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Effect of Film-Hole Shape on Turbine-Blade
Film-Cooling Performance
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Philip E. Poinsatte*
NASA John H. Glenn Research Center at Lewis Field, Cleveland, Ohio 44135-3191

Detailed coolant jet temperature profiles and film effectiveness distributions on the suction side of a gas turbine
blade are measured using a thermocouple probe and a transient liquid crystal image method, respectively. The
blade has only one row of film holes near the gill-hole portion on the suction side of the blade. The hole geometries
studied include standard cylindrical holes and holes with diffuser-shaped exit portion (i.e., fan-shaped holes and
laidback fan-shaped holes). Tests are performed on a five-blade linear cascade in a low-speed wind tunnel. The
mainstream Reynolds number based on cascade exit velocity is 5.3 X 10°. Upstream unsteady wakes are simulated
using a spoke-wheel-type wake generator. The wake Strouhal number is kept at 0 or 0.1. Coolant blowing ratio is
varied from 0.4 to 1.2. Results show that both expanded holes have significantly improved thermal protection over
the surface downstream of the ejection location, particularly at high blowing ratios. In general, the unsteady wake

tends to reduce film-cooling effectiveness.

Nomenclature

blade axial chord length (17 cm)

film-hole diameter

wake generator rod diameter

local heat-transfer coefficient

thermal conductivity of blade material (0.159 W/m - °C)
thermal conductivity of mainstream air
film-cooling hole length

= coolant-to-mainstreammass flux ratio

or blowing ratio, p.V./pnV

speed of rotating rods

local Nusselt number based on axial chord, hC, / k,;
spanwise-averaged Nusselt number

number of rods on wake generator

film-hole pitch

local forced convection heat flux with film injection
local forced convection heat flux for the no film-hole case
spanwise-averagedforced convection heat

flux with film injection

spanwise-averagedforced convection heat flux

for the no film-hole case

Reynolds number based on exit velocity

and axial chord, V,C, /v

wake Strouhal number, 2 Ndn /(60V)

streamwise length on the suction surface (33.1 cm)
. coolant temperature

film temperature

initial temperature of blade surface

mainstream temperature

liquid crystal color change from green to red

liquid crystal color change time

= local mainstream velocity along the blade suction
surface at the film-hole location
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V. = coolanthole exit velocity

Vi, = cascadeinlet velocity

V, = cascade exit velocity

X = streamwise distance starting from film-hole centerline;
streamwise distance measured from leading edge to
film-hole centerline

Y = perpendiculardistance from blade surface

Z = spanwise distance from centerline of film-cooling holes

a = thermal diffusivity of blade material (0.135 x 10~° m?/s)

8, = local momentum thickness

n = local film-cooling effectiveness

n = spanwise-averagedfilm-cooling effectiveness

# = nondimensionalcoolantjet temperature

v = kinematic viscosity of cascade inlet mainstream air

p. = coolantdensity

om = mainstream flow density

¢ = overall cooling effectiveness given by

Introduction

CONTINUING trend toward higher gas turbine inlet temper-
atures that are sufficient to melt airfoils and endwalls and have
resulted in higher heat loads on turbine components. Hence, sophis-
ticated coolingtechniquesmust be employedto cool the components
to maintain the performance requirements. Some turbine blades are
cooled by ejecting cooler air from within the blade through dis-
crete holes to provide a protective film on the surface exposed to
the hot gas path. Cooling jet injection may result in higher heat-
transfer coefficients downstream of the injectionlocation. However,
the heat-transferrates can still be substantiallyreduced as a result of
a decreased film-to-wall temperature difference. Many studies have
presented heat-transfer measurements on turbine blades with film
cooling. Nirmalan and Hylton,' Abuaf et al.,> Ames,>* and Drost
and Bolcs® studied film-cooling heat transferon film-cooled turbine
vanes. Camci and Arts® and Takeishiet al.” studied film-coolingheat
transfer on film-cooled turbine blades. Ito et al.® and Haas et al.’
studied the effect of coolant density on film-cooling effectiveness
on turbine blades.
The effect of unsteady wakes produced by upstream vane trailing
edges has a strong effect on rotor blade surface heat-transfer coef-
ficient distributions. Several studies have focused on the effect of
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unsteady wakes on the downstream blade heat-transfer coefficient
distributions without film cooling. They all reported that unsteady
wakes enhanced turbine-blade heat transfer and caused earlier and
longer laminar-turbulent boundary-layer transition on the suction
surface. Few studies have focused on the effect of unsteady wakes
on film-cooled turbine blades. Abhari and Epstein'® conductedheat-
transfer experiments on a film-cooled transonic turbine stage in
a short-duration turbine facility. They measured steady and time-
resolved, chordwise heat-flux distributions at three spanwise loca-
tions. They concluded that film cooling reduces the time-averaged
heat transfer by about 60% on the suction surface compared to the
uncooled rotor blade. However, the effect is relatively low on the
pressure surface. Ou et al.!' and Mehendale et al.'?> simulated un-
steady wake conditions over a linear turbine-blade cascade with
film cooling. They studied the effects of unsteady wake on a model
turbine blade with multiple-row film cooling using air and CO, as
coolants. They measured heat-transfercoefficients and film-cooling
effectiveness at discrete locations using thin foil heating and mul-
tiple thermocouples. They concluded that heat-transfer coefficients
increase and film-cooling effectiveness values decrease with an in-
creasein unsteady wake strength. Duetal.'>!* used a transientliquid
crystal technique to measure the detailed heat-transfer coefficient
and film effectivenessdistributionsover a film-cooled turbine blade
under the effect of upstream unsteady wakes. They concluded that
unsteady wake slightly enhances Nusselt numbers but significantly
reduces film-cooling effectiveness on a film-cooled blade surface
as compared to a film-cooled blade without unsteady wake. Teng
et al.!” studied unsteady wake effect on film temperature and effec-
tivenessdistributionsfor a gasturbineblade with one row of cylindri-
cal film holes near the suction side gill-hole region. They concluded
that unsteady wake reduces film-cooling effectiveness. They also
found out that film injection enhances the local heat-transfer co-
efficient while the unsteady wake promotes earlier boundary-layer
transition.

To improve the cooling effectiveness and thus increase the life-
time of gas turbine blades, an attempt has recently been made to
contour the film-hole geometry. Film-cooling holes with a diffuser-
shaped expansion at the exit portion of the holes are believed to
improve the film-cooling performance on a gas turbine blade. The
increased cross-sectional area at the hole exit compared to a stan-
dard cylindrical hole leads to reduction of the coolant velocity for a
given blowing ratio. The momentum flux of the jet exiting the hole
and the penetration of the jet into the mainstream will be reduced
accordingly, which results in an increased cooling efficiency. Fur-
thermore, lateral expansionof the hole provides an improved lateral
spreadingof the jet, which leads to a better coverage of the airfoilin
the lateral directionand a higher laterally averaged film-cooling effi-
ciency. A few previousstudies have shown thatexpandingthe exitof
the cooling hole improves film-cooling performance in comparison
to a cylindricalhole. Goldsteinet al.'® reported that overallimprove-
mentsin adiabaticeffectivenessare found for the flat-plate film cool-
ing with laterally expandedholes. Makki and Jekubowski'” reported
that the same improvements are found for forward-expandedholes.
Haller and Camus'® performed aerodynamic loss measurements on
a two-dimensional transonic cascade. Holes with a spanwise flare
angle of 25 deg are found to offer significant improvements in film-
cooling effectiveness without any additional loss penalty. Schmidt
et al.!” and Sen et al.?’ compared a cylindrical hole to a forward-
expanded hole, both of them having compound angle injection for
the flat-plate film cooling. Although the spatiallyaveragedeffective-
ness for the cylindrical and forward-expanded holes is the same, a
larger lateral spreading of the forward-expandedjetis found. Gritsch
et al.222 performed detailed measurements of the flat-plate film-
cooling effectiveness and heat-transfer coefficients downstream of
single holes for holes with expanded exits. They reported that, com-
pared to the cylindrical holes, the two types of expanded holes in
their study show significantly improved thermal protection of the
surface downstream of the ejection location, particularly at the high
blowing ratios. Bell et al.?* show that the amount of expansion is
critical to this improvement.

All of the preceding studies show that film-cooling holes with a
diffuser-shaped expansion at the exit portion of the hole have im-

proved film-coolingperformancein comparisonto cylindricalholes.
It is of great interest to understand the effect of the hole shape on
blade film-cooling performance under turbomachinery flow condi-
tions, that is, consideration of the effect of surface curvature and
pressure gradient that exists on a real turbine blade. However, most
of the just-mentioned shape hole film-cooling studies are for flat-
plate geometry. There are very few studies present in open liter-
ature examining the effects of hole shape on turbine-blade film-
cooling performance under steady and unsteady wake conditions.
This study focuses on only one row of film holes near the suction-
side gill-hole portion in order to investigate the hole shape effect on
the curved blade surface under strong flow acceleration conditions.
Film-cooling holes with and without exit expansions are studied
and compared under steady and unsteady wake conditions. In the
present study a transient liquid crystal method is used to measure
the detailed heat-transfer coefficient and film effectiveness distri-
butions, and a thermocouple probe is used to measure coolant jet
temperature profiles just above the gas turbine blade. The high reso-
lution of the liquid crystal technique, combined with the coolant jet
temperature profile measurement, provides a clear picture of how
the heat-transfercoefficient and film effectivenessdistributionsvary
along the blade surface with different film hole shapes. The results
also provide a good database for film-cooling computational model
development.The correspondingresults of the detailed heat-transfer
coefficient distributions are presented in an accompanying paper.*

Experimental Apparatus

Figure 1a shows the schematic of the test section and camera lo-
cations. The test apparatus consists of a low-speed wind tunnel with
an inlet nozzle, a linear turbine-blade cascade with the test blade in
the center, and a suction-typeblower. The wind tunnelis designedto
accommodatethe 107.49-degturn of the blade cascade. The cascade
inlet mean velocity is about 20 m/s. The mean velocity increases2.5
times from the inlet of the cascade to the exit. The test apparatus is
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Fig. 1a Five-blade cascade with center blade coated with liquid crystal
and viewed by two cameras.
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Fig. 1b Two-dimensional view of the film-cooled blade model.
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describedin detail by Ou et al.'! A spoked-wheel-typewake gener-
ator, similar to the one used by Ou et al.,!" simulated the upstream
unsteady wake. The wake generator has 32 rods, each 0.63 cm in
diameter, to simulate the trailing edge of an upstream vane. The
wake Strouhal number is adjusted by controlling the rod rotation
speed N. The error caused by using nonparallel rotating rods with
a linear blade cascade is small and is discussed by Ou et al.'! The
blade configuration, scaled up five times, producesa velocity distri-
bution typical of an advanced high-pressure turbine-bladerow. The
cascade has five blades, each with an axial chord length of 17 cm
and a radial span of 25.2 cm. The blade spacingis 17.01 cm at the
cascadeinlet,and the throat-to-bladespanratiois 0.2. Du etal.!® pre-
sentedthe local-to-exitvelocityratio distributionaroundthe blade as
well as the instantaneous velocity, ensemble-averaged velocity, and
ensemble-averagedturbulence profiles at the cascade inlet under the
effect of upstream unsteady wakes. The velocity on the suction side
acceleratesto about X/SL = 0.5 (V/V, =110%) and then deceler-
ates slightly at the cascade exit. In the present study, a row of film
holes is located near the suction-side gill-hole region X /SL =0.12,
where V/V, is estimated to be about 68%, the momentum thick-
ness 8, is about9 x 10™* m, and the momentum thickness Reynolds
number is estimated to be about 200 for steady flow. The unsteady
wakes are actually velocity deficiencies caused by the blockage of
mainstream flow by the rotatingrods. The ensemble-averagedturbu-
lence intensity profiles at the cascade inlet show that intensity could
be as high as 20% inside the wake, but the time-mean-averagedtur-
bulence intensity is about 10.4%. For cases without unsteady wake
effect, that is, without the rotating rods in the mainstream flow, the
time-mean-averaged turbulence is about 0.7 %.

The present film-cooled turbine-blade model is the same as the
one used by Teng et al.'> Figure 1b presents a two-dimensional
view of the film-cooled turbine-blade model. The blade material is
Renshape. Its thermal conductivity is 0.159 w/m -k, and thermal
diffusivity is 1.35 x 1077 m?/s. There is one cavity used to sup-
ply coolant to the row of film holes on the suction side. The film
holes, 1.905 mm in diameter and 10.16 mm apart from one another
(P/D =5.3), have aradial angle of 90 deg and a tangential angle of
40 deg. The film-holelengthis 15 mm (L /D =7.9). The flow rate is
controlledby a flow meter. The heated coolantflow is passed through
asolenoid-controlledthree-way diverter valve before the flow enters
the coolantcavity inside the blade. The solenoid-controlledvalve is
connected to a switch that triggers the heated coolant flow into the
cavity at the instant the transient test is initiated.

The film temperature distributions are measured by a traversing
fine gauge thermocouple probe at X/D =5 and 10 from the cen-
terline of the film-cooling holes. The thermocouple bead size is
about 0.01 cm and the probe size is about 0.0254 cm. The response
time of this fine gauge thermocouple is 0.08 sec. The measuring
plane is perpendicularto the oncoming mainstream. When measur-
ing the film temperature field, the blade model is not heated, and
only the coolantis heated and ejected. The mainstream temperature
is 21.1°C. The coolant has been heated to about 43.3°C to reduce
measurement uncertainty.

The liquid crystal coated surface area is 7.2 cm wide, and the
data acquisition area is 2.5 cm wide along the midspan region of
the test blade. In film-cooling measurements the test blade surface
is heated uniformly using a heater box.!> The heater box has the
blade shape and is slightly larger than the test blade. The insides
of the heater box are instrumented with thin foil heaters and con-
trolled by using several variacs to provide a near uniform surface
temperature. The heater box is lowered to completely cover the test
blade during heating. The heater box is raised completely to expose
the test blade to the mainstream during the transient test. The blade
surface temperature is monitored using embedded thermocouples
during heating. The uniformity of surface temperature with heating
is within £1.2°C. An interpolation scheme is used to further re-
duce the temperature variation in the initial surface temperature to
within £0.2°C. In the present study the blade surfaceis heated to a
temperature above the liquid crystal blue color (37.2°C). The main-
stream air is turned on by starting the suction-type blower. When
the blower reaches the stable test flow conditions, the heater box is
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Fig. 2 Film-cooling hole geometries.

raised to expose the hot blade to the room temperature mainstream
air within 0.1 s. When the heater box completely clears the blade
height, the liquid crystal data acquisition system is automatically
triggered. The liquid crystal color change time is measured using
a high-precision image-processing system. The transient tests last
about 60-90 s in average. The system consists of two cameras in-
dividually connected to a color frame grabber board in the personal
computer and a monitor. Software is used to measure the time of
color change of liquid crystals. During one test, only one camera is
operational. Hence, we require two differentruns with two different
camera locations to measure one set of data on the suction side for
a particular condition. Details on the image-processing system are
presentedby Teng et al.!> The image-processingsystem consists of
an RGB camera, monitor, and a personal computer with color frame
grabber board.

Figure 2 presentsthe three types of hole geometriesstudied: cylin-
dricalhole,fan-shapedhole,andlaidbackfan-shapedhole. The same
hole geometries as used by Teng et al.>* are again used here. The
hole geometries are similar to those used by Gritsch et al.?! They
have shown that, in flat-plate geometry, an expanded hole shows sig-
nificantly improved thermal protection of the surface downstream
of one hole ejection location as compared to one cylindrical hole. In
the present study a row of nine holes of each shape located near the
blade suction-side gill-hole region (X/SL =0.12) are employed.
The diameter of the cylindrical hole D and diameter of the cylin-
drical inlet section of the expanded hole is 1.91 mm. For all geome-
tries the inclination angle is 40 deg, the pitch-to-diameter ratio is
P /D =5.3, and the length-to-diameterratio L /D is 7.9. The lateral
expansion angle of both expanded holes is 7.24 deg. The exit for-
ward expansionangle of the laidback fan-shapedhole is 25 deg. For
the fan-shaped and laidback fan-shaped hole the calculation of the
blowingratiois basedon theinlet cross-sectionalareaof these holes,
that is, the same as the cylindricalhole. In this study this means that
the same blowing ratio provides the same amount of coolant ejected
under the same mainstream condition. Thus, the blowing ratio of the
shaped holes can be directly compared to those of the cylindrical
hole, which makes it more convenient to evaluate the effect of the
hole exit shape.

Data Analysis
A thermocoupleprobeis usedto measure the detailed temperature
profiles on the blade suction side. The local time-averaged temper-
ature T profiles are presented as a nondimensional temperature 0
defined similar to film effectiveness,

0 =T —-T,)/(T. - T,) o))
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One-thousandtwo-hundreddata points are measured at each mea-
surementplane atdifferent X /D locations. At each data point 36,864
samples are acquired and averaged to get the time-averaged temper-
ature.

A transientliquid crystal techniqueis used to measure the detailed
heat-transfercoefficients and film-coolingeffectivenesson the blade
suction surface. The technique is similar to the one described by
Teng et al.'> A one-dimensional transient conduction into a semi-
infinite solid with convective boundary condition is assumed. The
solution for surface temperature is obtained as

(T, —T)/(T,, — T,) = [1 — exp(h®at /k*) erfc(hv/at /k)]  (2)

where T, is the wall temperature when liquid crystals change to
red from green (32.7°C) at time ¢. The heat-transfer coefficient is
obtained from Eq. (2). For film-cooling tests the mainstream temper-
ature 7, in Eq. 2 is replaced by the local film temperature 7', which
is a mixture of the coolant 7, and mainstream temperatures. The
film temperature is defined in terms of 1, which is the film-cooling
effectiveness.

n=T;=T,)/(T. = T,), or  Tr=nT.+1-mT,

(3)

For the film-cooling test we obtain an equation similar to Eq. (2):
Tw _ TI _ Tw _ TI
T, =T, nl.+1—-nT, T,

= [1 — exp(h;:t>erfc<hia>:| “)

Two similar transient tests are run to obtain the heat-transfer co-
efficient 4 and film-cooling effectiveness . Each transienttest lasts
about 60-90 s in average. In the first test the blade surface is heated,
and the coolant and the mainstream temperatures are nearly the
same. In this case there is only one unknown # in Eq. (2). For the
second test the coolantis heated to a temperature close to blade ini-
tial temperature. The calculated local heat-transfer coefficient from
the first test is substitutedin Eq. (4) to obtain the local film-cooling
effectiveness.The methodologyis describedin detailby Teng etal.!®
The preceding equations are solved at each point on the blade sur-
face (16,600 points) to obtain the detailed heat-transfer coefficient
and film-cooling effectiveness distributions.

Because the objective of film injection is to reduce the heat trans-
fer (heat load) to a gas turbine component, heat loads with film
injection and for no film holes case should be compared. The local-
heat-flux ratio (heat load ratio) is given by

q"/q5 = (h/h)[(Ty = T,)/(T,, — T,,)] &)

where a heat-flux ratio of less than unity indicates that film injection
reduces the surface heat load over the no film holes case.

Becauseitis very difficult to determine the local film temperature
for a real gas turbine blade, Eq. (3) can be used to substitute for the
film temperature. Equation (5) can then be rewritten as

q" /a5 = (h/h)[1 = n(x, 2)/$] ©)

For gas turbine blades the value of ¢ usually ranges from 0.5 to 0.7.
Spanwise-averaged heat-flux ratio is then obtained from

q’ _ 1N~ hx,z) []_n(x,zi)}
¢

M

i

I’ n i1 ho(x,z;)

where 7 is the number of data points in the row at the same stream-
wise location x, and z is the spanwise dimension. A typical value of
0.6 is chosen for ¢. This analysis is the same as that by Mehandale
and Han»

The uncertainty in the coolant jet temperature field measure-
ment using a thermocouple is estimated to be 1%. The average
uncertainty in heat-transfer coefficient measurement is estimated
to be £6.5%. The individual uncertainties in the measurement of

the time of color change (At = £5%), the mainstream temperature
(AT, ==£1.3%), the initial temperature (AT; = £0.6%), the color
change temperature (AT,, = £3%), and the wall material properties
(Ao /k?* = £2%) are included in the calculation of the overall un-
certainty in the measurement. The uncertainty in the film-cooling
effectiveness measurementincluding the additional uncertaintiesin
the heat-transfer coefficient measurement is estimated to be about
49.2%. The uncertainty in the immediate vicinity of the hole (less
than 1 diam around the hole) could be higher as a result of the
two-dimensional conduction effect.

Results and Discussion

Experiments are performed at a cascade exit Reynolds number
of 5.3 x 10°. The corresponding flow velocity at the cascade exit is
50 m/s. Heated air as coolant is tested at blowing ratios of 0.4, 0.6,
0.8,and 1.2 for no-rod no-wake cases (S =0, Tu =0.7%) and cases
with wake (S=0.1, Tu = 10.4%). Because the film effectiveness
distributions with the cylindrical hole have already been presented
in Teng et al.,'> here we focus on the film effectivenessdistributions
with the shaped holes.

Detailed Heat-Transfer Coefficient Measurements

Detailed heat-transfercoefficient distributionsare presentedin an
accompanying paper.** Because of page limitation, the important
conclusions are summarized as follows.

For steady flow, when compared with cylindricalholes, both fan-
shaped and laidback fan-shaped holes have much lower Nusselt
numbers right after the film injection location. However, they cause
higherheat-transfercoefficientsin the latter part of the blade surface
as a result of earlier boundary-layer transition. For unsteady flow,
when compared with cylindricalholes, both fan-shapedandlaidback
fan-shapedholes also have much lower Nusselt numbers right after
the film injection location. They have almost the same boundary-
layertransitionlocationas the cylindricalhole case, but their Nusselt
numbers are higher after transition into the turbulent region.

Detailed Film Effectiveness Measurements

Figures 3 and 4 present the detailed film effectiveness distri-
butions at different blowing ratios for fan-shaped and laidback

(a) S=0: without wake

Ot R VLD I

(b) S=0.1: with wake

M=0.4

M=0.6 ¢

M=1.2

0 25
X/D

Fig. 3 Detailed film effectiveness distributions of fan-shaped holes for
cases at different blowing ratios, with and without wake effect.
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Fig. 4 Detailed film effectiveness distributions of laidback fan-shaped
holes for cases at different blowing ratios, with and without wake effect.

fan-shaped holes, respectively. Measurement are made on the three
film holes in the middle of the row of nine film holes on the suction
side. Because there are no datain the region from the leadingedge to
the film-hole location (here X /D =0 is at film hole centerline) and
the film effectivenessis very low after X /D =25, the data capture
area only covers the region from the upstreamedge of the film holes
to X/D =25. The level for 7 is from 0 to 0.2. Note that in the jet
center n has values up to 0.45.

Effect of Blowing Ratio

Because there are no film-cooling holes at the leading edge of
the blade model, the film streaks start where the row of film-cooling
holes (the only row of holes in this study) is located. Wider film
steaks extend along the streamwise direction fairly straightly. The
streaks are gradually weakened as they extend further away from
the film-cooling holes. For the cases without unsteady wake effects
(S =0), the film effectiveness of the fan-shaped holes (Fig. 3a) de-
creases at first with the increase of blowing ratio. The film streaks
are observable from X /D = 0 to 20 for a blowing ratio of M =0.4.
The observable streaks reduce considerably as the blowing ratio in-
creasesto M = 0.6. For the case of M = 0.8, the film streaks become
even shorter but wider. The film coverage area increases again as
the blowing ratio increases further to M = 1.2. The case of M =1.2
provides the best thermal protection over the blade surface com-
pared to all of the other three lower blowing ratios. For the laidback
fan-shapedholes (Fig. 4a) the film coverage area increases with the
increase of blowing ratio over the blade surface. Compared with
fan-shaped holes, the blowing ratio has a monotonic effect on the
film protection area for laidback fan-shaped holes: the film coolant
trace is barely seen for low blowing ratio of M = 0.4, whereas the
highest blowing ratio case of M = 1.2 produces downstream of the
film-cooling holes a coolant trace, which is even stronger than that
produced by fan-shaped holes.

Effect of Unsteady Wake

For fan-shaped holes with unsteady wake effects (Fig. 3b), the
coolant jet dilutes faster into the mainstream, and the film protec-
tion in the front area decreases for cases with lower blowing ratios
(M =0.4 and 0.6) than the cases without wake effects. Only a small

0.25
i M=0.4 §=0
0.2 1 2 ——M=0.6 S=0
4 3= = =M=085=0
__ 0159 M=1.2 S=0
n
0.1 ]
0.05 |
0 : : : :
-5 3 5 10 15 20 25
a) X/D
0.25
{ ———M=0.4 8=0.1
0.2 - 2 ————M=0.6 S=0.1
3 = = =M=0.85=0.1
0.15 4 e—1=1.2 $=0.1
n 0.1
0.05
0 : : : : :
5 8 5 10 15 20 25
b) X/D

Fig. 5 Spanwise-averagedfilm effectiveness distribution of fan-shaped
holes for a) steady flow, S =0.0 and b) unsteady flow with wake effect,
$=0.1.

front portion (X/D < 10) of the suction surface is covered by the
film-coolingjet. However, with unsteady wake effect, film coverage
inthefrontareaincreasesfor casesofhigherblowingratios (M = 0.8
and 1.2). For laidback fan-shapedholes (Fig. 4b) unsteady wake has
reduced film effectiveness for all blowing ratios.

All this indicates that unsteady wake has a strong effect on the
film-cooling protection area. Generally, addition of unsteady wake
resultsin lower film-cooling effectivenessat the area downstreamof
film hole as a result of the intensive mixing between mainstreamand
coolantjet, exceptfor the case of high blowing ratio near fan-shaped
holes.

Spanwise-Averaged Film Effectiveness Distributions

Figures 5 and 6 present the spanwise-averagedfilm effectiveness
distribution for fan-shaped and laidback fan-shaped holes.

Effect of Blowing Ratio

For cases without unsteady wake effect (Figs. 5a and 6a), it is
observed that, for all blowing ratio cases, spanwise-averaged film
effectiveness decreases from X /D = 0 to 25. For fan-shaped holes
(Fig. 5a) the spanwise-averaged film effectiveness decreases with
the increase of blowingratio butincreasesagain when blowing ratio
increases to 1.2. For laidback fan-shaped holes (Fig. 6a) spanwise-
averaged film effectiveness increases with the increase of blow-
ing ratio over the whole surface. Blowing ratio M = 1.2 produces
the highest spanwise-averaged film effectiveness for both the fan-
shaped and laidback fan-shaped holes.

Effect of Unsteady Wake

For fan-shaped holes (Fig. 5b) the addition of unsteady wake ef-
fect has made the spanwise-averaged film effectiveness decrease
for lower blowing ratios of M =0.4 and 0.6. For higher blowing
ratios of M =0.8 and 1.2, the spanwise-averaged film effective-
ness increases from X /D =0 to 25. For laidback fan-shaped holes
(Fig. 6b) the unsteady wake effect makes the spanwise-averaged
film effectiveness decrease for all blowing ratios.

From both Figs. 5 and 6 we conclude that, in general, the
spanwise-averaged film effecitiveness increases with increasing
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Fig. 6 Spanwise-averaged film effectiveness distributions of laidback
fan-shaped holes for a) steady flow, S = 0.0 and b) unsteady flow with
wake effect, S =0.1.

blowing ratio for both types of shaped holes, except for the steady
flow case of M =0.4 for fan-shaped holes. This case is repeatable.
We cannot offer a satisfying explanation for this special case for
the time being, though we suspect that it might caused by a higher
uncertainty for low blowing ratio cases.

Effect of Hole Shape

Figure 7 compares the spanwise-averagedfilm effectiveness dis-
tributions of fan-shaped and laidback fan-shaped holes with that
of standard cylindrical holes'®> for X /D up to 25 downstream of
film hole. For cases without unsteady wake effect (Fig. 7a) with a
high blowing ratio of M =1.2, the spanwise-averaged film effec-
tiveness of laidback fan-shaped holes is slightly higher than that
of fan-shaped holes but much higher than that of cylindrical holes.
For cases without unsteady wake effect with a low blowing ratio
of M = 0.6, the spanwise-averagedfilm effectivenessof fan-shaped
holes is slightly higher than that of laidback fan-shaped holes but
much higher than that of cylindrical holes. For cases with unsteady
wake effect (Fig. 7b), the spanwise-averaged film effectiveness of
fan-shapedholesis higher than that of laidbackfan-shapedholes and
subsequentlymuch higherthan that of cylindricalholes for both low
and high blowing ratios. This concludes that both fan-shaped and
laidback fan-shapedholes have much better thermal protection than
cylindrical holes under both steady and unsteady flow conditions.
Particularly,fan-shapedholes providethe best thermal protectionfor
all cases except for the steady flow case of M = 1.2, in which the
laidback fan-shapedholes provide better thermal protection (higher
film effectiveness). The explanationis that, at large blowing ratios,
coolantcoming out of a film hole has large momentum and tends to
lift off into the mainstream. The exit forward expansion angle of a
laidback fan-shaped hole has a larger cross section and reduces the
coolant exit momentum, thus providing better thermal protection
for this case. The conclusion of this section confirms the observa-
tion from Gritsch et al.?! Generally the film-cooling effectivenessof
this study is lower than that presented by Gritsch et al.?! This may
be caused by a larger inclined angle of film hole, 40 deg used by
this study vs 30 deg used by Gritsch et al.,>! as well as the convex

0.25 LR Cylindrical M=0.6
2 ——Cylindrical M=1.2
3 = ~ = Fanshaped M=0.6
0.2 1 4 Fanshaped M=1.2
5w | gidback fanshaped M=0.6
. 5 Laidback fanshaped M=1.2
0.15 4
0.1 4
0.05 4
0 " . . ;
-5 & 5 10 15 20 25
a) X/D
0.25
1. Cylindrical M=0.6
2 ———Cylindrical M=1.2
3 = = = Fanshaped M=0.6
0.2 4 Fanshaped M=1.2
5 — —Laidback fanshaped M=0.6
7 Laidback fanshaped M=1.2
0.15
0.1
0.05 {
0 T - - - -
-5 6 5 10 15 20 25
b) X/D

Fig. 7 Effect ofholeshape on spanwise-averaged film effectiveness dis-
tributions for a) steady flow without wake effect, S = 0.0 and b) unsteady
flow with wake effect, S =0.1.

surface of a turbine blade in this study compared to a flat surfacein
the other study.

Spanwise-Averaged Heat-Flux Ratio Distributions

Figure 8 presents the effect of hole shape on spanwise-averaged
heat-flux ratio for M = 0.6. The informationon 4 and /, is obtained
from Teng et al.>* The small arrow at X /D =0 indicates the film
injection location. The first three lines (1, 2, 3) in Fig. 8 compare
the film-hole shape effects under steady flow condition. For film
injectionthroughfan-shapedholes, the spanwise-averagedheat-flux
ratio (g”/q(/) drops to as low as 0.5 at X/D =2. The spanwise-
averaged heat-flux ratio remains less than 0.8 from X /D =0 to 10.
Fan-shaped hole film injection greatly reduces heat transfer in this
region. For film injection through laidback fan-shaped holes, the
spanwise-averaged heat-flux ratio has a value varying between 0.8
and 0.9 from X/D =0 to 15. However, for film injection through
cylindrical holes, the spanwise-averaged heat flux ratio is about
0.9 from X/D =0 to 7. In fact, the spanwise-averaged heat-flux
ratio for cylindrical hole injectionis larger than 1 in the range from
X /D =8 to 13, which indicates that the heat transfer is enhanced
in that region. In the range from X/D =0 to 15, the spanwise-
averaged heat flux of fan-shaped hole film injection has a lower
value than laidback fan-shaped hole film injection and thus a much
less value than cylindrical hole film injection. For a low blowing
ratio of M =0.6, the coolant coming out of laidback fan-shaped
holes mixes with and dilutes faster into the mainstream, leading
to higher surface heat-flux ratio (and thus worse surface protection)
than fan-shapedholes. The spanwise-averagedheat-flux ratio for all
of the three kinds of injection is about 1 after X/D = 15. The last
three lines (4, 5, 6) in Fig. 8 compare the hole-shape effects under
unsteady flow condition. The general trend is the same as the cases
under steady flow condition. However, the spanwise-averagedheat-
flux ratio is reduced for all of the three types of film hole injection.
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Fig. 8 Effect of hole shape on spanwise-averaged heat-flux ratio for

M =0.6 at steady flow (S=0.0) and unsteady flow with wake effect
(§=0.1).
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Fig. 9 Effect of hole shape on spanwise-averaged heat-flux ratio for
M =1.2 at steady flow (S=0.0) and unsteady flow with wake effect
(§=0.1).

This indicates that the heat transfer between the mainstream and the
blade surface is reduced by film injection for all of the cases when
thereis unsteady wake effect. Film injectionthrough fan-shapedand
laidback fan-shaped holes provides an even better film protection
than cylindrical hole injection under unsteady flow condition. This
proves that film jets coming out of holes with expanded exits, that
is, with reduced jet momentum, can stay closer to the blade surface
and avoid strong mixing with the mainstreamand thus providebetter
film-cooling performance.

Figure 9 presents the effect of hole shape on spanwise-averaged
heat-flux ratio for M = 1.2. Film injection through cylindrical holes
does not provide any thermal protection over the blade surface at
all. Actually, because of an increased spanwise-averaged heat-flux
ratio all of the way from X/D =0 to 25, cylindrical hole injection
enhances surface heat transfer and worsens the surface condition.
On the other hand, with an increased blowing ratio of M =1.2,
the film-cooling performance of both fan-shaped and laidback fan-
shaped hole injections becomes even better. Both types of fan-
shaped hole injection have almost the same values for both un-
steady and steady flow conditions, respectively. Under steady flow
condition the spanwise-averaged heat-flux ratio is 0.6 at film in-
jection location. The value gradually increasesto 0.9 at X/D =15
and slightly decreases afterwards. Under unsteady flow condition
the spanwise-averagedheat-flux ratio is around 0.7 all the way from
X/D =0 to 25, except a small fluctuation around X /D = 3. For a
high blowing ratio of M = 1.2, film injection through fan-shaped
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2 0 1 2
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Fig. 10 Effect of hole shape on detailed film temperature profiles for
steady flow (S=0.0) at M =1.2.
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and laidback fan-shaped holes provides an even better film protec-
tion than cylindrical hole injection under unsteady flow condition.

In general, both fan-shaped and laidback fan-shaped film-hole
injection provides lower spanwise-averagedheat-flux ratio and thus
better thermal protection over the blade surface, especially under
unsteady flow condition. With an increased blowing ratio film in-
jection throughboth types of fan-shaped holes provides much lower
spanwise-averaged heat-flux ratio and thus better cooling perfor-
mance than cylindricalholes. Overall, fan-shapedholes provide bet-
ter thermal protection than laidback fan-shaped holes for all cases,
except for the steady flow case of M =1.2, in which the laidback
fan-shaped holes provide better thermal protection (lower heat-flux
ratio). This may be because that, at large blowing ratios, coolant
coming out of a film hole has large momentum and tends to lift off
into the mainstream. The exit forward expansionangle of a laidback
fan-shaped hole has a larger cross section and reduces the coolant
exit momentum, thus providing better thermal protection in this
case.

Coolant Jet Temperature Field Measurements

Figures 10 and 11 present the effect of hole shape on film tem-
perature field for steady flow and unsteady flow with wake ef-
fect, respectively. The selected blowing ratio is M =1.2. The film
temperature field is measured at two locations: X/D =5 and 10.
The level for 6 is from 0 to 0.2 with regard to 1. In the jet cen-
ter 6 has values up to 0.45. The figures show that the nondi-

(c) laidback fanshaped
Y/D Y/D

Fig. 11 Effect of hole shape on detailed film temperature profiles for
unsteady flow with wake effect (S=0.1) at M =1.2.

mensional temperature distributions measured in the flow match
the surface film-cooling effectiveness distributions as the wall is
approached.

Effect of Hole Shape

Temperature contours (Fig. 10) dilute as the heated coolant jet
moves away from the eject location as a result of the mixing be-
tween heated jet and cold freestream air. Film jet coming out of
cylindrical holes tends to lift off into the mainstream flow, with the
jet periphery barely touching the blade surface. The film coverage
area is very narrow in spanwise direction (small Z/P) but long
in boundary-layer direction (large Y /D). On the other hand, both
fan-shaped and laidback fan-shaped holes present much better and
wider coolant protection over blade spanwise surface (Z/P), with
the coolant jet attached closely to the surface and also spreading
out along the spanwise direction, that is, there is increased cover-
age in Z/ P direction but reducedjet penetrationinto mainstreamin
Y /D direction. Actually, the film jets coming out of the adjacent fan-
shapedholesexpand so widely in the spanwise directionso that their
peripheries almost merge into each other, thus providing an almost
continuous protection (greater Z/ P) over the whole blade surface.
Once again, the film-cooling behavior of laidback fan-shaped holes
is not found to be better than that of fan-shaped holes in the film tem-
perature field measurement. Because of too much expansionin both
spanwise and streamwise directions, the laidback fan-shaped holes
have reduced coolant protection in spanwise direction, that is, re-
duced Z/ P coverage, but increased jet penetration into mainstream
in Y/ D direction as compared with the fan-shaped holes.

Effect of Unsteady Wake

Film jets for cases with unsteady wake effect dilute faster
(Fig. 11), which has also been illustrated by the detailed film ef-
fectiveness distributions. Unsteady wake has a greater effect on the
film temperature field of cylindrical holes than those of fan-shaped
and laidback fan-shaped holes. This is because the film jet coming
out of cylindrical holes lift off into the mainstream flow, resulting
in larger contacting area as well as more intensive mixing between
mainstream and coolant jet. Film jets coming out of fan-shaped and
laidback fan-shaped holes tend to attach closely to the blade sur-
face. They are mainly within the boundary layer of the mainstream,
and the mixing between the mainstream and the coolant is not very
strong.

Conclusions

Detailed coolant jet temperature profiles and film effectiveness
distributionson the suction side of a gas turbine blade are measured
using a thermocouple probe and a transient liquid crystal image
method, respectively. The blade has only one row of film holes
near the gill-hole portion on the suction side of the blade. The hole
geometriesstudiedinclude standard cylindricalholes and holes with
diffuser-shapedexit portion (i.e., fan-shapedholes and laidback fan-
shaped holes). The mainstream Reynolds number based on cascade
exit velocity is 5.3 x 10°. Upstream unsteady wakes are simulated
using a spoke-wheel-typewake generator. Wake Strouhal number is
keptat O or 0.1. Coolant blowing ratio is varied from 0.4 to 1.2. The
conclusions based on the experimental results are the following:

1) For the blowing ratio range used in this study, fan-shaped
and laidback fan-shapedholes provide better film-cooling effective-
ness for both steady flow and unsteady flow with wake effects. The
spanwise-averaged film effectiveness of fan-shaped and laidback
fan-shaped holes can be up to two times of that of cylindricalholes.

2) In general, fan-shaped holes provide better film-cooling ef-
fectiveness than laidback fan-shaped holes and subsequently much
better than cylindrical holes.

3) For cylindrical holes film-cooling effectiveness decreases as
the blowingratio increases from 0.6 to 1.2. However, for fan-shaped
and laidback fan-shaped holes, film-cooling effectivenessincreases
as the blowing ratio increases from 0.6 to 1.2.

4) Unsteady wake tends to decrease film-cooling effectiveness,
except for the higher blowing ratio cases (M =0.8 and 1.2) from
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X /D =0 to 25 of fan-shaped holes, where the film-cooling effec-
tiveness increases.

5) In general, both fan-shaped and laidback fan-shaped film-hole
injection provides lower spanwise-averagedheat-flux ratio and thus
better thermal protection over the blade surface, especially under
unsteady flow condition. With an increasedblowing ratio film injec-
tion through both kinds of fan-shaped holes provides much lower
spanwise-averaged heat-flux ratio and thus better cooling perfor-
mance than cylindrical holes.

6) The film effectiveness distribution measured with the liquid
crystal technique provides the detailed information about the vari-
ation of film effectivenessalong both the streamwise and the span-
wise direction, whereas the coolant jet temperature profiles mea-
sured with the thermocouple probe help to explain and confirm the
fact that fan-shapedand laidback fan-shaped holes have better film-
cooling performance than cylindrical holes.
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