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Turbine Rotor with Various Tip Configurations
Flow and Heat Transfer Prediction

Huitao Yang,* Hamn-Ching Chen, and Je-Chin Han*
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A numerical study is performed to simulate the leakage flow and heat transfer on a flat tip, a double squealer tip,
and a single suction-side squealer tip of a scaled up General Electric-E> blade. The simulations for a nonrotating
blade at a pressure ratio of 1.2 are in reasonable agreement with the experimental data on the blade tip and
suction side, but the heat transfer coefficients were overpredicted on the pressure side. Numerical simulations were
then performed for nonrotating and rotating blades under high-temperature, high-pressure ratio, and high Mach
number conditions to investigate the blade tip leakage flow and heat transfer characteristics under more realistic
engine operating conditions. The simulation results show that the heat transfer coefficient decreases with increasing
squealer cavity depth, but the shallow squealer cavity is the most effective configuration to reduce the overall heat
load. The blade rotation produces a dramatic increase of heat transfer coefficient on the shroud. The tip leakage
flow pattern and local heat transfer coefficient distributions on the blade tip are also significantly changed due to
the rotation-induced centrifugal and Coriolis forces. However, the area-averaged heat transfer coefficient on the

blade tip is only slightly affected by the blade rotation.

Nomenclature
A = heat transfer area, m*
C = tip gap clearance, % of blade span
D = depth of squealer cavity, % of blade span
h = local convective heat transfer coefficient, g /(T,, — Tin.0),
W/m? - K
P = local static pressure, Pa
Q = total heat flux, W
g = heat flux, W/m?
St = Stanton numberv h/(pm Uin, relativecp)
T = temperature, K
y* = dimensionless distance of the first grid to the wall
o = density, kg/m?
Subscripts
in = inlet of the cascade
out = outlet of the cascade
t = stagnation flow condition or total value
w = wall

1. Introduction

T URBINE blade tips are subjected to high thermal load and
represent one of the most susceptible areas for blade cracking
and failure. The tip is directly exposed to the leakage flow driven
by the pressure difference between the blade pressure and suction
sides. Because of the high velocity, thin boundary layer, and high
temperature associated with the leakage flow, the blade tip experi-
ences high heat load, and it is one of the most difficult regions to be
cooled effectively. To reduce the tip leakage flow and heat transfer,
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different tip configurations are investigated. One of the commonly
used configurations is a squealer tip, which acts as a labyrinth seal
and increases the flow resistance. This leads to low leakage flow
rate and low heat transfer rate in the blade tip region.

Many numerical studies have been conducted recently to investi-
gate the blade tip heat transfer. Ameri et al.! used the TRAF3D.MB
code to study the effect of squealer tip on rotor blade heat transfer.
Ameri etal.? studied the effects of tip gap 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 the detailed heat transfer distributions on blade tip sur-
faces for a large power generation turbine and compared their result
with the experimental data of Bunker et al.* Ameri® computed the
flow and heat transfer of a blade tip with a mean-camberline strip tip.
Yang et al.>7 numerically studied the flow and heat transfer around
the General Electric-E* (GE-E?) blade with a flat tip and a squealer
tip. The predicted heat transfer coefficients are in reasonable agree-
ment with the experimental results of Azad et al.®*

Experimental studies have also been conducted to investigate the
heat transfer and flow on the gas turbine blade tip. Azad et al.% stud-
ied the flow and heat transfer on the first-stage blade tip of an aircraft
engine turbine (GE-E*) by liquid crystal technique. The results show
that the squealer tip can reduce the heat transfer coefficient com-
pared with the flat tip configuration. Azad et al.!* also studied the
effect of the squealer geometry arrangement on gas turbine blade tip
heat transfer. Papa et al.'!' measured average and local mass trans-
fer coefficients on a squealer tip and winglet-squealer tip using the
naphthalene sublimation technique. They also presented the flow vi-
sualization of the tip surface using an oil dot technique. Kwak et al.'?
and Kwak and Han'>!'* measured heat transfer coefficients on the tip
and near-tip regions of both plane and squealer tip blades by tran-
sient liquid crystal technique. They showed that the heat transfer
coefficient is higher on the tip than that of the near-tip region. Also,
the heat transfer coefficient on the cavity floor will be reduced with
increasing squealer rim. The single suction-side squealer is the best
configuration to reduce the heat transfer coefficient on the cavity
floor. Jin and Goldstein'> measured local mass transfer on a sim-
ulated high-pressure turbine blade and near-tip surfaces. Dey and
Camci'® investigated the effect of tip desensitization, through the
use of winglets, on the flow characteristic for an axial turbine blade.
Their results show that the pressure-side winglet will reduce the tip
leakage flow considerably. Because of the limitations in experimen-
tal facilities, most of the experimental studies were performed under
relatively low inlet/outlet pressure ratio and nonrotating conditions,
which are far from real engine operating conditions. It is, therefore,
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desirable to investigate the effects of high-pressure ratio and high
rotating speed on blade tip heat transfer characteristics under more
realistic engine conditions.

The present study focuses on the numerical prediction of flow and
heat transfer of GE-E? blade with different blade tip configurations
including a flat tip, a double-squealer tip, and a single suction-side
squealer tip as tested by Kwak and Han.'? The numerical results
for the non-rotating, low temperature and low pressure ratio cases
were compared with the experimental data of Kwak and Han.!
Calculations were also performed for both the nonrotating and ro-
tating blades at high total temperature, high Mach number, and high-
pressure ratio conditions to provide a detailed understanding of the
blade tip leakage flow and heat transfer characteristics under more
realistic engine conditions.

II. Computational Details

Computations were performed for the blade tip flow and heat
transfer around a GE-E? blade using the commercial software pack-
age FLUENT. This code solves compressible Reynolds averaged
Navier—Stokes equations using the finite volume method to dis-
cretize the equations. GAMBIT grid-generation software was used
to generate unstructured grids, with grid clustering in the near-wall
and tip regions.

To facilitate a direct comparison with the experimental data of
Kawk and Han," the present calculations were performed for a
three-times scaled-up model of the GE-E?* blade. Figure 1 shows
the geometry and numerical grids for the GE-E? blade with various
blade tip configurations. Note that the blade geometry used by Kwak
and Han'® and the present study is a two-dimensional blade with
the same blade profile in the spanwise direction from the blade root
to tip. Furthermore, the present two-dimensional blade profile and
the inlet flow angle are identical to those at the tip section of the
actual GE-E? blade because the Kwak and Han'® study and the
present study are concerned with the heat transfer characteristics in
the blade tip region. Figure 1a shows the three tip configurations,
including the flat tip, double-squealer tip, and single suction-side
squealer tip. Figure 1b is the schematic of the double-squealer blade
tip geometry with selected cross-sectional planes that will be used
later to show the flow structures around the blade tip region. Detailed
grid distribution is shown in Fig. 1c. The scaled-up blade has a
constant axial chord length of 8.61 cm and an aspect ratio (span
to the chord) of 1.4. The blade leading-edge pitch is 9.15 cm. The
depths of the squealer cavity are 0.254, 0.508, and 0.762 cm, which
are 2.1, 4.2, and 6.3% of the blade span, respectively. In the present
simulations, the blade tip clearance is kept constant with a tip gap
of 1.97 mm or 1.5% of the blade span. The effect of different tip
gap clearances on the blade tip heat transfer has been investigated
experimentally by Azad et al.%° and numerically by Yang et al.%’
and will not be repeated here.

The computational domain consists of a single blade with peri-
odic conditions imposed along the boundaries in the circumferen-
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tial (pitch) direction. The inlet boundary is placed at one-half chord
length upstream of the blade so that simple uniform inflow boundary
conditions can be employed. Calculations were performed first for
the nonrotating case using the experimental conditions of Kwak and
Han.!® The total temperature, 300 K, and total pressure, 130.0 kPa,
are specified along with the inlet flow angle, 32 deg, and turbulence
intensity level, 9.7%. The corresponding Mach number at the inlet is
0.25. The exit boundary is located at one chord length downstream
of the blade trailing edge to provide appropriate resolution of the tip
leakage flow and passage vortices. The static pressure is specified
as 108.3 kPa at the exit. Therefore, the inlet total pressure to the
outlet static pressure ratio ( Py, ;/ Poy) is 1.2. On the blade surface,
the no-slip condition and uniform wall temperature conditions were
specified.

For completeness, simulations were also performed for the same
three-times scaled-up GE-E? blade using typical operating condi-
tions for a real turbine with a blade tip radius of 35.56 cm (14 in.)
under both nonrotating and rotating conditions. This enables us to
evaluate the effects of rotation, high temperature, high Mach num-
ber, and high inlet/outlet pressure ratio on the overall heat transfer
in the blade tip region. A rotating speed of 9600 rpm is used in
the present rotating blade simulation. The inlet total temperature is
specified at 1479 K (2662°R) and the blade surface temperature is
1035 K. The inlet turbulence intensity is 9.7%, and the inlet flow
angle is 32 deg. The total pressure at the inlet is 1.675 MPa, and
the static pressure at the exit is 1.027 MPa. This gives a inlet/outlet
pressure ratio, Py, ;/ Pou, 0f 1.63, which is significantly higher than
the 1.20 used in the experiments of Kwak and Han.'* For conve-
nience, the simulations at high total temperature and high inlet/outlet
pressure ratio cases are denoted as high parameter, whereas the low
inlet/outlet pressure ratio and low total temperature cases corre-
sponding to the experimental conditions are denoted as low param-
eter in the following discussions. For the rotating cases, the blade
domain is rotating with a relative inlet flow angle equal to 32 deg,
whereas the shroud remains stationary. All other conditions are kept
the same as the high-parameter stationary case to facilitate a detailed
understanding of the effects of blade rotation under realistic turbine
working conditions.

For blade tip leakage flow and heat transfer simulations, Yang
etal.®” showed that the Reynolds stress model (RSM) of Hanjalic'’
performs slightly better than the high Reynolds number k—¢ model
(Launder and Spalding'®) and RNG k—e model (Hanjalic'?). In all
cases, nonequilibrium wall function is employed to handle the near-
wall turbulence. The y* value is adjusted iteratively to about 30 by
splitting or merging the near-wall grids to satisfy the requirement
of nonequilibrium wall function. For heat transfer calculations, an
isotropic eddy viscosity model with constant turbulent Prandtl num-
ber is employed to represent the turbulent heat flux in the energy
equation. Unless otherwise indicated, the results presented in this
paper are based on the RSM model, the tip clearance is 1.5% of the
blade span, and the depth of the squealer cavity is 4.2% of the blade
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Fig. 1 Blade geometry and numerical grid: a) three tip configurations, b) grid schematic with different cross section planes, and c) typical grid of
squealer blade tip.
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span. A total of 13 simulations were performed for the nonrotating
and rotating blades with various blade tip configurations as shown
in Table 1.

All of the cases presented are converged to residual levels of the
order of 1073 and to less than 0.01% error in the mass flow rate
between the inlet and exit of the computational domain. Typically,
800 iterations are required for convergence. For the squealer tip
configuration considered here, typically the calculation is performed

with about 1 million nodes, with the grid point distribution outside
the squealer tip region being similar to that in the flat tip study. The
grid independency has been studied by Yang et al.®

III. Results and Discussion

A. Pressure and Velocity
Figure 2 shows a comparison of the pressure ratio (P;, ./ P) distri-
butions for both the nonrotating and rotating cases with three blade

Table 1 Summary of simulated cases

Double squealer

Single suction side squealer

Working conditions Flattip 2.1% 42% 63% 21% 42% 6.3%
Nonrotating, low parameters X X X

Nonrotating, high parameters X X

Rotating, high parameters X X

1001.061121.181.231.28135 FtP

|
N

a) Low parameters, nonrotating

X
X X X
4 X

b) High parameters, nonrotating

¢) High parameters, rotating

] |
1.00 1.20 1.40 1.60 1.80 2.00 2.20
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Fig. 2 Pressure ratio Pj, /P distributions comparison on pressure and suction sides of various flow conditions; left to right: flat tip, doubler-squealer

tip, and single-suction-side squealer tip.
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Pt/P
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a) Low parameters, nonrotating

T T T [T 1] Pt/P

100 1.131.27 1.40 1.53 187 180 193 207 2.20

¢) High parameters, rotating

Fig. 3 Pressure ratio Pj,,/P distributions comparison on shroud of various flow conditions; left to right: flat tip, double-squealer tip, and single

suction-side squealer tip.

tip configurations: flat tip, double-squealer tip, and single suction-
side squealer tip. For completeness, the corresponding pressure ratio
(Pin,;/ P) distributions on the shroud of all three tip configurations
are also shown in Fig. 3 to facilitate a more detailed understanding
of the flow in the blade tip region. In both Figs. 2 and 3, generally
the high value of P, ,/P ratio corresponds to low static pressure
and high velocity. The pressure pattern on the shroud matches the
corresponding pressure ratios on the blade tip because the pressure
variation across the narrow tip gap clearance is relatively small. It
is seen that the pressure ratio is quite low on the pressure side, but
becomes significantly higher on the suction side. Because of the fa-
vorable pressure gradient between the pressure and suction sides of
the blade, the flow is accelerated through the gap between the blade
tip and the shroud. For the nonrotating cases, note that the effect
of tip leakage flow is confined to a small region near the blade tip,
and the pressure ratio on the other portions of the blade side shows
a two-dimensional distribution. Under the rotating conditions, how-
ever, the pressure contours becomes highly three dimensional on
the blade suction side due to the migration of blade passage vortex
toward the blade tip region as a result of the rotation-induced cen-
trifugal and Coriolis forces. On the blade pressure side, the pressure
ratio is only slightly affected by the blade rotation. On the other
hand, the high pressure ratio, that is, high-velocity, region on the
blade suction side was pushed downstream toward the trailing edge
and also radially outward to the blade tip region. Moreover, the over-
all pressure ratio increases significantly on both the blade suction
side and tip region in comparison with the stationary case. It is quite

clear that the centrifugal and Coriolis forces tend to increase the
blade tip leakage flow and produce stronger leakage vortices on the
suction side of the blade tip region for both the flat tip and squealer
tip configurations.

For the nonrotating flat tip configuration, under experimental con-
ditions, that is, low Ti,, and Py, /Py, high-pressure ratios were
observed in the midchord region and along the edge of the pressure-
side blade tip, indicating the presence of strong leakage flow through
the midchord section of the blade tip gap clearance. For the double-
squealer tip configuration, the pressure ratio is high on the squealer
rim due to local flow acceleration in the narrow gap on the top of
the squealer rim, but drops significantly inside the squealer cavity
due to flow separation behind the pressure-side squealer rim. The
pressure ratio inside the squealer cavity is much lower than that
observed in the flat tip case, indicating that the tip leakage flow is
significantly reduced in the double-squealer tip configuration. For
the single suction-side squealer tip configuration, a high-pressure-
ratio region is again observed on top of the squealer rim. However,
the low-pressure-ratio region on the pressure side was extended over
most of the blade tip surface with a drastic reduction of the tip leak-
age flow across the suction side squealer rim. Based on the pressure
ratio distributions on the blade tip and shroud, it is quite clear that the
single suction-side squealer tip is the most effective configuration
for the reduction of the tip leakage flow among the three different
blade tip configurations considered in the present study.

For the nonrotating cases with high inlet/outlet pressure ratio
and high total temperature, that is, high parameters, conditions, the
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Fig. 4 Pathlines comparison for a) flat tip, b) double-squealer tip, and
c¢) single suction-side squealer tip configurations, as well as high param-
eter nonrotating (left) and rotating cases (right).

overall pressure ratio level is significantly higher than the corre-
sponding low parameter cases. Furthermore, the high-pressure ratio
regions on the suction side and the blade tip were shifted downstream
for both the flat and squealer tip configurations as seen in Figs. 2 and
3. Consequently, the strongest tip leakage flow was observed in the
downstream section of the blade, where the blade thickness is rela-
tively small. For the rotating case, the blade tip velocity is 357.5 m/s
(9600 rpm), nearly twice of the blade inlet velocity of 183 m/s, but
the inlet/outlet pressure ratio, total temperature, and the relative in-
let flow angle are kept the same as the nonrotating high parameter
case. Note from Fig. 2 that the blade rotation results in a significant
increase of pressure ratio in the blade tip gap region and on the blade
suction side. In general, the rotation tends to increase the leakage
flow and produce a large leakage vortex on the suction side for both
the flat and squealer tip configurations. Furthermore, the leakage
flow was observed to shift toward the trailing edge, where the blade
is relatively thin and harder to cool. Similar pressure ratio patterns
were also observed on the shroud, as shown in Fig. 3. Details of the
leakage vortices and their effects on the blade tip and shroud heat
transfer will be discussed later.

Figure 4 shows the pathlines around three blade tip configurations
under various flow conditions. For completeness, the pathlines and
Mach number contours at the midgap between the blade tip and
shroud are shown in Fig. 5 to facilitate a detailed understanding
of the blade tip leakage flow for both the nonrotating and rotating
cases. For the flat tip configuration, the fluid accelerates through
the tip gap and combines with the mainstream flow on the suction
side to form a tip leakage vortex. The velocity of tip leakage vortex
is slower than the flow in other regions. For the double-squealer
tip, the flow structure around the tip is more complicated than the
other two cases. In addition to the tip leakage vortex near the blade
suction side, another vortex was formed inside the squealer cavity
when the fluid enters the squealer cavity from the leading edge and
pressure side of the blade tip. The vortex rolls down the pressure-
side squealer rim to form a large recirculation flow region inside the
squealer cavity. It then rolls up across the suction-side squealer rim

Ma number
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a) High parameter, b) High parameter,
nonrotating rotating, absolute
reference

¢) High parameter,
rotating, relative
reference

d) High parameter,
rotating, relative
reference, midspan

Fig. 5 Streamlines comparison and Mach number contours on midgap plane of various flow conditions; top to bottom: flat tip, doubler-squealer tip,

and single suction-side squealer tip.
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and merges into the suction-side tip leakage vortex. It is also found
that the velocity of the vortex inside the squealer cavity decreases
from the leading edge to the trailing edge. For the single suction-
side squealer tip configuration, a leakage vortex was formed along
the junction of the blade tip and the squealer rim. The vortex rolls
up across the squealer rim and merges into the tip leakage vortex on
the blade suction side. Note that the structure of the tip leakage flow
for the nonrotating cases does not change significantly between the
low parameter and high parameter conditions.

For the rotating cases, the pathlines are plotted using the relative
velocity in a rotating reference frame. For detailed understanding
of the flow pattern in the blade tip region, two different sets of path-
lines were released at the cascade inlet. The first set of pathlines
was released at the same location as the nonrotating cases, whereas
a second layer of pathlines was released inside the shroud boundary
layer. In general, the tip leakage flow in the blade tip gap region is
still driven by the pressure gradient between the pressure and suction
sides of the blade, similar to that observed for the nonrotating cases.
However, the tip leakage flow pattern is significantly modified by the
rotation-induced centrifugal and Coriolis forces. Furthermore, the
pathlines near the stationary shroud wall are deflected toward the
pressure side of the blade because the flow inside the shroud bound-
ary layer lags behind the rotating blade due to the viscous effects.

Figure 5 shows a comparison of the pathlines and Mach number
contours for both the nonrotating and rotating high parameter cases
to provide a more detailed understanding of the effects of rotation
on the tip leakage flow patterns. For the nonrotating cases shown in
Fig. 5a, the tip leakage flow at the midgap plane is driven from the
pressure side to the suction side, and the pathlines converge to form
a leakage vortex in the suction-side blade passage. When the blade

EE

is rotating at the designed speed of 9600 rpm, the absolute flow ve-
locity and the approach angle are adjusted so that the inflow angle
relative to the rotating blade remains the same at 32 deg. Figures 5b
and Sc show the pathlines and Mach number contours at the midgap
plane for the rotating cases in the Earth-fixed, that is, absolute veloc-
ity, and rotating, that is, relative velocity, reference frames, respec-
tively. The pathlines and Mach number contours at midspan plane
are shown in Fig. 5d to illustrate the three-dimensional flow pattern
under rotating conditions. Note that the pathlines at the midspan
plane for the rotating cases have the same relative inlet flow angle
as that observed for the nonrotating cases because the flow in the
midspan is not directly affected by the blade tip leakage flow. In the
midgap plane, however, the flow at the turbine inlet was deflected
toward the pressure side (Fig. 5¢c) because the approach flow inside
the shroud boundary layer lags behind the rotating blade due to the
viscous shear stress exerted by the stationary shroud. In the midgap
between the blade tip and the shroud, the leakage flow is subjected
to the combined effect of shroud viscous force and the pressure gra-
dients between the pressure and suction sides of the rotating blade.
It is quite clear that the pressure gradient across the tip gap is strong
enough to overcome the viscous resistance of the stationary shroud
and push the tip leakage flow from the pressure side to suction side.
Note that the absolute velocity of the tip leakage flow must be faster
than the rotating blade to push the fluid from the pressure side to the
suction side of the rotating blade. In general, the flow pathlines over
the blade tip are quite similar between the nonrotating and rotating
cases, indicating that the tip leakage flow is still dominated by the
pressure gradients across the tip gap under the rotating conditions.

Figure 6 shows a comparison of the streamlines and Mach number
contours at two streamwise cross sections, that is, the pressure-side
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a) Low parameter, nonrotating
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g) High parameter, rotating, absolute reference

j) High parameter, rotating, relative reference

e) High parameter, nonrotating

h) High parameter, rotating, absolute reference

k) High parameter, rotating, relative reference

f) High parameter, nonrotating

i) High parameter, rotating, absolute reference

>

1) High parameter, rotating, relative reference

Fig. 6 Streamlines comparison and Mach number contours at pressure- and suction-side cross sections for nonrotating and rotating cases: left to

right: flat tip, double-squealer tip, and single suction-side squealer tip.
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and suction-side planes in Fig. 1 for the flat tip, double-squealer reference frame. However, it is not possible to see the recirculation
tip, and single suction-side squealer tip for both the nonrotating and region inside the squealer cavity in Earth-fixed frame because the
rotating cases with 4.2% tip clearance. To understand in detail the fluid moves together with the blade at a very high absolute veloc-
secondary flow patterns induced by the pressure gradient and blade ity. For completeness, the pathlines and Mach number contours are
rotation for different blade tip configurations, the pressure-side and also plotted in a blade-fixed reference frame using relative velocities
suction-side planes were chosen to be perpendicular to the blade as shown in Figs. 6j—61 for a better understanding of the tip leak-
pressure and suction sides, respectively, and intersect at the camber age flow under rotating conditions. Note that the blade rotation has
line. For all three different blade tip configurations, low velocity significantly changed the size and shape of the leakage vortices for
exists on the pressure side, whereas the velocity on the suction side both the flat and squealer tip configurations. Because of the rotation-
is significantly higher. Fluid is driven by the pressure difference induced centrifugal force, the passage flow is pushed outward in the
between the pressure and suction sides of the blade and accelerates radial direction. The effect of rotation on passage flow migration
through the blade tip region. The tip leakage flow is combined with is most noticeable on the pressure side of shroud boundary layer
the inlet passage flow to form the leakage vortex in the suction side, because the passage flow in that region has relatively low momen-
as shown in the pathlines in Fig. 4. For the double-squealer tip, a tum and can, therefore, be easily deflected by the centrifugal force.
recirculation flow region was observed inside the squealer cavity due ‘When the radially outward passage flow impinges on the stationary
to flow separation behind the pressure-side squealer rim. For single shroud surface, a portion of the flow is pushed from the pressure
suction-side squealer tip, a large recirculation region is observed in side through the blade tip gap toward the suction side. The remain-
front of the rim. ing passage flow is pushed away from the rotating blade because

For the nonrotating cases, the leakage flow structures for the high it has a slower absolute velocity due to the viscous effects inside
parameter cases are similar to those for the low parameter cases on the shroud boundary layer. On the suction side, the blade rotation
the pressure suction and in the squealer cavities, although the Mach also induced radially outward flow, which tends to reduce the size
number is significantly higher for the high parameter cases. As noted of the tip leakage vortex and push it closer to the suction side rim.
earlier (Fig. 3), the tip leakage flow increases for the high parameter However, the rotation effect is less obvious because the suction-side
cases and the location of the maximum tip leakage was pushed passage flow possesses significantly higher momentum and the cen-
toward the trailing edge. Consequently, the location and shape of trifugal force is not strong enough to produce appreciable changes
the leakage vortex changed significantly at the selection suction- in the suction-side flow pattern.
side plane for both the double- and single suction-side squealer tip
confi gurations. B. Heat Transfer Distribution

For the rotating cases, the absolute velocity of the leakage flow Figure 7 shows a comparison of the predicted and measured
is very high near the stationary shroud as seen from the Earth-fixed heat transfer coefficients on the blade tip for a double-squealer tip
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Comparison of experiment and prediction on the blade tip

h(Winr'K)

100 150 200 250 300 350 400 450 500 550

Experimental pressure side

100 150 200 250 300 350 400 450 500 S50 600 650 700

Experimental suction side

L/

Numerical Simulation

Fig. 7 Heat transfer coefficient of double-squealer tip comparison between experimental data and numerical predictions.
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configuration with three different cavity recesses. For simplicity,
the simulation results are presented using two sets of contour lev-
els, which are identical to those used in the tip and suction-side
measurements. Both the experiment and simulation show high heat
transfer coefficients on the squealer rims due to flow acceleration
on the top of the rims. On the bottom of the squealer cavity, the
heat transfer coefficient is significantly lower due to the low-speed
separation inside the squealer cavity. In general, the heat transfer
coefficient inside the squealer cavity reduces as the cavity depth in-
creases. This can be attributed to the increase of flow recirculation
zone and the reduction of the tip leakage flow rate for deeper cavity
cases as shown in Fig. 6.

On the pressure side of the near-tip region, the numerical simu-
lations predicted similar heat transfer pattern to those observed in
the experiment. However, the predicted level of heat transfer coeffi-
cients on the pressure side is about 25% higher than the correspond-
ing measurements and shares the same level as suction side. Note
that there are no experimental data around the leading edge due to
the limitation on the view angle of the camera. Both the numerical
and experimental results show that the heat transfer coefficient is
higher near the trailing edge in comparison with that observed near
the midchord region. Also, the heat transfer coefficient around the
blade tip is higher than that far below the blade tip.

On the suction side of the near-tip region, the predicted heat trans-
fer level is similar to the measured value. Both the experiments and
simulations show a high heat transfer coefficient region along the
suction-side blade tip. The high heat transfer coefficient in this re-
gion is clearly caused by the tip leakage vortices shown earlier in

Figs. 4 and 6. However, the numerical simulations predicted some-
what smaller tip leakage vortices, which did not extend as far down-
ward as those observed in the corresponding experiments. Also note
that the heat transfer coefficients on the blade suction side are lower
for the deepest cavity in comparison with other shallower cavity
cases. This decrease of heat transfer coefficients with increasing
cavity depth can be attributed to the reduction of tip leakage vortex
strength in deeper cavities as seen in Fig. 6.

Figure 8 shows the measured and predicted heat transfer coef-
ficients for the single suction-side squealer tip configuration. It is
seen that the heat transfer coefficient is high near the pressure-side
edge of the blade tip, but decreases gradually along the flow direc-
tion toward the suction-side squealer rim. The lowest heat transfer
coefficient is observed in the stagnation flow region near the root of
the squealer rim due to the deceleration of leakage flow along the
junction of the squealer rim and blade tip surface. Both the mea-
surements and calculations indicate that the heat transfer coefficient
on the blade tip decreases as the cavity depth increases from 2.1 to
6.3%. This can clearly be attributed to the reduction of tip leakage
flow with increasing cavity depth as shown earlier in Fig. 6. On
the other hand, the heat transfer coefficient on the blade suction side
is fairly insensitive to the change in cavity depth. In general, the
numerical simulations predicted similar levels of heat transfer on
the blade tip and the suction side, as was also the observation in
the experimental data. However, the heat transfer coefficient on the
pressure side is overpredicted.

Figure 9 shows a comparison of Stanton number St distributions
on the rotor blade surface for various blade tip configurations under
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Fig. 8 Heat transfer coefficient of suction-side squealer tip comparison between experimental data and numerical predictions.
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Fig. 9 Comparison of Stanton number on the blade surface: left to right: flat tip, double-squealer tip, and single suction-side squealer tip.

both nonrotating and rotating conditions. Note that the inflow veloc-
ity (183 m/s) and density (3.8 kg/m?) for the high parameter cases
are about 2.12 and 2.60 times the corresponding velocity (86.27 m/s)
and density (1.46 kg/m®) for the low parameter cases. This implies
that the actual heat transfer coefficient for the high parameter case
will be 5.5 times of that of the low parameter case if the Stanton
number is the same for both cases. Also note that the Stanton number
distributions for the low parameter cases are simply the dimension-
less form of the heat transfer coefficient distributions shown earlier
in Figs. 7 and 8. Therefore, we will focus on the effects of high
parameter, that is, high total temperature and high-pressure ratio,
and rotation in this section. For all three blade tip configurations,
note that the Stanton numbers for the high parameter cases are con-
siderably lower than those observed for the low parameter cases.
However, the actual heat transfer coefficient is significantly higher
for the high parameter cases because the reference heat transfer co-

efficient (pi,Cp, Vi) for high parameter cases is about 5.5 times of
that of the low parameter cases.

Asnoted earlier, the effect of rotation tends to increase the tip leak-
age flow and push the location of maximum leakage flow toward
the trailing edge. However, the tip leakage flow is still dominated by
the pressure gradients across the blade tip gap for all three different
blade tip configurations considered. Consequently, the overall heat
transfer pattern and the average level of the Stanton number for the
rotating and nonrotating cases are quite similar, even though the lo-
cal Stanton number distributions are affected by the blade rotation.
As mentioned earlier, Ameri et al.' also studied the blade tip heat
transfer on the rotating GE-E* blade with flat and double-squealer
tips using slightly different boundary conditions and rotating speed.
They used the exact GE-E* blade geometry with three-dimensional
twisted blade sections, which is different from the three times scaled-
up blade with two-dimensional GE-E? tip profile considered in the
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Fig. 10 Comparison of the Stanton number on the shroud: left to right: flat tip, double-squealer tip, and single suction-side squealer tip.
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Fig. 11 Comparison of Stanton number on the hub and root of blade, high parameter, pressure side (left) and suction side (right): a) nonrotating
and b) rotating.
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present study. In general, the Stanton number distributions in the
tip region of the present two-dimensional blade are in reasonable
agreement with those obtained by Ameri et al.! for the exact GE-E3
blade. Note that the present simulations predicted a higher Stanton
number on the squealer rim than the cavity floor, which is consistent
with the experimental data of Kwak and Han.!> This is somewhat
different from the results obtained by Ameri et al.,! which show a
higher Stanton number on the cavity floor.

For the nonrotating cases, the Stanton numbers are nearly two di-
mensional except near the blade root and tip regions, where the heat
transfer coefficients are affected by the horseshoe vortex and blade
tip leakage vortex, respectively. Under the rotating conditions, how-
ever, the Stanton number distributions on both the pressure and suc-
tion sides of the blade become three dimensional due to the migration
of blade passage vortex under the action of centrifugal and Coriolis
forces. The Stanton number increases significantly at the blade lead-
ing edge and on the pressure side around the blade—hub junction. On
the blade suction side, the Stanton number increases near the blade
tip region, but reduces significantly along the blade—hub junction to-
ward the trailing edge. It is quite clear that the rotation-induced cen-
trifugal and Coriolis forces significantly changed the horseshoe vor-
tex along the blade—hub junction as well as the blade tip leakage flow.

Figure 10 shows the Stanton number distributions on the sta-
tionary shroud surface for both the nonrotating and rotating cases.
For all three different blade tip configurations, the Stanton num-
ber is found to increase dramatically under rotating conditions.
The high heat transfer coefficients on the stationary shroud can be
attributed to the sharp increase of velocity and temperature gra-
dients in the shroud boundary layer. In addition to the blade tip
and shroud heat transfers, note the predicted heat transfer coeffi-
cients around the blade root and hub junction for high parame-
ter nonrotating and rotating cases, as shown in Fig. 11. Along the
blade—hub junction, the flow is highly three dimensional due to
the presence of horseshoe vortices in the corner region. In gen-
eral, the swirling motion of the horseshoe vortex produces higher
velocity and temperature gradients and increases the heat transfer
coefficients along the blade—hub junction. For the rotating case, the
size of the horseshoe vortex on the pressure side is significantly
reduced. On the suction side, a low heat transfer strip is extended
from the leading edge of the blade—hub junction toward the trailing
edge as a result of the passage vortex migration under the rotating
conditions.

C. Heat Load of Various Blade Tips

To evaluate the performance of various blade tip configurations
for heat load reduction, it is desirable to compare the total heat
flux O =h x A x AT for each case. Under the same temperature
difference (which is reasonable assumption for the large amount of
tip leakage flow), the heat load rate can be defined as & x A, where
A is the total surface area of the blade tip region including the cavity
wall, as shown in Fig. 12 marked by bold line.

Figure 13a shows the area-averaged heat transfer coefficients
for various tip configurations under the low parameter conditions.
It is clearly seen that the squealer tip configurations is quite ef-
fective in reducing the heat transfer coefficients. Also note that
the area-averaged heat transfer coefficients decreases with increas-

ing squealer cavity depth for both the double-squealer and single
suction-side squealer tips. In general, the double-squealer tip is more
effective than the single suction-side squealer tip in terms of the re-
duction of area-averaged heat transfer coefficients. However, the
surface area of the double-squealer tip configuration is also consid-
erably larger than the other two configurations, as seen in Fig. 12. To
obtain a more meaningful comparison of the heat transfer charac-
teristics, it is desirable to compare the total heat flux or the heat load
rate for various blade tip configurations as shown in Fig. 13b. When
compared to the flat tip case, the shallow cavity with 2.1% cavity
depth was found to be most effective for both the double and single
suction-side squealer configurations. For deeper cavity depths, the
reduction in heat transfer coefficient is completely offset by the in-
crease of the blade tip surface area with very little additional benefit
in the heat load reduction.
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For completeness, the area-averaged Stanton number for high
parameter cases with 4.2% cavity depth are also shown in Fig. 13c
for various blade tip configurations under nonrotating and rotating
conditions. Similar to the low parameter cases, the area-averaged
Stanton numbers for high parameter cases also reduce significantly
for both the double and single suction-side squealer tip configura-
tions. However, the suction-side squealer tip is more effective than
the double-squealer tip configuration in reducing the area-averaged
Stanton number and overall heat load rate under high parameter
conditions. As noted earlier, the rotation-induced centrifugal buoy-
ancy and Coriolis forces significantly changed the blade tip leakage
flow and local heat transfer coefficient distributions. However, the
area-averaged Stanton numbers shown in Fig. 13c are only slightly
affected by the blade rotation for the three different blade tip config-
urations considered in the present study. This suggests that the pri-
mary influence of the blade rotation is to redistribute the blade tip
leakage flow and local heat transfer coefficients. Because the over-
all heat load is relatively insensitive to the effects of the blade ro-
tation, it is possible to obtain the area-average heat transfer coef-
ficients for real engine conditions (with 1.5% tip clearance) based
on nonrotating experiments at the same high parameter operation
conditions.

IV. Conclusions

Numerical simulations of flow and heat transfer were performed
for three different blade tip configurations: flat tip, double-squealer
tip, and single suction-side squealer tip. The predicted heat transfer
coefficients on the blade tip and suction side compared reasonably
well with the experimental data, but the heat transfer coefficients
in the near-tip region of pressure side were overpredicted. Both the
experimental and numerical results show that the single suction-
side squealer tip is the best configuration to reduce the tip leakage
flow and lower the heat transfer coefficient on the squealer cavity
floor on the blade tip. For both the double-squealer tip and single
suction-side squealer tip, the heat transfer coefficient on the cav-
ity floor also decreases with increasing cavity depth. However, the
heat load rate was found to increase with increasing cavity depth
because the available heat transfer area increases at a faster rate than
the reduction in heat transfer coefficient. Therefore, it is desirable
to use the tip configuration with a shallow squealer cavity to reduce
the overall heat load. For the 1.5% tip clearance cases considered
here, the area-averaged Stanton number and the heat load rate are
only slightly affected by the blade rotation. However, the heat trans-
fer coefficient on the stationary shroud is significantly higher under
the rotating conditions due to dramatic increases of the velocity and
temperature gradients in the shroud boundary layer. The heat trans-
fer coefficients on the pressure and suction sides of the blade are also
significantly changed due to the passage vortex migration induced
by the blade rotation.
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