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Film Cooling Measurements on Cylindrical Models
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Detailed heat transfer coef� cient and � lm effectiveness distributions are presented on a cylindrical leading-edge
model with simulated thermal barrier coating spallation using a transient liquid crystal technique. Tests were
performed in a low-speed wind tunnel on a cylindrical model in a cross� ow with two rows of injection holes.
Mainstream Reynolds number based on the cylinder diameter was 1.009 £ £ 105 . The two rows of injection holes
were §§ 15 deg from stagnation. The � lm holes were spaced four hole diameters apart and were angled 30 and
90 deg to the surface in the spanwise and streamwise directions, respectively. The simulated spallation cavities
were rectangular in shape and had rounded edges. The simulated spallationwas placed at two locations, 20–40 deg
(S3) and 35–55 deg (S4), respectively. The cylinder surface was coated with thermochromic liquid crystals, and a
transient test was run to obtain the heat transfer coef� cients and � lm effectiveness. The effect of coolant blowing
ratio was studied for blowing ratios of 0.4 and 0.8. Results show that the Nusselt numbers increase and � lm
effectiveness values decrease with an increasing blowing ratio. An increase in freestream turbulence has a very
little effect on Nusselt numbers but reduces the � lm effectiveness signi� cantly at low blowing ratios. In general,
presence of spallationenhances Nusselt numbersand produces a strong variationin � lm effectiveness distributions.

Nomenclature
b = bar grid width
D = cylinder model diameter
h = heat transfer coef� cient
k = thermal conductivityof test surface
kair = thermal conductivityof mainstream air
M = blowing ratio ( q cUc / q 1 U 1 )
Nu = Nusselt number based on cylinder diameter, hD / kair

Re = Reynolds number based on incident mainstream
velocity, U 1 D / m

Ti = initial temperature of test surface
T u = streamwise turbulence intensity,

p
(ū 0 2) / U 1

Tw = liquid crystal red–green color change temperature
T1 = mainstream temperature
t = time for liquid crystal color change
Uc = local velocity of coolant
U 1 = incident mainstream velocity
u 0 = � uctuating velocity
X = axial distance from the grid location
a = thermal diffusivity of test material
g = � lm effectiveness
h = angle from stagnation
q c = density of coolant
q 1 = density of mainstream

Introduction

H IGHER inlet temperatures in modern gas turbine enginespro-
vide higher power outputand higher thermal ef� ciency.High-

temperaturegaseshave a damagingeffecton the enginecomponents
that are in the hot gas path.Thermalbarriercoatings(TBC) are often
used to protect engine component metal surfaces from these high-
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temperature gases. The metal surface is coated by spraying a thin
layer of high-temperatureresistantTBC material. Power generation
turbines typically use coal-derived fuels to economize the power
production.With the use of coal-derivedfuels, the TBC surface un-
dergoes severe thermal stresses, erosion, and corrosion during the
engine operation. These stresses cause the TBC layer to peel and
expose the inner metal surface. The peeling of TBC layer due to
exposure to extremely harsh environments produces a spallation.
Spallation leads to a loss of thermal protection of the inner metal
surface. This could result in a rapid failure of the exposed engine
componentsand penalize the overall ef� ciency and life of the entire
gas turbine engine. The rapid failure results from the loss of ther-
mal protection and enhancement of heat transfer coef� cients due
to spallation. The enhanced heat transfer coef� cients increase the
heat loads around the spallation that is detrimental to the life of the
component. The present study focuses on the effect of simulated
TBC spallation with � lm cooling on the leading-edge region of a
turbine blade.

In modern gas turbine engines, both � lm cooled and non-� lm-
cooled blades utilize TBC to protect the blade material. TBC spal-
lation also can occur on a � lm-cooled blade. Watt et al.1 and Abuaf
et al.2 provide a detaileddescriptionof the TBC applicationprocess.
Watt et al.1 focusedon the boundary-layercharacteristicsand losses
due to the TBC layer, whereas Abuaf et al.2 studied the stagnation
heat transfer on a cylindrical leading model with real TBC. How-
ever, the literature presently lacks information on the effect of TBC
spallation on � lm effectiveness and heat transfer coef� cients. That
TBC spaldingcan occur at randomand that there is no de� ned shape
or size of the spall make it dif� cult to analyze the actual spallation
phenomena occurring on a real turbine blade. Thus, it needs to be
modeled with prede� ned shape, size, and location to understand
its effect on local heat transfer coef� cients and � lm effectiveness.
Ekkad and Han3 studied the effectof cavityshape, size, and depthon
heat transfer enhancementover a � at surface.Their study correlated
the effectsof variousgeometricalparametersof such simulatedspal-
lationcavities on heat transfer.They presenteddetailedheat transfer
enhancementdistributionsusinga transient liquidcrystal technique.
Ekkad and Han4 studied the effect of simulated TBC spallationon a
cylindricalleading-edgemodel of a non-� lm-cooledblade.Detailed
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heat transfer coef� cient distributionswere obtained in their studies
using a transient liquid crystal imaging method. They reported that
the surfaceheat transfercoef� cientscan be enhancedup to two times
in the presence of spallation compared to that for the surface with-
out � lm cooling and spallation. The depth of the spallation cavity
also has a strong effect on the local heat transfer coef� cients. They
further reported that the freestream turbulence increases the local
heat transfer coef� cients over the entire surface.

The leading edge region of the turbine blade has been a fo-
cus of many heat transfer studies. O’Brien and Van Fossen5 and
Morehouse and Simoneau6 studied the effect of freestream turbu-
lenceon the forward-halfof a circularcylinder.Bellows and Mayle7

and Mehendale et al.8 studied heat transfer on a simulated semi-
circular leading edge with a � at afterbody. They reported that an
increasein the freestreamturbulenceintensityincreasesthe leading-
edge heat transfer signi� cantly. All of the cited studies were for a
test surface with no roughness or � lm-cooling effects.

Film cooling on the leading edge has also been a focus of several
investigations.MickandMayle9 studied� lm coolingona bluntbody
with a semicircular leading edge and a � at afterbody. Their results
showedthat the surfaceheat loadsreduceat lowblowingratios.They
alsodeterminedthatthehigheffectivenessregionsdonotnecessarily
correspond with the regions having high heat transfer coef� cients.
Mehendale and Han10 studied the effect of freestream turbulence
on leading-edge� lm-cooling effectivenessand heat transfer coef� -
cients. They reported that the heat transfercoef� cients increasewith
an increase in turbulence levels and that the � lm effectiveness re-
duces.Ou et al.11 studied the effect of � lm hole row locationon a test
model similiar to that of Mehendale and Han.10 Their results show
that theeffectivenesswas higherfor thehole row fartherdownstream
of stagnation. Ekkad et al.12 used a transient liquid crystal imaging
method to obtain detailed heat transfer coef� cients and � lm effec-
tiveness on a cylindrical leading-edgemodel. Their results indicate
that for air injection (density ratio = 1.0) heat transfer coef� cients
increase with increase in blowing ratio. The best effectiveness is
obtained at a blowing ratio of 0.4 for air injection. They also re-
ported that the freestream turbulencehas little effect in heat transfer
enhancement but is detrimental to � lm effectiveness.

The present study simulates the effect of TBC spallation on a
cylindrical leading-edge model of a � lm-cooled blade. Detailed
heat transfer coef� cients and � lm effectiveness is measured using a
transient liquid crystal imaging technique. In this study, spallations
downstream of the � lm hole row are studied. Two different depths
of spallation are simulated to understand the effect of depth. The
simulated spallation model has a rectangular shape with rounded
edges and is similar to the spallations that typically occur on the
turbine blade.

Experimental Setup
A schematic of the test facility is shown in Fig. 1. The facility

consists of a suction-typeblower at the downstream end of the test

Fig. 1 Experimental test facility.

tunnel and a 3:1 contractionnozzle upstream of the test tunnel. The
test tunnel is 25.4 £ 76.2 cm and is 183 cm long. The test cylinder is
placed 77.5 cm downstreamof the nozzle exit. A tailboard is placed
at the rear of the test cylinder to reducewake effects on the upstream
heat transfer. The image processing system is used for measuring
the detailed heat transfer and � lm effectiveness distributions. The
imaging system consists of a red–green–blue (RGB) camera, mon-
itor, and a personal computer with color frame grabber board. A
turbulence grid is placed between the nozzle and the test section
inlet to generate a higher turbulencelevel of 7.1%. The coolant � ow
loop is also shown in Fig. 1. Compressed air is routed through an
ori� ce meter for the coolant � ow. The coolant is initially directed
away from the test cylinder through a three-way diverter valve. The
valve is switched as the transient test is initiated. An inline heater,
housed in the coolant supply line, is used to heat the coolant � ow
for the � lm effectiveness tests.

Figure 2 shows the test cylinder. The cylinder is 7.62 cm in dia-
meterand25.4cmhigh.Thecylinderhasablackpolycarbonateexte-
rior and a hollow copper interior. Six cartridge-typeheaters 0.32 cm
in diameter and 25.4 cm in length are embedded in the copper in-
terior along the circumference to heat the cylinder uniformly. The
polycarbonateexterior is mounted over the copper interior such that
there is always a goodthermal contactbetween the two. This ensures
uniform heating of the polycarbonate exterior. The polycarbonate
exterior is 0.64 cm thick and has a very low thermal conductivity

Fig. 2 Cylindrical leading-edge test model.
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and diffusivity.Film holes are drilled through the copper and poly-
carbonate layers. The coolant is sent to the hollow inside of the test
cylinder and is ejected out of the � lm holes. The � lm holes, placed
at §15 deg from the leading edge, are 0.475 cm in diameter and are
inclined30and90deg in the spanwiseandstreamwisedirections,re-
spectively.In each row, 10 holes are spacedfourhole diametersapart
(P/d =4). The � lm hole-to-diameterratio (d/ D) was 0.063, and the
� lm hole length-to-diameterratio was 3.1. The simulated spallation
cavities are machined on the polycarbonateexterior downstreamof
the � lm hole row. The polycarbonate exterior can be also changed
for different spallation locations.Two models are made for two dif-
ferent spallation locations. Each spallation occupies about 20-deg
width on the cylinder surface. Spallations are placed at 20–40 deg
(S3) and 35–55 deg (S4). Two different spallation depths of 0.25
and 0.51 cm are tested for each spallation location. The real spalla-
tion is similar to the slot shape that is simulated in this study. The
thickness of the spall on the real engine blade is in the range of
0.5–1.2 l m. The mainstream � ow velocity is very low compared to
that in the engine. Thus, to simulate the Reynolds number around
the leading-edgeregion, the leading-edgemodel has to be enlarged.
The spallation geometry is, therefore, accordingly scaled up. The
measurement region shown in Fig. 2 is limited to one side of the
front-half of the cylinder from stagnation (0 deg) to 70 deg from
stagnation.The test model is symmetrical and only front-half of the
cylinder is used for measurement for a single con� guration.

The test surface is sprayed uniformly with thermochromic liquid
crystals. Liquid crystal color change temperatures for the appear-
ance of red, green, and blue were 31.6, 32.7, and 37.2±C, respec-
tively.The test surface is heateduniformlyusing the cartridgeheater
to a temperature above the liquid crystal color change temperature
range. Several thermocouples are placed on the surface of the test
cylinder to monitor the surface temperature. In the present exper-
iment, the surface of the test cylinder is heated to a temperature
above the temperaturecorrespondingto the blue color. The test sur-
face is suddenlycooled by inducing the mainstream� ow by the fast
startingblower. The blower takes less than 3 s from initiation to full
� ow rate. The liquid crystal color changes from blue to green, then
to red, then to colorless during the transient test. The coolant � ow
is initiated by the solenoid controlled three-way diverter valve. The
frame grabber board and the personal computer are used for real-
time image capture and analysis. The data are stored in a � le that is
postprocessed to obtain heat transfer and � lm effectivenessvalues.

Data Analysis
For the case without � lm cooling,heat transfercoef� cients for the

leading-edgemodel with and without spallation can be obtained as
follows. A one-dimensionalconduction into a semi-in� nite surface
with a convectiveboundaryconditionat the surface is assumed.The
surface temperature response is described by the solution

(Tw ¡ Ti ) / (T1 ¡ Ti ) = 1 ¡ exp(h2 a t /k2) erfc(h
p

a t / k) (1)

where Tw is the temperature for green-to-red transition of liquid
crystal color change during transient cooling. The time t for the ac-
tual appearanceof red at any locationon the test surface is measured
during the transient test. The thermal conductivity k and diffusivity
a of the test material are known. The local heat transfer coef� cient
h at any location on the test surface can be obtained from Eq. (1).

For � lm-cooling tests, the mainstream temperature T1 in Eq. (1)
is replaced by the local � lm temperature T f , which is a mixture of
the coolant temperature Tc and mainstream temperature.To � nd the
unknown T f with known T1 and Tc, a nondimensionaltemperature
that is � lm-cooling effectiveness g is introduced as follows:

g = (T f ¡ T1 )/ (Tc ¡ T1 ) or T f = g Tc + (1 ¡ g )T1 (2)

Replacing the T1 in Eq. (1) by T f from Eq. (2), we get he following
equation with two unknowns h and g :

Tw ¡ Ti = [1 ¡ exp(h2 a t /k2) erfc(h
p

a t / k)][g Tc + (1 ¡ g )T1 ¡ Ti ]
(3)

Running two similar transient tests is, therefore,necessary to ob-
tain the heat transfer coef� cients h and the � lm effectiveness g . The
two tests can be run with two different coolant temperatures. In the
� rst test, Tc is nearly the same as T1 and, thus, T f is equal to T1
and Eq. (1) can be used to calculate the heat transfer coef� cients.
For the second test, the coolant � ow is heated to a temperatureclose
to the initial temperature of the test surface. Film effectiveness is
then obtained by rearranging Eq. (3) in the following manner:

g =
Tw ¡ Ti2

Tc2 ¡ T1 2

1
F (h)

+
Ti2 ¡ T1 2

Tc2 ¡ T1 2

(4)

where

F (h) = 1 ¡ exp(h2 a t2 / k2) erfc(h
p

a t2 / k)

where subscript 2 indicates the second test. The heat transfer co-
ef� cient h is obtained from the � rst test for the same experimental
conditions. The duration of each test is a maximum of 60 s, which
helps maintain the semi-in� nite solid model assumption on the test
surface.

Average experimental uncertainty in heat transfer coef� cient and
� lm effectiveness measurement is estimated to be about §4.5 and
§6.8%, respectively. The individual uncertainties in color change
time t is §0.5 s, mainstream temperature T1 is §0.2±C, coolant
temperature Tc is §0.2±C, surface initial temperature Ti is §0.5±C,
and material properties (

p
a / k) is §3%. Note that the uncertainty

in the immediate vicinity of the � lm holes or edges of the cavity
could be as high as §17%. The preceding estimated levels could
be caused by the two-dimensionalconductioneffects in these areas.
The uncertainties have been estimated using the methodology of
Kline and McClintock.13

Results and Discussion
Tests were conducted in a low-speed wind tunnel for a Reynolds

number of 1.009 £ 105 based on the cylinder diameter. Mainstream
inlet velocities and densities are used to evaluate the blowing ra-
tios. Air is used as a coolant so that the simulated density ratio
is unity. Heat transfer results on the surface with � lm cooling and
spallation and � lm cooling for two different turbulence intensities
(1.0 and 7.1%) are presented. Heat transfer results with simulated
spallationonly are also presented for T u =1 and 7.1%. Two differ-
ent blowing ratios (M =0.4 and 0.8) were used for tests with � lm
cooling. The � lm holes are located at §15 deg from the stagnation.
Two spallation locations, S3 (20–40 deg) and S4 (35–55 deg), were
tested in conjunction with the � lm-injection holes.

The coolant-to-mainstream density ratios for the heat transfer
coef� cient and � lm effectiveness tests are almost equal. The heat
transfer tests are run with both mainstreamand coolantat room tem-
perature,whereasin the � lm effectivenesstests thecoolantis slightly
hotter (Tc ¼ Ti ). Such a small difference in temperatures does not
produce any signi� cant variation in density ratios for the two tests.

Velocity and turbulence intensitieswere measured in the stream-
wise direction. Incident mainstream velocity U 1 was obtained to
be 21 m/s at X / D = 9.5 from the grid location. Streamwise tur-
bulence decays rapidly downstream of the grid and reaches a low
just upstream of the cylinder. This value is de� ned as the oncoming
freestream turbulence intensity and is found to be 1% in the no-grid
case and 7.1% with the grid. The corresponding streamwise dissi-
pation length scale was found to be 1.5 cm for the grid-generated
turbulence case. More details are presented on the turbulence gen-
eration in the study by Ekkad et al.12

Heat transfer coef� cients were measured on the leading-edge
model without � lm holes and spallations for the two turbulence
levels. The local Nusselt number is normalized by the mainstream
Reynolds number and the results are plotted as Nu/ Re0.5 . The vis-
cosity and the conductivityused to evaluate the Nu/Re0.5 are based
on the oncoming mainstream inlet � ow. The results are discussed in
detail by Ekkad et al.12

Heat Transfer Results

Figure 3 shows the effect of spallation location on the detailed
Nu/Re0.5 distributions with � lm cooling at a blowing ratio of M =
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Fig. 3 At M = 0.4, detailed Nu/Re0.5 distributions for a) � lm cooling
only, b) � lm cooling and spallation S3, and c) � lm cooling and spallation
S4.

Fig. 4 Spanwise-averaged Nu/Re0.5 for a) � lm cooling only, b) � lm cooling and spallation S3, and c) � lm cooling and spallation S4.

0.4. Results for two freestream turbulenceintensities of 1 and 7.1%
are presented.For the caseswithout spallationand only � lm cooling,
the increase in turbulence intensity has little effect on the Nu/Re0.5

distributions. Results show that the � lm-cooling jets are more dis-
turbed by S3 than S4. The spallationS3 enhancesthe localNu/Re0.5

valuesgreatlydownstreamof the spallation.However,Nu/ Re0.5 val-
ues inside the spallationare lower compared to the surfacewith � lm
coolingonly. The � lm-cooling jets seem to separate at the upstream
edge of the spallation cavity and reattach immediately downstream
of the spallation. For the S4 case, the coolant jets are weaker as the
spallation location S4 is farther downstream of the � lm-injection
location.Thus, the effect of location S4 is smaller compared to that
of S3. Higher Nu/ Re0.5 values are observed for higher freestream
turbulence case. Higher freestream turbulence also increases local
Nu/Re0.5 values inside the spallation.

Figure 4 shows the spanwise-averaged Nusselt numbers
(Nu/ Re0.5 ) for � lm cooling (Fig. 4a), � lm cooling and spallation
S3 (Fig. 4b), and � lm cooling and spallationS4 (Fig. 4c) cases. Ef-
fect of blowing ratio (M = 0.4 and 0.8), spallation location, and tur-
bulence intensity on heat transfer enhancement are presented. The
presence of spallation increases the Nu/ Re0.5 values downstream
and decreases Nu/Re0.5 values inside the cavity. The � lm cooling
without spallation for each turbulence intensity and blowing ratio
is shown to indicate the enhancement caused by the spallationwith
� lm injection.Results for the surface without � lm coolingand spal-
lation results are also plotted for comparison.

Effect of Blowing Ratio

Nu/ Re0.5 values increase with an increase in blowing ratio for all
cases (Fig. 4). This is attributed to increased mixing caused by the
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jet–freestream interactions. For the low-turbulence case, � lm cool-
ing at both blowing ratios increase Nu/Re0.5 values signi� cantly
over the leading-edge model without � lm cooling and spallation.
Nu/Re0.5 values are further enhanced in the presence of spallation
downstreamof the � lm-coolinghole row. In general,becausehigher
blowing ratios cause strongerdisturbancesin the � ow and, thus, en-
hance local turbulent mixing, this results in an increase in Nu/Re0.5

values downstream of � lm-cooling hole row.

Effect of SpallationLocation

Figures 4b and 4c show the effect of spallation and location of
spallation on Nu/ Re0.5 values with � lm cooling. The presence of
spallationdownstreamof the � lm-cooling hole row causes the � lm-
cooling jets to detach from the surface at the upstream edge of the
spallation cavity and to reattach immediately downstream. Inside
the cavity, Nu/ Re0.5 values are lower compared to Nu/Re0.5 val-
ues outside of the cavity. Because of the � ow separation, the heat
transfer coef� cients are very low immediately downstream of the
upstream edge of the spallation cavity. Nu/ Re0.5 value increases
downstream as the � ow reattaches inside the cavity near the down-
stream edge of the spallation cavity. When the spallation is placed
immediately downstream of the � lm-cooling hole row (S3 case),
the � lm-cooling jets show a strong interaction with the cavity and
separate almost immediately. For a low blowing ratio (M =0.4) the
Nu/Re0.5 values are even lower than the surface without � lm cool-
ing and spallation Nu/ Re0.5 values in the region near the upstream
edge of the spallation cavity. This may be because, at low blowing
ratio, the low momentum coolant � uid remains closer to the sur-
face and is trapped in the recirculationzone near the upstream edge
of the cavity. However, for the M =0.8 case, the Nu/Re0.5 values
are much lower because higher momentum coolant jets penetrate
deeper into the mainstream and, thus, result in strongermixing near
the upstream edge of the spallation cavity. Nu/Re0.5 values increase
rapidly as the � ow reattaches inside the cavity farther downstream
of the upstream edge of the cavity. The � ow again is tripped at
the downstream edge and results in a new boundary layer, causing
higher Nusselt number values downstream of the spallation.

When the spallation is placed farther downstream of the � lm-
cooling hole row (S4 case), a similar separation and reattachment
pattern is observed. However, because S4 is far away from the � lm-
cooling hole row, its effect on Nu/Re0.5 values may not be signi� -
cant. The coolant jet–mainstream interactionsmay be much weaker
nearer the spallation location S4. There are no results presented on
� ow distributions to con� rm the jet–mainstream interactions.

Effect of Freestream Turbulence

An increase in turbulence intensity produces an increase in the
Nu/Re0.5 values for all cases. For the � lm-cooling only case, for
T u = 7.1%, very little increase in the valuesof Nu/Re0.5 is observed
compared to values for the surface without � lm cooling and spalla-
tion under the same turbulence conditions. For the S3 case, under
high freestream turbulence (T u =7.1%), Nusselt numbers are en-
hanced almost two times compared to that for the surface without
� lm holes and spallations. By the comparing of the low freestream
turbulence (T u =1%) case with high freestream turbulence case
(T u =7.1%), it is seen that, for low blowing ratio (M =0.4), the
heat transfer coef� cients do not increase very signi� cantly for all
cases. This could be because � lm-cooling jets produce local dis-
turbances in the � ow near the wall that may have a predominant
effect on local Nu/Re0.5 values. For high blowing ratio (M =0.8),
increased interactionwith the oncoming mainstream � ow produces
higher local turbulence levels and, hence, an increase in Nusselt
number values (Fig. 4a). A similar trend can be observed for the
higher blowing ratio. The heat transfer coef� cients increase slightly
for both S3 and S4 cases for the high turbulence case compared to
low freestream turbulencecase. However, an increase in freestream
turbulenceincreasesthe Nu/Re0.5 values inside the spallationcavity
for both locations (Figs. 4b and 4c).

Film-Cooling Effectiveness Results

Figure 5 shows the effect of spallation location on detailed � lm
effectiveness g distributionswith � lm cooling at a blowing ratio of

Fig. 5 At M = 0.4, detailed � lm cooling effectiveness ´ distributions
for a) � lm cooling only, b) � lm cooling and spallation S3, and c) � lm
cooling and spallation S4.

M = 0.4. The effectiveness distributions are jetlike along the � lm
injectionhole for the case without spallationat 1% turbulenceinten-
sity. For the case with S3 spallation, the jetlike pattern disappears,
and the jets seem to coalesce immediately downstream of the spal-
lationcavity.A high effectivenessregion is observeddownstreamof
location S3. This may be due to the jet separationand reattachment
along the edges of the spallation cavity. The � lm effectiveness for
the S4 case is similar compared to the case with only � lm cooling
but only until the upstream edge of the spallation. For both spalla-
tion cases, � lm effectivenessis very low inside the spallationcavity.
Higher freestream turbulence reduces the � lm effectiveness values
for all cases. The jet structure breaks down under the in� uence of
high freestream turbulence, thus reducing � lm effectiveness.

Figure 6 shows the spanwise averaged � lm effectiveness for the
� lm cooling only (Fig. 6a), the � lm cooling and spallation S3
(Fig. 6b), and the � lm cooling and spallation S4 (Fig. 6c) cases.
The effects of blowing ratio (M = 0.4 and 0.8), spallation location,
and turbulence intensity on � lm effectiveness are presented. The
presence of spallation increases the � lm effectiveness downstream
and decreases the � lm effectivenessinside the spallation.In general,
� lm effectiveness for the S3 case is higher than the S4 case. Film
effectivenessdecreasesas the blowing ratio increases from M = 0.4
to 0.8.

Effect of Blowing Ratio

Under low freestreamturbulenceconditions(T u = 1%), blowing
ratio of 0.4 shows higher � lm effectiveness for all cases. For the
M = 0.8 case, the � lm-cooling jet still maintains its coherence and
penetrates deeper into the mainstream � ow. Thus, its effect near the
wall is not as strongcomparedto lowblowingratiocase.For the � lm-
cooling-only case, � lm effectiveness is higher for M =0.4 down-
streamof the � lm-coolinghole row.For the � lm-coolingandS3 case,
downstream � lm effectiveness values are considerably larger for a
lower blowing ratio. For the � lm-coolingand S4 case, similar trends
are observed, although � lm effectiveness values are not as high as
those for the � lm cooling and S3 case. However, the reverse is true
for the highfreestreamturbulencecondition(T u = 7.1%). At higher
turbulence intensity (T u =7.1%), for M =0.4, the � lm-cooling jet
is rapidly dissipated, and the � lm effectiveness is almost negligible
for the � lm-cooling-only case. For the � lm-cooling and S3 case,
� lm effectiveness for M =0.8 is higher because the � lm-cooling
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Fig. 6 Spanwise-averaged � lm cooling effectiveness ´ for a) � lm cooling only, b) � lm cooling and spallation S3, and c) � lm cooling and spallation S4.

jet is stronger because there is more coolant injected into the main-
stream. Higher momentum jets, as in the case of M =0.8, can with-
stand higher freestream turbulence and produce similar � lm effec-
tiveness levels as in the case of low freestream turbulence. For the
� lm-cooling and S4 case, similar trends are observed,although� lm
effectivenessvalues are not as high as those for the � lm cooling and
S3 case.

Effect of SpallationLocation

Figures 6b and 6c show the effect of spallation location on � lm
effectiveness. The presence of spallation downstream of the � lm-
cooling hole row causes the � lm-cooling jets to detach from the
surface at the upstream edge of the spallation cavity and reattach
immediately downstream. Inside the cavity, � lm effectiveness is
lower compared to � lm effectiveness outside the cavity for both
blowing ratios. For both blowing ratios, high � lm effectiveness is
obtained at the upstream edge of the cavity. When the spallation is
placed immediately downstream of the � lm-cooling hole row (S3
case), the � lm-cooling jets show a strong interactionwith the cavity
andseparatealmost immediately.For a lowblowing ratio (M =0.4),
the � lm effectivenessvalues are signi� cantly higher at the upstream
edge of the spallationcavity. Immediatelydownstreamof this edge,
the � lm effectivenessdecreases sharply.

Effect of Freestream Turbulence

Increase in turbulence intensity decreases � lm effectiveness for
all cases. For the � lm-cooling only case, for T u = 7.1%, � lm ef-
fectiveness is signi� cantly lower compared to � lm effectivenessfor
the low-turbulence case. For the S3 case, under high freestream
turbulence (T u = 7.1%), at a low blowing ratio (M = 0.4) � lm ef-

fectiveness decreases signi� cantly compared to the low freestream
turbulence(T u = 1%) case. This could be because � lm-cooling jets
are quicklydissipatedby the oncomingmainstream� ow. For higher
blowing ratio, however, there is a signi� cant increase in the � lm
effectivenessunder high-turbulence(T u =7.1%) compared to low-
turbulence (T u =1%) conditions. Similar results are observed for
the � lm-cooling and spallation S4 case. The � lm effectiveness in-
crease for M =0.8 is not as high as that for the � lm-cooling and
spallation S3 case. Under high-turbulence conditions, in general,
� lm effectivenessdrops rapidly for low blowing ratio.

Conclusions
The effectof simulatedTBC spallationon heat transfercoef� cient

and � lm effectiveness distributions over a � lm-cooled cylindrical
leading-edgemodel has been studiedusing a transient liquid crystal
image method.

In essence, the presence of a spallation downstream of � lm-
cooling holes can provide signi� cant changes in the way the � lm
covers the surface. The spallation causes local � ow separation and
reattachmentcausinghigherheat transfercoef� cientsand lower � lm
effectiveness.The results are summarized as follows.

1) The presence of spallation causes an increase in local Nusselt
numbers and causes a signi� cant spanwise variation in � lm effec-
tiveness distribution compared to a cylindrical leading-edgemodel
with � lm cooling and no spallation.

2) Spallation location S3, closer to the � lm-cooling holes, pro-
duces a large enhancement in downstream Nusselt numbers and
� lm effectiveness. However, spallation location S4, which is far-
ther downstream of the � lm cooling holes, has very little effect on
Nusselt number and � lm effectivenessdistributions.
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3) Both spallation locations cause very low � lm effectiveness
inside the spallation cavity.

4) Freestream turbulencehas very little effect on Nusselt number
distributions for all cases (no spallation, spallation S3, and spal-
lation S4). However, � lm effectiveness is signi� cantly reduced at
higher freestream turbulence.

5) At low freestream turbulence (T u = 1%), a lower blowing
ratio (M =0.4) produces higher � lm effectiveness. However, at
higher freestream turbulence (T u =7.1%), a higher blowing ratio
(M =0.8) produces higher � lm effectiveness.
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