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Heat-Transfer Coefficients of a Turbine
Blade-Tip and Near-Tip Regions

Jae Su Kwak* and Je-Chin Han’
Texas A&M University, College Station, Texas 77843-3123

The detailed distribution of heat-transfer coefficients on a gas turbine blade tip was measured using a hue-
detection-based transient liquid crystals technique. The heat-transfer coefficients on the shroud and near-tip
regions of the pressure and suction sides of a blade were also measured. Tests were performed on a five-bladed
linear cascade with a blowdown facility. The Reynolds number based on the cascade exit velocity and axial chord
length of a blade was 1.1 x 10°, and the overall pressure ratio was 1.2. The heat-transfer measurements were made
at the three different tip gap clearances of 1.0, 1.5, and 2.5% of blade span. Results showed that, in general, the
heat-transfer coefficients on the tip surface were higher than these on the shroud and on the near-tip region of
the blade pressure and suction sides. Results also showed that as the tip gap clearance increased the heat-transfer
coefficients increased on the tip surface, but the shroud and the blade suction side increased and then decreased.
However, the heat-transfer coefficients on the blade pressure side remained almost unchanged as the tip gap

clearance increased.

Nomenclature

= tip clearance gap, % of the blade span or mm
axial chord length of the blade, 8.61 cm
local convective heat-transfer coefficient, W/m>K
= averaged heat-transfer coefficient
at a given x/C,, W/m*K
= thermal conductivity of blade-tip material, 0.18 W/m K
local static pressure, kPa
total pressure at the cascade inlet, kPa
initial temperature of the blade-tip surface, °C
= temperature of the mainstream at the cascade inlet
(recovery temperature), °C
= color change temperature of the liquid crystals, °C
turbulence intensity level at the cascade inlet, %
transition time for liquid crystals color change, s
axial distance, cm
= thermal diffusivity of blade tip material,
1.25 x 107" m?/s
step change of time, s
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Introduction

HE continuing trend toward high gas-turbine inlet tempera-

ture has resulted in a high heat load on turbine components.
Blade tips are one of the regions susceptible to failure caused by
the large thermal load and difficulty in cooling. For the typical gas-
turbine rotor blade there is a gap between the rotating blade tip and
the stationary shroud surface called the tip gap clearance. Blade-tip
failure is caused primarily by hot gas flow through the tip gap. Hot
gas leaks through the tip gap clearance because of pressure differ-
ences between the blade pressure and the suction side, causing a
thin boundary layer and a high heat-transfer coefficient. Thus, it is
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important to investigate the heat-transfer coefficient distribution on
blade-tip and near-tip regions.

Recently, many researchers have paid attention to turbine blade-
tip heat transfer. Mayle and Metzger' studied heat transferin a two-
dimensionalrectangulartip model with and withoutrotating shroud.
They noted that the effect of blade rotation could be neglected to
access the blade-tip heat transfer over the entire range of parameters
consideredin the study. Metzger and Rued? presented heat-transfer
and flow results in the near-tip region of the pressure surface using
a blade-tip simulation and sink flow. Their model simulated a sink
flow similar to the sink-likecharacteristicsof the blade tip gap on the
pressure side. Rued and Metzger® presented heat-transferand flow
results in the near-tip region of the suction surface using a blade-tip
simulation and a source flow. Their model simulated a blade suction
surface with a gap feeding a source flow similar to the flow exiting
the tip gap on the suction surface of an airfoil.

Metzger et al.* and Chyu et al.® studied heat transfer for both flat
and grooved rectangular tip models. They confirmed that relative
motion had little effect on the averaged heat transfer on the tip,
although some local effects were observed.

There are very limited data in the open literature on blade-tip heat
transfer in a cascade environment. Metzger et al.® used heat-flux
sensors to measure local heat flux in a rotating turbine rig with two
differenttip gaps. Bunkeretal.” investigatedthe detaileddistribution
of heat-transfer coefficients on the blade-tip surface using a hue-
detection-basedliquid crystals technique. They measured the heat-
transfer coefficient at three tip gaps and two freestream turbulence
levels with both sharp and rounded edges. Azad et al.®? studied the
flow and heat transfer on the first stage blade tip of an aircraftengine
turbine (GE-E?). They presented the effects of tip gap clearanceand
freestream turbulence intensity level on the detailed heat-transfer
coefficientdistributionfor both plane and squealertips underengine
representative flow conditions. They used transient liquid crystals
technique and found that the overall heat-transfer coefficients on
the squealer tip were lower than those of the plane tip. Teng et al.'
measured heat-transfer coefficients and static-pressure distriutions
on a turbineblade tip in a large-scale low-speed wind-tunnelfacility
using the transientliquid crystalstechnique. They showed that major
leakage flow existed in the midchord region and that the unsteady
wake effect increased the Nusselt number at a large tip gap (3%),
but the effect diminished with the decrease of tip gaps. Dunn and
Haldeman'' measured time-averaged heat flux at recessed blade
tips for a full-scale rotating turbine stage at transonic vane exit
conditions. They found that the Nusselt number on the floor of the
recess near the leading edge of the blade and on the suction-sidelip
was in excess of the blade stagnation value.
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Some researchers have carried out numerical investigations
to predict blade-tip heat transfer. Ameri and Steinthorsson'>'3
predictedthe heat transferon the tip of the space shuttle main engine
(SSME) rotor blade. Ameri et al.'"* computed flow and heat transfer
on the tip of a GE-E? first-stage rotor blade for both smooth and re-
cessed tips. Ameri et al.!® also predicted the effects of tip clearance
and casing recess on heat transfer and stage efficiency for several
squealer blade-tip geometries. Ameri and Bunker'® performed a
computational study to investigate detailed heat-transfer distribu-
tions on blade-tip surfaces for a large power generation turbine and
compared with the experimental data of Bunker et al.”

Rhee et al.'” studied the local heat/mass transferon the stationary
shroud with blade-tipclearances for flat tip geometry. They used the
naphthalene sublimation method and concluded that the heat/mass-
transfercharacteristicschanged significantly with the gap clearance.
Jin and Goldstein'®'® measured local mass transfer on a simulated
high-pressureturbine blade and near-tip surfaces. They used a naph-
thalene sublimationtechnique and investigatedthe effects of the exit
Reynoldsnumber, the tip gap clearance,and the turbulenceintensity.
Papa et al.”* measured average and local mass-transfer coefficients
on a squealer tip and winglet-squealer tip using the naphthalene
sublimation technique. They also presented the flow visualization
on the tip surface using an oil-dot technique.

Most of the studies just referenced focused on the heat-transfer
coefficient on the blade-tip surface only. The present study used a
hue-detection-basedtransientliquid crystals technique to obtain the
heat-transfercoefficient on a blade-tip surface, shroud, and near-tip
regions of the blade pressure and suction sides. Measurements were
performed for the tip clearances of 1.0, 1.5, and 2.5% of blade
span. This study provides comprehensive information about the
heat-transfer coefficient on the blade-tip and the near-tip regions,
where little experimental data are available in open literature.

Experimental Setup

Figure 1 shows the schematic of the test facility. The test section
consisted of a stationary blowdown facility with a five-bladedlinear
cascade. Compressed air stored in tanks entered a high-flow pneu-
matic control valve. The controller received feedback from down-
stream and could maintain the downstream velocity within 3%
of the desired setting value. The cascade inlet dimensions were
31.1 cm wide and 12.2 cm high. The test section’s top, bottom, and
sides were made of 1.27-cm-thick polycarbonateplate for the pres-
sure measurement test. For the heat-transfer test, however, the top
was replaced with a 1.27-cm-thickclear acrylic plate for best optical
access to the blade tip. Two adjustabletrailing-edgetailboards were
used to provide identical flow conditions through the two passages
adjacent to the center blade. A turbulence-generating grid of 57%
porosity was placed 26.7 cm upstream of the center blade. The tur-
bulence intensity was measured 6 cm upstream of the center blade
with a TSI IFA-100 unit. In this test turbulence intensity with a
turbulence-generating grid was 9.7%. The turbulence length scale
was estimated to be 1.5 cm, which s slightly largerthan the grid size.
Figure 2 shows the definition of the blade tip and shroud. The tip

Compressed Air

Turbulence Grid

Fig. 1 Schematic of blowdown facility.

Fig. 2 Definitions of blade tip and
shroud.
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Fig. 3 Heat-transfer measurement blade.

gaps used for this study were 1.31, 1.97, and 3.29 mm, which corre-
spond to about 1.0, 1.5, and 2.5% of the blade span (12.2 cm). Hard
gaskets of desired thickness were placed on top of the side walls,
the trailing-edge tailboard, and two outer guide blades to create tip
gaps of desired height.

During the blowdown test, the inlet air velocity was set at 85 m/s
and the exit velocity at 199 m/s, and the inlet and exit Mach num-
bers were 0.25 and 0.59, respectively. The Reynolds number based
on axial chord length and exit velocity was 1.1 x 10°. The inlet to-
tal pressure was 126.9 kPa, and exit static pressure was 102.7 kPa,
which gave an overall pressure ratio (inlet total pressure/exit static
pressure) of 1.2. Detailed flow conditions, such as the flow period-
icity in cascade, are described by Azad et al.}

The blades were made of aluminum and finished with an EDM
machine. Each blade had a 12.2 cm span and 8.61 cm axial chord
length. These were three times larger than the dimensionof a GE-E?
blade-tip profile. Each blade had a constant cross section for the
entirespan. Figure 3 representsthe heat-transfermeasurementblade.
The lower portion of the blade was made of aluminum and had
three holes for cartridge heaters. The upper portion had an inner
aluminum rim with a cavity and an outer shell that was made of
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Fig. 5b Pressure distributions on the blade pressure and suction side
with C =1.5%.

black polycarbonatewith low thermal conductivity.Figure 4 shows
adetailedview of the blade tip. Three cartridge heaters were inserted
into the aluminum blade. The cartridge heater provided heat to the
aluminum core, which heated the outer polycarbonate shell. For the
heat-transfermeasurementon the shroud, a 300-W plate heater was
used to heat the shroud plate.

Pressure Measurement and Results

Figure 5ashows the definitionof blade coordinate and the location
of pressure taps on the blade. The pressure taps were located at 50,
80, 90, and 97% height of the blade span on both the blade pressure
and suction side. Figure 5b presents the ratio of the inlet total to the
local static pressure along the blade at differentblade span heights.
The pressure was measured with 1.5% of tip gap clearance. The
static-pressure difference between the pressure and suction side is
the main driving force of the leakage flow. Figure 5b shows that
the maximum static-pressure difference on the midspan occurred
near 40% of x/C,. The location of the maximum static-pressure
difference has shifted toward the trailing edge at 97% of the blade
span, and the maximum static-pressuredifference occurs near 60%
of x/C,. This shiftis caused by the leakage flow through the tip gap.

To investigate the pressure distributionon the shroud, 46 pressure
taps were instrumented on the shroud surface. Figure 6 shows the in-
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Fig. 6 Pressure distributions on the shroud surface.

let total-pressureto the local static-pressureratio P, / P distributions
on the shroud surface for the different tip gap clearances. A higher
value of P,/ P correspondsto a lower static pressure (high velocity),
whereas a lower value corresponds to a higher static pressure (low
velocity). The black curves in the contours indicate blade location
under the shroud. The P, /P distribution could show the path of the
leakage flow. The relatively high P,/ P near 30 ~ 60% of the blade
chord might indicate that main leakage flow occurs in this region.
As tip gap increases, P,/ P increases (velocity increases), and the
high P,/ P region moves toward the trailing edge. The shift of the
P,/ P contour indicates that the path of leakage flow moves toward
the trailing edge as the tip gap clearance increases.

Heat-Transfer Measurement Theory

A hue-detection-based transient liquid crystals technique was
used to measure the heat-transfercoefficient on the blade tip. The lo-
cal heat-transfercoefficient over a liquid crystals coated surface can
be obtained using a one-dimensionalsemi-infinite solid assumption
for the test surface. The one-dimensionaltransientconductionequa-
tion, the initial condition,and the convectiveboundary conditionare

kaZT oT 0
— = pc, —
oz P
at

=0, T=T, 2
at

oT

x =0, _ka_X:h(Tw_Tm) asx — o9, TZTI (3)

The solution to the preceding equations at the convective boundary
surface (x =0) is the following:

_T 2
L-T% _ 1 —exp(h at) erfc(hm) 4)

T, — 1, k

By knowing the initial temperature 7; of the test surface, the main-
stream temperature 7,, at the cascade inlet, and the color change
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temperature 7,, at time ¢, the local heat-transfer coefficient & can
be calculated from Eq. (4). If the mainstream temperature changes
with time, the varying temperature can be representedas a series of
step change. Using Duhamel’s superposition theorem, Eq. (4) can
be written as follows:

hﬁ)
k

Tw_E:(Tm.O_Tl)XF(

S Ca=ars

i=1

where
F(x) =1 — exp(x?) erfc(x)

and AT, is a step change in the mainstream.

The experimental uncertainty was calculated by the methods of
Kline and McClintock.?' Note that the blade-tip material (polycar-
bonate) has a very low thermal conductivity of 0.18 W/mK. The
liquid crystals’ color change transition occurs at the surface, which
is kept at a uniform initial temperature. Test duration is smaller
(10-30 s) than the time required for the temperature to penetrate
the full thickness of the blade-tip material. Thus, a one-dimensional
transition, semi-infinite solid assumption is valid throughout the
surface, except near the tip edges. The individual uncertainties in
the measurement of the time of color change (Af ==0.5 s), the
mainstreamtemperature (A7, = £0.5°C), the colorchange temper-
ature (AT, = £0.2°C), the initial temperature (A7; ==+1°C), and
the blade-tip material properties (Aa/ k> = £5%) were included in
the calculationof the overall uncertainty of heat-transfercoefficient.
The uncertainty for the local heat-transfercoefficient was estimated
to be £8%. However, the uncertainty near the blade-tip edge might
be much greater up to 15% as a result of the two-dimensional heat-
conduction effect. The uncertainty in the high heat-transfer region
also might be higher as a result of the short color change time.

Heat-Transfer Measurement and Results

Two different liquid crystals were used in this study. The 20°C
bandwidth liquid crystals (R34C20W, Hallcrest) were used to mea-
sure the initial temperature of the tip surface, and the 4°C band-
width liquid crystals (R29C4W, Hallcrest) were used to measure
the color changing time. Calibration was performed to find the hue
vs temperature relation. A foil heater was placed at the bottom of
a 0.635-cm-thick copper plate. The black paint (BB-G1, Hallcrest)
and liquid crystals were sprayed on the copper plate. Input voltage
to the heater was set properly in order to increase the surface tem-
peratureby 0.6°C, and enough time was allowed for the temperature
to be steady at each temperature step. The surface temperature was
then read by a thermocouple that was attached at the surface of the
copper plate, and the color of the liquid crystals was recorded to the
computer. At each temperature step the hue was calculated from the
stored image, and the relation between hue and temperature was es-
tablishedfor both 20°C and 4°C bandwidthliquid crystals. Figure 7a
shows the results of the calibration for both liquid crystals.

Before the transient test the black paint and 20°C bandwidth lig-
uid crystals were sprayed uniformly on the test surface, and the test
surface was heated. After the surface temperature reached the de-
sired temperature (about 70°C), the color of the liquid crystals on
the test surface was recordedby a RGB color charge-coupleddevice
(CCD) camera with 24-bit color frame grabber board. From every
pixel of the stored image, hue was calculated, and the initial temper-
ature of the test surface was determined using the precalibrated hue
vs temperature relation. Figure 7b presents the initial temperature
on the tip for C =1.5% case.

After the initial temperature measurement on the blade tip, the
20°C bandwidth liquid crystals were removed, and the black paint
and the 4°C bandwidth liquid crystals were sprayed on. The blade
tip was heated until the reference temperatures became the same as
those of the initial temperature measurement test. Reference tem-
peratures were measured by thermocoupleslocated inside the cavity
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Fig. 7b Initial temperature on the tip for C = 1.5%.
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Fig. 8 Heat-transfer coefficient on the blade tip.

and the shroud surface to ensure the same temperature conditions
for the initial temperature measurement and the transient tests. Af-
ter temperatures reached the desired value, the compressed air was
allowed to flow by turning on the flow controller. When the main-
stream velocity reached the preset value, the color change of the
liquid crystals was recorded at the speed of 30 frames per second.
The test duration time was short enough (10-30 s) to make a semi-
infinite solid assumption. From every pixel at each stored image,
hue was evaluated and used to calculate the time from the initial
condition (about 40-60°C, depending on location) to a given hue
value (50), which corresponded to the temperature of 29°C for the
tip and shroud test, and 29.6°C for the pressureand suctionsides test.
Then, the heat-transfer coefficient & was calculated from Eq. (5).

Heat-Transfer Coefficient on the Blade Tip

Figure 8 shows the heat-transfer coefficient distributions on the
blade tip. All cases show high heat-transfer coefficients near the
pressureside of 20 ~ 70% of the blade chord. This high heat-transfer
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Fig. 9 Conceptual view of flow near blade tip.

region corresponds to the maximum leakage flow region caused by
the large pressure differencebetween the blade pressure and suction
sides as shownin Fig. 6. The highheat-transferregion existsnear the
pressure side edge, and the heat-transfer coefficient on that region
gradually decreases towards the suction side. A low heat-transfer
coefficientexists alongthe pressureside tip. Those trends are caused
by the flow separation and reattachmenton the tip surface, as shown
in Fig. 9. Figure 9 illustrates the conceptual view of the flow near
the blade tip. As the flow tries to leak through the tip gap, the flow
separates and reattaches on the tip surface and causes the low and
high heat-transfer coefficients near the pressure side edge. On the
suction side of the blade, the interaction between the leakage flow
and passage vortex can create the leakage vortex. There is a low
heat-transfer region near the suction side of the leading edge, and
this trend correspondswith Bunkeretal.” and Azad et al.® The range
of heat-transfer coefficient is from about 600 to 1300 W/m?K.

As the tip gap clearance increases, the heat-transfer coefficient
generally increases except very near the pressure side edge. As the
tip gap clearance increases, the size of the separation region (low
heat-transfer coefficient region) very near the pressure side edge
also increases. And the high heat-transferregion near 20 ~ 70% of
the blade chord moves toward the trailing-edge side as the tip gap
clearanceincreases. That might be caused by the change of the path
of the leakage flow, as shown in Fig. 6. As the tip gap clearance
increases, the path of leakage flow can move toward the trailing
edge side and result in a larger low heat-transfer region near the
suction side of the leading edge.

Heat-Transfer Coefficient on the Shroud

Figure 10 shows the heat-transfer coefficient distribution on the
shroud surface. All tip gap clearance cases show maximum heat-
transfer regions near 20~ 70% of the blade chord and low heat-
transferregionsnear the leadingedge. These trends correspond with
the pressure results (Fig. 6) and the blade-tip results (Fig. 8).

A relatively higher heat-transfer region exists near the pressure
side edge. This might be caused by the impingementof the separated
leakage flow, as shown in Fig. 9. As the mainstream flow tries to leak
through the tip gap, the flow separates from the blade-tip surface,
and the separationregion can be seen near the pressure side edge, as
shown in Fig. 9. After flow separates from the tip surface, the flow
can impinge on the shroud surface and result in a high heat-transfer
region above the pressure side edge.

Downstream of the blade suction side, a relatively high heat-
transfer region exists. This region might result from the interaction
between the leakage vortex and the mainstream flow. The highest
shroud heat-transfer coefficient is about 800 W/m?K, and this is
about 65% of that on the blade tip. The lowest heat-transfer coeffi-
cient on the shroud can be seen on the pressure side as a result of
low velocity along the pressure side of the blade (see Fig. 6).

As the tip gap clearance increases, the high heat-transfer region
downstream of the suction side expands to farther downstream. This
trend corresponds with Rhee et al.'’

Heat-Transfer Coefficient on the Near Tip of the Pressure Side

Figure 11 shows the heat-transfer-coeffcient distribution on the
near-tip region of the pressure side. The height of the test area was
2.5 cm from the blade tip, which corresponds to about 20% of the
blade span. Results show high heat-transfer coefficients near the

h(W/m?K)
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a)C=1.0%

b)C=1.5%

c)C=25%

Fig. 10 Heat-transfer coefficient on the shroud.
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c)C=25%

Fig. 11 Heat-transfer coefficient on the pressure side.

leading and trailing edges. The distribution of the heat-transfer co-
efficient is almost two-dimensional along the blade span except at
very near the pressure side tip. The entrance effect on the leakage
flow increases the heat-transfercoefficient on the near-tipregion, as
shown in Fig. 9. The highest value of the pressure side heat-transfer
coefficientis about 550 W/m*K and is about45% of that on the blade
tip. This is becausethe velocity along the pressureside is much lower
than alongthe suction side of the blade, as shown in Fig. 6. The effect
of the tip gap clearance on the pressure side heat transfer seems to
be negligible. The trend and value of the pressure side heat-transfer
coefficient is almost the same for all tip gap clearances.

Heat-Transfer Coefficient on the Near Tip of the Suction Side
Figure 12 shows the heat-transfer-coeffrient distribution on the
near-tip region of the suction side. The height of the test area was
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Fig. 12 Heat-transfer coefficient on the suction side.
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Fig. 13 Averaged heat-transfer coefficient on the blade tip.

2.5 cm from the blade tip, which corresponds to about 20% of the
blade span. Because of the large view angle between the camera
and the test surface, data could not be taken from the region close
to the leading edge. The range of the heat-transfer coefficient is
from about 300 to 700 W/m?K. The peak value of the suction side
heat-transfer coefficient is about 55% of that on the blade tip. The
high heat-transferregion starts from about 30% of the blade chord.
This region corresponds with the beginning region of the leakage
flow exiting from the tip gap, as shown in Fig. 6. As the leakage
flow exits to the suction side, the leakage vortex and the interaction
between the leakage vortex and the mainstream can resultin a high
heat-transferregion along the suction side.

The heat-transfer coefficient on the suction side is not affected
much by the tip gap clearance. The trend and value of the suction-
side heat-transfer coefficient is almost the same for all tip gap
clearances.

Averaged Heat-Transfer Coefficient

Figures 13-16 show the averaged heat-transfercoefficient on the
tip, shroud, and near-tip regions of the pressure and suction sides,
respectively. The local heat-transfer coefficients are averaged at a
given x /C, location. For the shroud the average was taken from the
region above the tip only. Results show that the heat-transfer coef-
ficient on the tip (Fig. 13) increases as tip gap clearance increases.
The heat-transfer coefficients on the shroud above the tip (Fig. 14)
and on the suctionside (Fig. 16) increase and then decrease as the tip
gap clearanceincreases. The heat-transfercoefficienton the pressure
side (Fig. 15) is insensitiveto the tip gap clearance. The heat-transfer
coefficient on the pressure side shows similar trend and value.
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Fig. 14 Averaged heat-transfer coefficient on the shroud.
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Fig. 15 Averaged heat-transfer coefficient on the pressure side.
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Fig. 16 Averaged heat-transfer coefficient on the suction side.

Conclusions

The major findings based on the experimental results are as
follows:

1) Pressure and heat-transfer coefficient measurements showed
that the heat-transfer-coeffrient distribution on the tip and the
shroud surface were similar and correspondedwith the leakage flow
path through the tip gap clearance.

2) The highest heat-transfercoefficient (about 1250 W/m2K) was
found near the pressure side of the blade tip, where the leakage flow
separated and then reattached on the tip surface. The heat-transfer
coefficient was smaller near the suction side of the tip caused by
leakage flow development. The low heat-transfer region caused by
the separationof the leakage flow existed near the pressure side edge
of the tip.

3) The higherheat-transfercoefficientexisted on the shroudabove
the pressure side edge of the tip caused by the impingement of the
separated leakage flow. The peak heat-transfer coefficient on the
shroud was about 65% of that on the tip surface.

4) The heat-transfercoefficient on the near-tip region of the blade
pressure side showed a two-dimensional distributionexcept at very
near the pressure side tip, and the overall value was less than 45%
of that on the tip.

5) The heat-transfercoefficient on the near-tip region of the blade
suction side showed the possible trace of the leakage vortex on the
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suction side. The peak value of the heat-transfer coefficient was
about 55% of that on the tip.

6) In general, the heat-transfer coefficient on the tip was higher
than that on the shroud and near-tip region of the suction side of
the blade. The heat-transfercoefficient on the near-tip region of the
blade pressure side was the lowest.

7) As tip gap clearance increased, in general, the heat-transfer
coefficient on the tip surface increased. The heat-transfercoefficient
on the near-tip region of the blade pressure side was insensitive to
the tip gap clearance. However, the effect of the tip gap clearance
on the heat-transfercoefficient on the shroud and near-tip region of
the blade suction side did not show a consistent trend.
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