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Heat Transfer Distributions on a Cylinder with Simulated
Thermal Barrier Coating Spallation

Srinath V. Ekkad* and Je-Chin Hant
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Detailed heat transfer distributions are presented over a turbine blade leading-edge model with sim-
ulated thermal barrier coating spallation. The blade leading-edge region is simulated by a cylinder in a
crossflow with a tailboard. The heat transfer measurements are presented only on one side of the front
half of the cylinder. The simulated spallation cavities are rectangular in shape and have rounded corners.
The effect of a spallation cavity is studied at four different locations (0-20, 10-30, 20-40, and 35-55
deg). Two different cavity depths are studied at each location to understand the effect of spallation depth
on local heat transfer distributions. The effect of freestream turbulence on detailed heat transfer is also
presented for each case. Detailed heat transfer measurements are obtained using a transient liquid crystal
technique. Detailed heat transfer distributions present the local high-heat transfer and low-heat transfer
regions inside and outside the spallation. Results show that spallations can enhance heat transfer up to
two times compared with that for a smooth surface. Results also show that the spallation location and
depth have a strong effect on local heat transfer distributions on the leading edge. An increase in frees-
tream turbulence further increases the heat transfer coefficients caused by the spallation.

Nomenclature
= bar grid width, cm
= cylinder model diameter, cm
heat transfer coefficient with spallation, W/m?-K
heat transfer coefficient on a smooth surface, W/m*-K
thermal conductivity of test surface material, W/m-K
thermal conductivity of air, W/m-K
= Nusselt number based on cylinder diameter, hD/k,;,
Reynolds number based on incident mainstream
velocity, U.D/v
= initial temperature of test surface, °C
= streamwise turbulence intensity, (#'%)°°/U..
liquid crystal temperature at red color change, °C
mainstream temperature, °C
time of liquid crystal color change, s
incident mainstream velocity, m/s
local streamwise fluctuating velocity, m/s
axial distance measured from grid, cm
spanwise distance, cm
thermal diffusivity of test surface material, m*/s
angle from stagnation
incident mainstream density, kg/m’
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Introduction

IGHER inlet temperatures in modern gas-turbine engines

provide higher power output and higher thermal effi-
ciency. High-temperature gases have a damaging effect on hot
gas path components in the engine. Thermal barrier coatings
(TBC) are used to protect engine component metal surfaces
from these high-temperature gases. The TBC coating is a heat-
resistant ceramic layer sprayed onto the hot gas side of the
turbine airfoil. The TBC application process is either done by
air plasma spraying (APS) or the plasma vapor deposition
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(PVD) technique. The TBCs consist of two layers and involve
a base bond coat layer applied onto the metal surface and a
ceramic top layer applied on top of the base bond. The TBC
forms an insulating layer between the hot gases and the airfoil
metal surface, reducing the heat input to the airfoil. In land-
based gas-turbine engines, the TBC surface undergoes more
severe erosion as a result of the use of coal-derived fuels for
combustion. When the TBC surface gets damaged, the bond
will disassociate and a spallation is formed exposing the inner
metal surface to the hot gases. Typically, the heat transfer co-
efficient around the exposed metal surface area will be en-
hanced because of tripping of the boundary layer. The en-
hanced heat transfer coefficients increase heat loads around
the spallation, which may be detrimental to the life of the
component. The increased heat load will cause further degra-
dation of the spalled region and, hence, will lead to early fail-
ure of the turbine component. The present study focuses on
the effect of simulated TBC spallation on the leading-edge
region of a turbine blade. Watt et al.' and Abuaf et al.” provide
a detailed description of the TBC application process. Watt et
al. focused on the boundary-layer characteristics and losses
caused by the TBC layer, and Abuaf et al. studied the stag-
nation heat transfer on cylindrical leading-edge models coated
with real TBC.

The leading-edge region of the turbine airfoil has been the
focus of several heat transfer studies. O’Brien and Van Fossen®
and Morehouse and Simoneau® studied the effects of free-
stream turbulence on the forward half of a circular cylinder.
Ota and Kon,>® Bellows and Mayle,” and Mehendale et al.®
studied heat transfer on a simulated semicircular leading edge
with a flat afterbody. They reported that an increase in free-
stream turbulence intensity increases leading-edge heat transfer
significantly. All of the preceding studies were for a surface
without roughness or coating.

Seban,” Yamamoto et al.,'” Chyu and Goldstein,'" and Metz-
ger et al."? studied heat transfer for flow over rectangular cav-
ities on a flat surface. However, the preceding studies were not
intended to simulate spallations on turbine components. Ekkad
and Han" studied the effect of cavity shape, size, and depth
on heat transfer enhancement over a flat surface. The study
intended to simulate various spallation geometries to correlate
the effects on heat transfer. They presented detailed heat trans-
fer enhancement distributions for various spallation geometries
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using a transient liquid-crystal technique. They reported that
increases in cavity size and depth increases heat transfer en-
hancement because of spallation. They also reported that cav-
ities with longer axial length produced higher heat transfer
enhancement on the flat surface.

The present study simulates the effect of TBC spallation on
a cylindrical leading-edge model. The spallation sizes were
based on scaling from real engine spalls and TBC thicknesses
from land-based gas-turbine engines. Heat transfer tests were
conducted at three freestream turbulence levels for four spal-
lation locations on the leading edge. Detailed heat transfer en-
hancement distributions are presented within and around the
spallation. A transient liquid-crystal technique was used to ob-
tain the detailed heat transfer distributions on the leading-edge
surface. Two different spallation depths were studied at each
spallation location to understand the effect of spallation depth.
The high-resolution results help identify local high- and low-
heat transfer regions caused by flow reattachment and sepa-
ration, respectively. '

Test Apparatus and Instrumentation

A schematic of the wind tunnel is shown in Fig. 1. The
suction-type wind tunnel was designed to avoid uncontrolled
turbulence at the inlet of the test section. A flow straightener
is followed by a contraction inlet nozzle. The nozzle has a
contraction ratio of 3:1. The test tunnel is 25.4 cm X 76.2 cm
in cross section and 183 cm long with the cylindrical model
placed 77.5 cm downstream of the nozzle exit. A tailboard was
placed at the rear of the cylinder to reduce the downstream
wake effects on upstream heat transfer. A grid is placed at the
nozzle exit for the generation of higher freestream turbulence.
The image-processing system for analyzing the liquid-crystal
color changes consists of a personal computer with a color
frame-grabber board, a red—green—blue (RGB) camera, a
color monitor, and customized software. The color image proc-
essing system is described in detail by Ekkad et al."*

Two turbulence grids were fabricated to generate different
levels of freestream turbulence intensity. Grid 1 is made of
stainless-steel bars, is 0.5 cm square in cross section, and is
1.9 cm in pitch. Grid 2 is made of hollow brass tubes, is 1.3
cm square in cross section, and is 4.8 cm in pitch. The width
and height of the grids are the same as those of the test tunnel.
Both grids have an open area of 54%. The turbulence grids
generate turbulence intensity levels close to actual engine con-
ditions. Hot-wire probes were inserted through slots to mea-
sure the oncoming flow velocity and turbulent fluctuations. A
calibrated single-wire probe was used to measure mainstream
flow behavior. It was connected to a four-channel TSI IFA-
100 hot-wire anemometer. The analog signal was digitized us-
ing a 250-kHz A/D board in a personal computer.

Figure 2 shows the cylindrical test model. The cylinder, 7.62
cm in diameter and 25.4 cm long, is hollow with six cartridge
heaters embedded along the circumference to heat the outer
surface uniformly. The cartridge heaters, 25.4 cm long and
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Fig. 1 Experimental setup.
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Fig. 2 Cylindrical test model with spallation.

0.32 cm in diameter, conduct to a copper cylinder that is in
contact with the black polycarbonate exterior surface. There
was no airspace between the polycarbonate and copper layers.
The polycarbonate layer is 0.964 cm thick and has low thermal
conductivity and diffusivity. The front half of the polycarbon-
ate exterior can be changed for different spallation locations.
Spallations were machined on each piece at a different loca-
tion. A spallation occupies about a 20 deg width on the cyl-
inder surface. Spallations were placed at 0—20 deg (S1), 10—
30 deg (S2), 20—40 deg (S3), and 35-55 deg (S4). All of the
spallations are 1.27 cm wide (W) and 3.81 cm long (L). Two
different spallation depths of 0.25 and 0.51 cm were tested for
each spallation location. Figure 2 also illustrates a typical spal-
lation location on the cylinder test model. The real TBC spal-
lation is of irregular shape and it is difficult to estimate the
real effect of the spallation under actual engine conditions. The
real TBC spallation is simulated as a rectangular slot with
rounded edges in the present study. Also, the real engine blade
TBC thickness that spalls is in the range between 5 and 20
um. The leading-edge model in this study is about 5—10 larger
scale than the actual engine blade, whereas the mainstream
velocity is much lower to simulate flow Reynolds numbers
around the leading-edge region of the turbine blade. Also, there
is a need to also scale the spallation depth, size, and shape to
simulate the actual dimensions."> However, the present study
only compares the depth and location effects for the same spal-
lation size and shape.

The measurement region is also indicated in Fig. 2. The
measured region is limited to one side of the front half of the
cylinder from stagnation (0 deg) to about 70 deg from stag-
nation.

Theory and Procedure

The heat transfer measurement is obtained by the transient
liquid-crystal technique. The test surface is made of polycar-
bonate, which is a good thermal insulator. The test surface is
heated to a uniform temperature using the cartridge heaters.
When a uniform surface temperature is achieved, the cartridge
heaters are shut off and the transient test is initiated by blowing
the mainstream air over the test surface. The transient liquid-
crystal technique'™'* is a well-established technique for accu-
rate heat transfer measurement. The surface temperature was
monitored by the color image processing system. The time
taken by every pixel location to change to a red color on the
test surface was recorded. Local heat transfer coefficient (h)
over the test surface coated with liquid crystals can be obtained
by using a one-dimensional semi-infinite solid assumption on
the test surface. The solution of the surface temperature re-
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sponse for the one-dimensional transient conduction equation
with a convective boundary condition was obtained as

T, - T, Kat h\V at
— =1 — exp ey erfc

T. — T, k

Knowing the initial temperature (7; ~ 40°C) of the test sur-
face, the mainstream temperature (7.), and the time of ap-
pearance of red color at every location, the local heat transfer
coefficient (h) can be calculated. The liquid-crystal red ap-
pearance temperature (7,, ~ 32.7°C) can be obtained from in
situ calibrations. The liquid-crystal color change times are typ-
ically between 10-40 s from initiation of the transient test.
Here, k and « are the polycarbonate thermal conductivity and
diffusivity, respectively.

The initial surface temperature of the test surface coated
with liquid crystals was monitored by six thermocouples
placed on the surface around the measurement region. The
temperatures were within *1°C of each other when the surface
was heated to the required initial temperature. The average
error in the 4 measurement was estimated to be about *=5.5%.
The contribution to the uncertainty in heat transfer coefficient
measurement was mainly from the measured color change time
and surface temperature. The maximum error in measurement
is typically at the edges where two-dimensional conduction
occurs. In such regions, the uncertainty in measurement is
around *17%. The uncertainty in the heat transfer coefficient
was estimated using the methodology of Kline and Mc-
Clintock."

Results and Discussion

Tests were conducted in a low-speed wind tunnel for a
Reynolds number (Re) of 100,900, based on the cylinder di-
ameter and approach velocity. Two grids were used to generate
higher freestream turbulence intensity. Heat transfer tests were
run at three freestream turbulence levels of 1, 4.1, and 7.1%.

Flowfield Measurements

Velocity and turbulence intensity were measured to charac-
terize mainstream flow conditions. The leading-edge cylindri-
cal model produced a blockage of about 12.5% of the entire
width of the test tunnel. The mainstream velocity distribution
during the tests was the same (*£2%), regardless of the frees-
tream turbulence conditions. Incident mainstream velocity (U..)
was 21 m/s at X/D = 9.5 (X/b = 48 for grid 1 and X/b = 18.5
for grid 2) from the grid location that transforms into a main-
stream Re = 100,900. Oncoming freestream turbulence inten-
sity for the no-grid case was 1.0 and 4.1% for grid 1, and
7.1% for grid 2, based on levels at X/D = 9.5. Corresponding
dissipation length scales at the same location for the grid-gen-
erated turbulence were estimated to be about 1.3 and 1.5 cm
for grids 1 and 2, respectively.

Based on the analysis for flow around a circular cylinder,'
the boundary-layer displacement and momentum thickness
were calculated at the upstream edge of the spallation location
S4 (35 deg from the leading edge). The displacement thickness
to spallation depth ratios were obtained to be 0.095 and 0.048
for depths of 0.25 and 0.5 cm, respectively. Similarly, the mo-
mentum thickness to spallation depth ratios were obtained to
be 0.042 and 0.021. The spallation depth modeled in this study
was much larger than the local boundary-layer thickness at
each location. This indicates that the boundary layer will be
significantly disturbed by the spallation. This may cause strong
effects on local heat transfer distributions. On the actual tur-
bine airfoil, the boundary layer was formed at the leading edge
of the airfoil. Therefore, the boundary-layer thickness will be
very small compared with the actual TBC layer thickness in
the near leading-edge region. The boundary-layer thicknesses
to spallation depth ratios modeled in this study may be similar
to that existing on actual airfoils.

Smooth Surface Heat Transfer

Heat transfer coefficient tests were run for a smooth surface
at three freestream turbulence levels. The local Nusselt number
is normalized by the mainstream Reynolds number to obtain
the Frossling number (Nu/Re®®). Figure 3 presents the span-

~ averaged Frossling number distribution for all three freestream

conditions. The Frossling solution for stagnation region heat
transfer for zero freestream turbulence intensity? is also shown
for comparison. The Frossling number distribution increases
with an increase in freestream turbulence intensity. There is a
50% increase with grid 2 (Tu =~ 7.1%) and a 30% increase
with grid 1 (Tu ~ 4.1%), compared with no grid (Tu ~ 1.0%)
at the stagnation location.

Heat Transfer with Spallation

Figure 4 presents the detailed heat transfer distributions (Nu/
Re"%) for all of the spallation locations at Tu = 1% and a
spallation depth of 0.25 cm. From the distributions for Tu =
1% it can be observed that the spallations closer to the leading
edge (S1 and S2) produce higher Nusselt numbers immediately
downstream of the spallation compared to spallations farther
from the leading edge (S3 and S4). The highest heat transfer
region inside the spallation appears to be at different locations
for each spallation location. As the spallation location moves
away from the leading edge (S1 to S4), the reattachment
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Fig. 3 Effect of freestream turbulence on smooth surface heat
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Fig. 4 Detailed heat transfer distributions for all four spallation
locations for a depth of 0.25 cm and Tu = 1%.
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location inside the spallation appears to move closer to the
downstream edge of the spallation. The detailed distributions
also indicate low Nusselt numbers inside the spallation caused
by the flow separation near the upstream edge of the spallation.
The heat transfer distributions for higher freestream turbulence
show similar trends. The detailed distributions for the spalla-
tion depth of 0.51 cm (not shown) also show similar heat trans-
fer patterns for all four spallation locations.

Figure 5 presents the effect of freestream turbulence for
each spallation location on the span-averaged Nusselt numbers
(Nu/Re®%) for a spallation depth of 0.25 cm. The Frossling
solution is also plotted for comparison. The effect of free-
stream turbulence is clearly evident for each spallation loca-
tion. Higher freestream turbulence produces higher Nusselt
numbers inside and outside the spallation. For spallations S1
and S2, the Nusselt number distributions inside the spallation
show strong separation and reattachment effects. The thin
boundary layer in this region may be the reason for higher
Nusselt numbers downstream of the spallation for S1 and S2.
Spallations S3 and S4 may be in the region where there is
minimal effect on the boundary layer. However, there is strong
flow separation after the upstream edge of spallation S4 that
causes a very low heat transfer zone immediately inside the
spallation. The flow reattached inside the spallation closer to
the downstream edge, reducing the separation at the upstream
edge. Note that the Nu/Re®’ values upstream of spallation S2
appear to be enhanced. The Nusselt numbers upstream of spal-
lation S2 are affected by the presence of spallation S1 on the
other half of the cylinder. Spallations S1 and S2 were on the
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Fig. 5 Effect of freestream turbulence on span-averaged Nusselt
numbers for a depth of 0.25 cm.

same test cylinder on opposite quadrants of the cylinder. This
may have caused the enhancement of Nusselt numbers up-
stream of spallation S2. However, in theory, spallation location
is not expected to enhance upstream Nusselt numbers as
clearly indicated for the S3 and S4 cases.

Figure 6 presents the effect of freestream turbulence for
each spallation location on the span-averaged Nusselt numbers
(Nu/Re®%) for a spallation depth of 0.51 cm. The Fréssling
solution is also plotted for comparison. The effect of free-
stream turbulence is clearly evident for each spallation loca-
tion. Higher freestream turbulence produces higher Nusselt
numbers inside and outside the spallation, as in the case for a
depth of 0.25 cm. For this case, spallations S1 and S2 do not
produce strong increases in Nusselt numbers downstream of
the spallation. The Nusselt numbers inside and outside the
spallations are nearly the same. However, spallations S3 and
S4 produce strong variations inside and outside the spallations.
There is flow separation after the upstream edges of spallations
S3 and S4, which causes low heat transfer zones immediately
inside the spallation. However, in this case, spallation S3 has
slight variations inside the spallations because of freestream
turbulence effects. The location of flow reattachment inside the
spallation appears to be different for different freestream tur-
bulence levels. The flow fluctuations in the mainstream could
affect the reattachment location, adding to the already strong
effect of curvature at this location.

Figure 7 presents the effect of depth on span-averaged heat
transfer enhancement (Nu/Nu,) at Tu = 1% for all four spal-
lation locations. The local Nusselt number (Nu) with spallation
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Fig. 6 Effect of freestream turbulence on span-averaged Nusselt
numbers for a depth of 0.51 cm.
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Fig. 7 Effect of spallation depth on heat transfer enhancement
for Tu = 1.0%.

is normalized by the local Nusselt number for a smooth surface
(Nu,) at the same location. From the figure, it is evident that
the increase in depth from 0.25 to 0.51 cm affects the heat
transfer enhancement immediately downstream of the spalla-
tion for all spallation locations. For spallations S1 and S2, an
increase in depth decreases heat transfer enhancement imme-
diately downstream of the spallation. Farther downstream, the
effect reduces. However, Nusselt numbers downstream of spal-
lation are enhanced with an increase in depth for S3 and S4.
This may be a result of the thicker boundary layer away from
the leading edge. For spallations close to the leading edge, as
in S1 and S2, the effect of depth on heat transfer enhancement
inside the spallation is not very strong. However, the effect of
depth inside the spallation is strong for location S3. The in-
crease in depth changes the flow reattachment location inside
the spallation. This causes the heat transfer distribution to vary
inside the spallation.

Figure 8 presents the effect of spallation depth for each spal-
lation location at Tu = 7.1%. The distributions are similar to
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Fig. 8 Effect of spallation depth on heat transfer enhancement
for Tu = 7.1%.

the case at Tu = 1%. Spallation S1 shows a lesser effect of
depth at Tu = 7.1%. The distributions for S2 are similar to that
for low turbulence. Spallations S3 and S4 show different flow
reattachment locations inside the spallation for different
depths. The highly turbulent freestream affects the flow reat-
tachment inside the spallation, causing slight variations in the
heat transfer enhancement distributions inside the spallation.
However, the flow separation near the downstream tip of the
spallation is not affected strongly by the oncoming freestream
turbulence.

Figure 9 presents regionally averaged heat transfer enhance-
ment results for each spallation at 7u = 1 and 7.1%. Nusselt
number ratios inside the spallation and one spallation distance
downstream of the spallation are averaged to obtain the re-
gionally averaged Nusselt number ratios. The regionally av-
eraged values are plotted against spallation locations for inside
and outside the spallation. For Tu = 1.0%, higher heat transfer
enhancement is obtained for spallations S1 and S2 inside the
spallation. Downstream of spallation, the ratio values increase
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as the spallation location moves downstream from S1 and S2,
and then decreases as the spallation location moves to S4. This
indicates that heat transfer enhancement peaks for downstream
locations of spallation S2. Highest enhancement values ob-
tained are 1.35 for inside the spallatipn and 1.7 for downstream
of spallation for location S2. Spallation depth has little effect
on the heat transfer enhancement inside the spallation. The
depth effect downstream of spallation is stronger only for spal-
lations closer to the leading edge (S1, S2, and S3).

For Tu = 7.1%, highest Nusselt number enhancement values
inside the spallation are obtained for spallation S2. The effect
of depth inside each spallation location is very small. Down-
stream of the spallation, spallation S2 produces the highest
enhancement. Nusselt number enhancement levels are similar
for inside and outside the spallation for a higher turbulence
intensity of Tu = 7.1%. Spallation S4 provides the lowest Nus-
selt number ratio values inside and outside the spallation. The
effect of depth is insignificant on the downstream heat transfer
enhancement for all spallation locations.

It is evident that the leading-edge boundary layer is most
disturbed by the spallation location just downstream of the
leading edge. Farther downstream, the effect of a spallation is
reduced. A thinner boundary layer is affected significantly in
the region of 10—30 deg downstream of the leading-edge stag-
nation location. This causes higher heat transfer enhancement
inside and outside the spallation. Spallation depth effect is not
as significant an effect as spallation location.

Conclusions

The effect of simulated TBC spallation on heat transfer dis-
tributions over a cylindrical leading-edge model has been stud-
ied using a transient liquid-crystal image method.

1) Smooth surface heat transfer is greatly enhanced by the
addition of freestream turbulence. There is a 50% enhancement
for a freestream turbulence of 7.1% compared with that for 1.0%.

2) Detailed heat transfer distributions for various spallation
locations on the leading-edge model have been presented. Spal-
lation location has a strong effect on local heat transfer distri-
butions. The detailed distributions show local high- and low-
heat transfer zones. Flow separation and reattachment inside the
spallation can also be identified in the detailed distributions.

3) An increase in freestream turbulence increases Nusselt
numbers over the entire surface for all spallation locations.
Higher freestream turbulence affects the flow reattachment lo-
cation inside the spallation for spallations S3 and S4. For both
spallation depths, the effect of freestream turbulence is similar.
Nusselt numbers immediately downstream of spallation are en-

hanced up to two times because of the presence of a spallation.
Nusselt numbers inside the spallation are also enhanced where
flow reattaches.

4) The effect of spallation depth at each spallation was also
investigated. Spallation depth affects Nusselt number enhance-
ment immediately downstream of spallation for all locations.
Depth effect is not significant inside the spallation except for
a slight shift in the flow reattachment location.

5) Regionally averaged Nusselt number ratios indicate that
a spallation location of 10-30 deg produces the highest en-
hancement for inside and downstream of the spallation. Heat
transfer enhancement decreases for spallations farther down-
stream of the leading-edge stagnation location.
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