 0.6, which is a typical value
for an actual turbine blade under engine conditions. A heat flux ratio
of less than 1.0 indicatesthat film injectionreduces the heat flux into
the surface.

The average experimental uncertainty in heat transfer coeffi-
cient and film effectiveness measurement is estimated to be about
+6.9% and +8.4 %, respectivelyusing the methodologyof Kline and
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McClintock.!! The individualuncertaintiesin color change time 7 is
£0.2 s, color change temperature calibration 7, is £0.2°C, main-
stream temperature T, is £0.2°C, surface initial temperature 7; is
£0.2°C, coolant temperature 7, is £0.2°C, and material physical
properties «/a/ k is +3%. Note that the uncertainty for heat transfer
coefficient and film effectiveness in the immediate vicinity of the
film hole could be as high as £10% and £17%, respectively, due
to short color change time or edge (two-dimensional conduction)
effects. Experimental uncertainty in flow velocity and turbulence
intensity measurements are on the order of +4%.

Results and Discussion

Velocity Measurements

The measured mainstream velocity and freestream turbulence us-
ing a calibrated single hot-wire probe are 8.5 m/s and 6%, respec-
tively. The mainstream Reynolds number Re, based on film hole
diameteris 6750. The boundary-layerprofile measured downstream
of the trip is close to the fully turbulent flow profile (one-seventh
law). The momentum thickness Reynolds number Re, just upstream
of the hole is 511, and the corresponding boundary-layerthickness
1$9.87 mm. Three blowingratios, M =0.56,1.13,and 1.7, are tested
for cases 1,2 and 4. Cases 3 and 5 are tested only at M = 1.13. The
blowing ratios represent unblocked hole case values. In all other
cases, the mass flow rate was maintained as in the case of the fully
open hole. This helped in the comparison because equal mass flow
rate would be expected out of the blocked and unblocked holes.

Figure 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,and 10. These velocity profiles are presented for arep-
resentative M = 1.13. The upstream velocity profile at X /d = —1,
as indicated earlier, is typical of a turbulent boundary layer with
one-seventh law profile and is relatively unaffected by the jet in-
jection. 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. Farther downstream, the jet
injectioneffectreducesrapidly,and the flow begins to recover. How-
ever, as far downstream as X /d = 10, the velocity profile indicates
that the flow recovery is not yet complete. For case 2 (upstream
tabs with 33% blockage), the location of peak velocity is closer to
the wall (peak velocity location at Y /d ~0.5), indicating that the
jet penetrationis reduced in the presence of the 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 by Zaman'?
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 sec-
tion). The lower jet penetrationcan also be observedat X /d = 3. For
case 3 (upstream tabs with 11% blockage), the point of inflection is
fartheraway from the wall (peak velocitylocationat Y /d ~ 0.8) than
case 2, and the coolant jet velocity at X /d = 1 is lower. Clearly, the
blockage ratio of the tabs is an important parameter in controlling
the jet penetration. For case 4 (tabs located at the downstream edge
of the hole), the velocity peak at X /d =1 occurs at a higher Y /d
location (Y /d ~ 1-1.1) relative to cases 1-3. This is also evident
in the velocity profile at X /d = 3, where the peak velocity location
is shifted upward (Y /d ~ 1.3) relative to the location (Y /d ~ 1) for
case 1 or 3. The greater jet penetrationis expected to be detrimental
for film cooling effectiveness. With case 5 (tabs located along the
spanwise edges of the hole), the velocity peak at X/d =1 is at a
similar location as for case 4. However at X/d =3, the peak loca-
tion is at ¥ /d = 1.5 and shows that, for this configuration, the jet
penetration appears to be the highest. Therefore, one would expect
that this case would not perform well from the perspective of film
cooling effectiveness.

Figure 5 shows the mixed stream turbulenceintensity upstream at
X /d = —1 and atseverallocationsdownstreamofthe hole, X /d = 1,
3,5, and 10. Several studies have shown that jet injection produces
increased turbulence levels inside the boundary layers due to the
shear layer mixing and that this is the main reason that the local
heat transfer coefficients downstream of jet injection show higher
values. To improve blade cooling, the cooling effectivenessmust be
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Fig. 4 Velocity profile measurements upstream and downstream of
coolant injection.

increased without affecting the surface heat transfer coefficients. In
Fig. 5, the maximum turbulence intensities will be interpreted as a
measure of the turbulent mixing produced by the presence of tabs.
For the no-tabs condition (case 1), the maximum turbulence inten-
sity at X /d =1 is around 25%. The profiles show two peaks, and
these represent the wake region (peak closer to the wall) and the jet
(peak closer to the freestream). 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 region and leads to
high-turbulence-intersity levels in this region. The peak turbulence
intensity for the case 2 tab is only slightly higher (27%) than that for
the no-tab conditions, indicating that the presence of the upstream
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Fig. 5 Turbulence intensity measurements upstream and downstream
of coolant injection.

tab does not considerably enhance the shear layer mixing. However,
as pointed out earlier, the jet is somewhat closer to the surface. The
greater proximity of the jet to the wall is likely to lead to enhanced
effectiveness as seen later. Furthermore, the slight increase in the
intensity levels, as well as the greater proximity of the peak velocity
to the wall, is also likely to increase the heat transfer coefficient.
The turbulence intensity for case 3 is similar to that for case 2 with
values close to 25%. The peak turbulenceintensity increases for the
downstream tabs (case 4) with values close to 30%. This may be a
reflection of the closer proximity of the downstreamtabs to the wake
region. However, as observed in the mean velocity plots (Fig. 4),
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Fig. 6 Comparison of present data with other studies.

the location of the peak turbulence intensity is slightly shifted away
from the wall. The upward shiftin the peak velocity locationis likely
to reduce film cooling effectiveness, whereas the increased turbu-
lence intensity levels are likely to increase heat transfer coefficient.
For case 5, the peak intensity is reduced and is displaced farther
away from the wall. Both of these effects are expected to produce a
decrease in the heat transfer coefficient.

Heat Transfer and Cooling Effectiveness

Figure 6 presents the comparison of the presentresults with pub-
lished results for M =1.13 for simple injection holes (case 1).
The spanwise-averaged film effectiveness 7 results for M =1.13
are compared with the results from Pedersen et al.'? for M =1.0,
Schmidt et al.* for M =1.25, and Gritsch et al.® for M =1.0 in
Fig. 6a. Results show that the presentdata for M = 1.13 are in good
agreement with results from all the cited studies. The data from
Gritsch et al.® also show the slightincrease in film effectivenessjust
downstream of the holes. Other studies do not present data close
to the hole. The spanwise-averaged ratio (h/ hg) of the local heat
transfer coefficient with film injection 2 normalized by the local
heat transfer coefficient without film holes A, is plotted in Fig. 6b
for M =1.13, and the present results are compared with those of
Eriksen and Goldstein'® for M = 1.0, Hay et al.'* for M = 1.0, and
Gritsch et al.” for M = 1.5. The present data compare well with the
otherstudies. The results from the other studiesare beyond X /d =5,
whereas the present study shows near-holeresults. Based on the pre-
ceding comparisons, it is fair to say that the results from the present
study are in good agreement with published results for the baseline
case.

Figure 7 shows the detailed film cooling effectiveness distribu-
tions n for all cases at M =1.13. The detailed distributions are
shown for only the two middle holes. For case 1, the film effective-
ness 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 effectivenessregion just downstream of
the holes. After reattachment, the jets spread laterally. Case 2 shows
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e) Case-5

Fig. 7 Detailed film effectiveness distributions for all cases.

much higher effectiveness than case 1 over the entire region. Fur-
thermore, complete coverage is achieved within 2-hole diameters.
As noted earlier in Fig. 4, with the tabs located upstream of the hole
center, the jet penetration is reduced due to tab-generated vortic-
ity countering the kidney vortices. Because the penetration of the
coolant jet is reduced, higher film cooling effectivenessand greater
coverage are obtained. The rapid increase in the coverage is also
indicative of the jet spreading. Case 3 also uses an upstream tab, but
the blockage is not as high (11%) as case 2 (33%). The effective-
ness values and lateral coverage are considerably higher than the
baseline case, but lower effectivenessis obtained relative to case 2.
Therefore, it appears that the blockage of the hole is an important
parameter and that the higher blockage (33%) provides greater re-
ductionin the jet penetration and higher film cooling effectiveness.
Case 4, corresponding to the downstream located tab, exhibits con-
siderablylower coolingeffectivenesscomparedto cases 1-3, except
in the very near vicinity of the tabs. Recall that, for case 4, greater
jet penetration had been observed in Fig. 4, and this leads to lower
effectiveness. The lower film effectivenessfor the downstream tabs
are consistentwith the observationsof Zaman and Foss,” who linked
the ineffectiveness of the tabs to the existence of a pressure valley
that cancels or reduces the strength of the tab-generated vortices.
Case 5, where the tabs are located along the spanwise edges of the jet
hole, produces almost no cooling effectiveness on the surface. The
jet structure lifts off to a greater degree than the other cases (as seen
in Fig. 4), leading to no presence of the coolant film along the wall.

From the preceding observations, the highest effectiveness is
clearly achieved with the upstream-locatedtabs. Tabs located down-
stream, and along the spanwise edges of the jet, degrade the effec-
tiveness over the baseline case.

Figure 8 shows the detailed heat transfer coefficient ratio distribu-
tions (k2/ hy) for all cases at M = 1.13. The heat transfer coefficient

e) Case-5

Fig. 8 Detailed heat transfer coefficientratio distributionsfor all cases.

distributions for the case 1 are consistent with the distributions pre-
sented by Goldstein and Taylor."> The region along the centerline
shows a low heat transferregion behind the downstream edge of the
hole. This is potentially due to the action of jet liftoff and flow sepa-
ration downstream of the jet. Farther downstream, the heat transfer
coefficient ratio is enhanced beyond values of 2.0. Case 2 shows
much higher heat transfer coefficient ratios compared to case 1. As
noted earlier, in case 2, the tab-induced vorticity reduces the jet
vertical penetration and also appears to increase the lateral spread-
ing. Slightly higher turbulence intensities were noted for this case
(Fig. 5), which imply greater levels of jet—crossflow mixing close
to the wall. This fact and the reduced penetration that increases the
velocities near the wall produce higher values of the measured heat
transfer coefficients. Case 3 shows lower heat transfer coefficient
ratios and also less spreading than case 2. However, the values are
higher than that for case 1. These observations are also consistent
with the film cooling effectivenessresults, as shown in Fig. 5. With
the tab on the downstreamedge (case 4), jet penetrationis increased,
as noted earlier, but the turbulenceintensity in the wake regionin the
near vicinity of the tabs is considerably greater (Fig. 5). Thus, the
heat transfer coefficient ratios immediately downstream of the tabs
are considerably higher than the baseline case. Farther downstream,
due to the increased jet penetration, the heat transfer coefficients
decay rapidly. For case 5, the jet liftoff is considerably greater than
the baseline (as seen in Fig. 4), and turbulence intensities are much
lower than cases 1-4. Therefore, this case is associated with the
lowest heat transfer coefficient.

Figure 9 presents the effect of blowing ratio, M, on the spanwise-
averaged film effectiveness 7 and heat transfer coefficient ratio
(h/ ho) distributions for a plain hole (case 1). The averaged data
obtained for the entire region consist of four holes. Film effective-
ness is highest for M = 1.13 for most of the test section. Effective-
ness is lowest for M =1.7 just downstream of the hole due to jet
liftoff and reattachment. In the region X/d > 9, all three blowing
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Fig. 10 Effect of blowing ratio on span-averaged film effectiveness and
heat transfer coefficient ratio distributions for case 2.

ratios provide similar levels of film effectiveness. The highest ef-
fectiveness is around 0.13 for this hole geometry for any blowing
ratio. As expected, the heat transfer coefficient ratios increase with
increasing blowing ratio. The increased coolant injection typically
produces increases in mixing and turbulence generation, resulting
in higher heat transfer coefficients.

Figure 10 shows the effect of blowing ratio, M, on spanwise-
averaged film effectiveness 1 and heat transfer coefficient ratio
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e
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Fig. 11 Effect of blowing ratio on span-averaged film effectiveness and
heat transfer coefficient ratio distributions for case 4.

(h/ ho) for case 2. Effectiveness is significantly higher at all blow-
ing ratios for case 2 compared to case 1. The jets seem to reattach
around X /d ~ 34 for all blowing ratios. Highest effectiveness of
around 0.35 is obtained for blowing ratio of M = 1.13. Effective-
ness is lowest for M = 0.6, where the jet spreadingis limited due to
lower coolant mass flux. The heat transfer coefficient ratios are also
higher for case 2 compared to case 1. As noted earlier, the increased
turbulence and mixing and higher near-wall velocities for this case
also produces higher heat transfer coefficients. There is a signifi-
cant increase in heat transfer coefficient as M increases from 0.56
to 1.13, but the heat transfer coefficient is not significantly affected
with further increasesin M to 1.56.

Figure 11 presents the effect of blowing ratio, M, on spanwise
averaged film effectiveness 77 and spanwise-averaged heat transfer
coefficient ratio (h/ hy) for case 4. The tab is on the downstream
edge of the hole for this case. Effectiveness is significantly high at
M =0.56, but there is almost no cooling effectiveness for higher
blowing ratios. The jet penetration for this case is higher, and there
may be increased dispersion of the jet for higher blowing ratios,
leading to lower effectiveness. Therefore, this geometry is effective
only at low blowing ratios. However, note that the levels of heat
transfer coefficient enhancement are not as high as case 2.

Figure 12 show a comparison of the hole geometry effect on
spanwise-averagedfilm effectivenessy, heat transfer coefficient ra-
tio (h/ hy), and heat flux ratio (¢” /g, ) for all five casesat M = 1.13.
It is clearly evident that case 2 provides the highest effectiveness,
with cases 4 and 5 providing negligible cooling. Cases 1 and 3
provide similar levels of effectiveness. Case 2 also produces signif-
icantly higher heat transfer coefficient enhancement compared to
all of the other cases. Figure 12¢ shows the effect of both the heat
transfer coefficient enhancement and film effectiveness combined
and expresses the combination as a heat flux ratio (§”/¢;). A heat
flux ratio of less than 1.0 indicates that film cooling is beneficial.
Film effectivenessfor case 2 is about 200% higher than that for the
other four cases, and heat transfer coefficient ratio is about 25-30%
higher than the other four cases. This produces about 30% lower
heat flux ratio for case 2 at M =1.13 compared to other cases for
the region X /d > 4. Thus, in case 2, the increase in heat transfer co-
efficient is clearly offset by the significant enhancementin cooling
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Fig. 12 Effect of tab placement on span-averaged film effectiveness,
heat transfer coefficient ratio, and heat flux ratio distributions for
M=1.13.

effectiveness. The other four cases produce similar levels of heat
flux ratios on most of the surface.

Figure 13 shows the effect of momentum flux ratio / on area-
averaged heat transfer coefficient ratios (h/ ho) and film effective-
ness 7 for each of the five cases. Cases 1, 2, and 4 are shown at
all blowing ratios (all 1), but cases 3 and 5 are presented for only
M =1.13. Cases 3 and 5 are shown as open symbols. Results show
that the heat transfer coefficientratios increase with increasing I for
all cases. Case 2 consistently produces higher heat transfer coeffi-
cients, as earlierindicated. Case 2 also produces significantly higher
film effectivenesslevels compared to the other four cases. The plain
hole (case 1) performs better than cases 4 and 5. Case 4 produces
slightly higher effectiveness at low blowing ratios. When the heat
transfer coefficient and film effectiveness values are combined, the
heat flux ratio distributions (" /4q;;) show that case 2 produces heat
flux ratios less than 1.0 for all blowing ratios. Case 1 also performs
well at low blowing ratios. Case 4 provides significant heat flux re-
duction with film cooling for a low blowing ratio of M =0.56, but
does not perform well at high blowing ratios. Cases 3 and 5 show
heat flux ratios around 1.0, indicating that these tab placements may
not provide any benefit.

Discharge Coefficients

The discharge coefficients (inversely proportionalto the pressure
drop across the coolant hole) are plotted in Fig. 14. The discharge
coefficients are shown both with and without the cross flow only
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Fig. 13 Effect of momentum flux ratio 7 on overall-averaged film effec-
tiveness, heat transfer coefficient ratio, and heat flux ratio distributions.
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Fig. 14 Effect of upstream tab on discharge coefficients C; with and
without crossflow.

for the upstream tabs and show only a small effect of the crossflow
at low-pressure ratios. There is a significantly larger pressure drop
with the presence of tabs. Note that the horizontal tabs provide sim-
ilar levels of discharge coefficients as that shown by Gritsch et al.®
for their shaped holes at low-pressure ratios. This observation com-
bined with the significantly greater cooling effectiveness achieved
with cases 2 and 3 compared to the baseline case indicate the po-
tential benefits of using tabs to enhance blade cooling. Most of the
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data shown by Gritsch et al.® were for high-pressure ratios, and
the present study investigates fairly low-pressure ratio conditions.
These results may be applicable for film hole rows on the pressure
surface of the blade near the leading-edge stagnation point.

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. Four different tab placements have been tested.
The tabs alter the jet exit structure producing varied jet—-mainstream
interactions that affect the heat transfer coefficient and film effec-
tivenessdistributions. The detailed heat transfer coefficient and film
effectiveness distributionsclearly indicate the jet spreading, liftoff,
and reattachment phenomena due to the presence of the tabs. The
results show that the tab located along the upstream edge of the hole
enhancescoolantcoverage and increases film cooling effectiveness.
A triangular tab that covers about 33% of the upstream hole area
provides significantly more coolantspreading and increases film ef-
fectiveness over the entire surface by over 200% compared to the
plainhole. There is also an associatedincreasein the jet—mainstream
mixing, which leads to higher heat transfer coefficients. The other
tab locations (located along the downstream edge and along the
spanwise edges), in general, show lower film protection compared
to the no-tab plain hole. In all, the tab placement should be on the
upstream side of the hole and should not create strong blockage.The
alteration of the flowfield should be relatively mild, thus, produc-
ing the right mix of improved coolant coverage and slightly higher
undesired jet—mainstream mixing.
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