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Investigation of Leakage Flow
and Heat Transfer in a Gas
Turbine Blade Tip With Emphasis
on the Effect of Rotation
Numerical analysis was applied to investigate the effect of rotation on the blade tip
leakage flow and heat transfer. Flows around both flat and squealer tips at the first stage
rotor blade of GE E3 high-pressure turbine were studied. The tip gap and squealer groove
depth were specified as 1% and 2% of the blade height, respectively. The heat transfer
coefficient on the tip surface was obtained by using different turbulence models and
compared with the experimental data. The grid independence study was also carried out
by using the Richardson extrapolation method. The effect of the blade rotation was
studied in the following cases: (1) the blade domain is rotating and the shroud is sta-
tionary; (2) the blade domain is stationary and the shroud is rotating; and (3) both blade
domain and shroud are stationary. In this approach, the effects of the relative motion of
the endwall, the centrifugal force, and the Coriolis force can be investigated, respectively.
By comparing the results of the three cases discussed, it is concluded that the main effect
of the rotation on the tip leakage flow and heat transfer resulted from the relative motion
of the shroud, especially for the squealer tip blade. �DOI: 10.1115/1.3213560�
Introduction
In order to increase the efficiency and power output, modern

as turbines inlet temperature is increased continually, which re-
ults in high heat loads on the turbines’ “hot” components. Many
tudies have been done on airfoil heat transfer in higher tempera-
ure regions. Dozens of cooling techniques have been applied to
educe the high heat load and to ensure blade life cycle. However,
here still exist some problems that need to be investigated, such
s the heat transfer and cooling of the rotor blade tip. In modern
as turbine engines, unshrouded blade failures caused by the high
eat transfer rates near the tip region are still away from solved.
or unshrouded rotor blades, there is a gap between the rotating
lade tip and the stationary casing. Driven by the large pressure
ifference between the blade pressure and suction sides, the leak-
ge flow will be accelerated in the tip gap region and impinge on
he blade tip to cause a high heat transfer region. Therefore, the
lade tip can be one of the regions with the highest heat transfer
ate on the entire blade surface. Typically, the blade tip is grooved
hordwise in order to reduce the tip leakage flow, as it is called
squealer tip.” The groove acts as a labyrinth seal to increase the
ow resistance and thus reduces the leakage flow.
The early studies on the blade tip heat transfer have been sum-
arized by Bunker �1�. These studies were performed by using

he scaled models of the blade tip. The earliest study on the blade
ip heat transfer was done by Mayle and Metzger �2�. They stud-
ed the tip heat transfer by using a 2D rectangular tip model with
nd without a rotating shroud. Later, Metzger and Bunker et al. �3�
easured the local convective heat transfer for the case of flow

hrough a narrow slot-type channel with a rectangular groove.
hyu et al. �4� carried out a study with a similar structure but
ithout a moving shroud wall. They noted that the relative motion
f the shroud has a minor effect on the tip averaged heat transfer
oefficient.
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In the last decade, linear cascades were adopted to obtain the tip
flow and heat transfer characteristics for the flat and squealer tips.
Bunker et al. �5� first obtained the detailed heat transfer coefficient
distributions on a large power generation turbine blade tip under
the engine representative flow conditions. The results show that
only certain regions of the linear cascade tip appear to conform to
a simple pressure driven heat transfer behavior similar to that of
the modeled blade tip, but with significant local modifications due
to the three-dimensional nature of the flow. Later, Azad et al. �6,7�
and Kwak and Han �8,9� reported the experimental results of the
flat and squealer tips of the GE E3 first stage rotor blade with the
different boundary conditions. They studied the effects of the tur-
bulence intensity, the tip gap height, and the tip geometry on the
tip heat transfer. They reported that the heat transfer distribution
on the flat tip is similar to that obtained by Bunker et al. �5�. By
comparing with the flat tip, the heat transfer distribution on the
squealer tip changes and the averaged tip heat transfer coefficient
reduces. Newton et al. �10� measured the heat transfer coefficient
near the tip region of a generic turbine blade in a five-blade linear
cascade. The experiment reveals that the flow through the flat tip
is dominated by the flow separation at the pressure side edge. The
highest level of the heat transfer is located where the flow reat-
taches on the tip surface. Nasir et al. �11� gave the same conclu-
sions with similar blade geometry.

It is difficult to measure flows and heat transfer in the tip gap
region, especially for the rotating blades. However, in order to
design an optimal cooling scheme, it is important to have a good
understanding of the complex flow field in the tip gap and the
effect of the blade rotation on the tip heat transfer.

With the development of computational technology, computa-
tional fluid dynamics �CFD� has played an increasingly important
role in the blade tip leakage flow and heat transfer studies. Ameri
and Bunker �12� first performed a numerical simulation to inves-
tigate the detailed distribution of the convective heat transfer co-
efficient on the blade tip surface in a large power generation tur-
bine. By using the k-� low Reynolds number turbulence model
and more than 1.2�106 grids, the results showed that a good
representation of the tip heat transfer can be made by those nu-

merical methods. Yang et al. �13,14� reported the numerical re-
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ults of the GE E3 high-pressure turbine rotor blade with flat and
quealer tips. They pointed out that the best agreement in the peak
alue could be obtained by using the RNG k-� model for the flat
ip blade, and the Reynolds stress model for the squealer tip blade.

umic et al. �15� simulated the tip leakage flow and heat transfer
imilar to that of Yang’s model by using the low Re shear stress
ransport �SST� k-� model. The predicted tip heat transfer and
tatic pressure distributions showed reasonable agreement with
he experimental data. The flat blade tip provides a higher overall
eat transfer coefficient than the squealer blade tip.

There have already been a number of data in the open literature
n the rotating blade tip heat transfer. Ameri et al. �16� simulated
he tip flow and heat transfer on the GE E3 first stage rotor blade
rst. Yang and Feng �17� performed the numerical investigation
y using the similar blade structure in different tip gap heights and
roove depths. All of these studies indicated that the flow struc-
ure and heat transfer distribution in the linear cascade are differ-
nt from that in the rotating blade. Also, some researchers have
erformed the time-resolved investigations on the tip heat transfer
n full turbine stage �18–20�, showing that there is a significant
nsteady impact to the tip heat transfer coefficient.

However, few studies have focused on the effect of the blade
otation. Rhee and Cho �21,22� investigated the local heat/mass
ransfer characteristics on the flat tip by using a low speed rotating
urbine annular cascade. They pointed out that when the blade
otates, the heat/mass transfer enhanced region on the tip is shifted
oward the downstream side, and the level of heat/mass transfer
oefficients at the upstream region of the tip is slightly decreased
ue to the reduced tip gap flow with rotation. Palafox et al.
23,24� investigated the leakage flow structure and heat transfer
n the tip in a very large-scale linear cascade with a stationary or
oving endwall. They stated that the relative endwall motion has

n obvious influence on both the leakage flow and heat transfer
istribution on the tip. Krishnababu et al. �25� studied the effect of
he casing motion on the tip leakage flow and heat transfer char-
cteristics. The effect of the relative casing motion was to reduce
he tip leakage mass flow rate. The averaged heat transfer rate on
he blade tip was reduced as the leakage flow velocity decreases
ue to drop of the driven pressure difference.

In this paper, numerical investigations were performed to study
he effect of the blade rotation in the flat and squealer tips. The
ffect of the blade rotation consists of two aspects: one is the
elative motion between the blade tip and the endwall, another is
he centrifugal and Coriolis forces. These effects result in the dif-
erence in the leakage flow and the heat transfer between the
tationary and rotating blade tips. The effects of the two factors
ill be discussed in detail in this paper.

Research Methods
All of the numerical simulations are performed in the relative

oordinate frame. Additional sources from blade rotating with a
onstant angular speed are added to the momentum and energy
quations to account for the Coriolis and centrifugal forces. To
his end, the effects of the Coriolis and centrifugal forces on the
ip leakage flow and heat transfer can be analyzed by comparing
he stationary and rotating cases with the same domain grids and
oundary conditions.

In this paper, three computational cases are presented as fol-
ows: �1� blade domain is rotating and shroud is stationary
DRSS�; �2� blade domain is stationary and shroud is rotating
DSSR�; and �3� both blade domain and shroud are stationary
DSSS�. The comparison between DRSS and DSSR can be used
o reveal the effect of the centrifugal and Coriolis forces, while the
omparison between DSSR and DSSS can be used to study the
ffect of the relative motion of the endwall.

Computation Details
The blade geometry is the first stage rotor blade in GE E3
ngine’s high-pressure turbine. The detailed blade geometry and

41010-2 / Vol. 132, OCTOBER 2010

aded 28 May 2010 to 128.113.26.88. Redistribution subject to ASME
operating conditions can be found in Ref. �26�. In this paper, both
the flat and squealer tips are studied with 1% tip gap clearance.
For the flat tip case, the tip surface of the rotor blade is cylindri-
cal. For the squealer tip case, the groove depth is specified as 2%
of the blade height and the squealer tip sidewall thickness is 0.77
mm.

The numerical simulations are performed by using a commer-
cial CFD software CFX5.7. The solutions are obtained by solving
the steady compressible Reynolds-averaged Navier–Stokes equa-
tions, discretized with a finite control volume method. The overall
solution accuracy is of the second order. The software ICEMCFD is
employed to generate the structured grids in the computational
domain. H-type grid is used for blade passage, while O-type grid
is used for the regions around the blade surface and tip gap en-
trance for higher grid quality. The low Reynolds k-� two-equation
turbulence model is employed.

As low Reynolds number k-� model requires y+�2 at least, the
wall grid y+ is about 0.5 for all cases in this paper. A large number
of grid nodes are placed near the solid walls to obtain proper
resolution of the boundary layer flow. In the current study, calcu-
lations are performed with about 1.5�106 grid nodes for the flat
tip blade cases and 1.8�106 grid nodes for the squealer tip blade
cases. Figure 1 shows the grid generation result of the squealer tip
blade.

The computations are carried out within a single blade passage
with the periodic boundary conditions imposed along the pitch
direction. A numerical simulation on the DRSS case is performed
first, and its boundary conditions can be found in Ref. �17�. When
convergence is reached, the relative inlet boundary conditions of
the DRSS case, including the total pressure, total temperature, and
inlet angles, are set to the absolute inlet boundary conditions for
the DSSR and DSSS cases. The static pressure boundary condi-
tion, which is the same as that for the DRSS case, is specified as
the outlet boundary condition for the DSSR and DSSS cases.
Therefore, the same boundary conditions are used for these simu-
lations in the relative coordinate frame. Figure 2 shows the de-
tailed boundary conditions obtained from the convergence solu-
tions for three cases. For the DSSR case, the endwall rotates at
8450 rpm from the suction side to the pressure side of the blade.
In all cases, wall temperature is specified as 496 K.

In order to validate the ability of the different turbulence mod-
els to the present study, a linear cascade studied by Kwak �9� is
calculated first. The case is a flat tip blade with a 1.5% tip gap
clearance. Four turbulence models are used, which includes two
high Re models �standard k-� and RNG k-�� and two low Re
models �low Re k-� and SST k-��.

Figure 3 shows the comparison of the tip heat transfer coeffi-
cient between the measured and predicted results. It indicates that
the distribution of the heat transfer coefficient on the blade tip can
be predicted well by all of the turbulence models. But the com-

Fig. 1 Grid distribution for the squealer tip
puted magnitude is overpredicted by all of the high Reynolds
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umber turbulence models based on the � equation, especially for
he standard k-� turbulence model. The computed magnitude is
nderpredicted by the SST k-� turbulence model after the 30%
xial chord. The results with the low Re k-� turbulence model
atch best with the test data.
Four different meshes with resolution of 0.8�106, 1.1�106,

.47�106, and 2.57�106 grid nodes are used to have grid-
ndependence solution. The mesh refinement is imposed in three
oordinate directions synchronously for every mesh. The tip gap
learance of the test cases is specified as 1% of the blade height.
he low Re k-� two-equation turbulence model is employed. The
all grid y+ is less than 1 for all meshes.
Figure 4 shows that the distributions of the heat transfer coef-

cient on the tip and the surface streamlines near the tip. A divi-
ion line can be found along the pressure side on the tip. A sepa-
ation vortex exists between the division line and the pressure
ide. The re-attached flow results in the high heat transfer coeffi-
ient near the division line. There exists the similar flow structure
nd heat transfer distribution in different grid numbers. Also, the
ncreasing grid number has a limited influence on the position of
he division line.

The area-averaged heat transfer coefficients �h� on the blade tip
btained by the different meshes are shown in Table 1. By using
he Richardson extrapolation method, an extrapolation value is
btained from the results with 1.47�106 grid nodes and 2.57
106 grid nodes to study numerical results. The heat transfer

oefficient from the Richardson extrapolation is
33.209 W /m2 K. As a second order upwind scheme is used to
iscretize the convection term in this paper, therefore, the aver-

Fig. 2 Detailed boundary conditions for all case
„c… inlet angle, and „d… outlet static pressure
ged heat transfer coefficient from the Richardson extrapolation

ournal of Turbomachinery
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has a third order accuracy based on Roache’s investigation �27�. It
is assumed that this coefficient is the baseline solution. The rela-
tive error of the heat transfer coefficient is 2.26% for the solution
with 0.8�106 grid nodes, and it reduces to 0.8% for the solution
with 2.57�106 grid nodes. The error for the solution with 1.47
�106 grid nodes is very close to that with 2.57�106 grid nodes.
Therefore, a mesh with about 1.5�106 grid nodes is used to study
the flat tip heat transfer in this paper.

4 Results and Discussion

4.1 Flat Tip. Since the blade tip clearance is usually very
small, the relative motion of the endwall has significant effect on
the leakage flow through the tip gap. The leakage flow, which is
approximately vertical to the camber line of the blade tip, has a
large value of circumferential velocity component. So the cen-
trifugal and Coriolis forces will also affect the leakage flow.

Figure 5 shows the secondary flow streamlines at various axial
locations around the flat tip. The ordinate in Fig. 5 is enlarged five
times in spanwise direction for clarity.

At the 20% axial chord location, the endwall relative motion
can block the leakage flow for the DRSS and DSSR cases. At the
exit area of the tip gap near the suction side, the leakage flow is
pushed to the blade tip surface by the boundary layer flow, and
only a small quantity of gas can go through the tip gap. It seems
that the effect of the scraping flow in the tip gap is more pro-
nounced for the DRSS case. It takes about 70% tip height at the
exit area of the tip gap in the DRSS case, but only 50% tip height
in the DSSR case. The difference shows the effect of the centrifu-

a… inlet total pressure, „b… inlet total temperature,
s: „
gal and Coriolis forces. Since the endwall relative velocity is

OCTOBER 2010, Vol. 132 / 041010-3
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arger than the relative leakage flow velocity, the centrifugal and
oriolis forces will bend the endwall boundary flow toward the
lade tip, which blocks the development of the leakage flow in the
ip gap. For the DSSS case, since a mass of gas enters the suction
ide through the gap, the leakage vortex has already occurred at

ig. 3 Comparison of the heat transfer coefficients between
xperimental and predicted results: „a… experiment result, „b…
tandard �-ε model, „c… RNG �-ε model, „d… low Re �-� model,
nd „e… SST �-� model

ig. 4 Heat transfer coefficient distributions and surface
treamlines on the tip: „a… 0.8 million, „b… 1.1 million, „c… 1.47

illion, and „d… 2.5 million

41010-4 / Vol. 132, OCTOBER 2010
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the suction surface near the tip.
From Fig. 5 it can be found that the spanwise size of the sepa-

ration vortex on the tip near the pressure side is larger when the
endwall relative motion exists. The orientation of the endwall
relative motion is from the pressure to the suction side of the
adjacent blade. This orientation is the same as that of the passage
vortex near the endwall. So the endwall relative motion strength-
ens the passage vortex and increases the radial flow velocity on
the pressure side near the tip. Also, it enlarges the spanwise size of
the separation vortices.

At the 50% and 80% axial chord locations, with the increase in
the pressure difference between both sides of the blade, the leak-
age flow becomes stronger. By comparing the DRSS case with the
DSSR case, the centrifugal and Coriolis forces have little effect on
the flow structure in the tip gap. While comparing the DSSR case
with the DSSS case, it can be found that the endwall relative
motion significantly restrains the leakage flow and reduces the
circumferential size of the leakage vortices near the suction side.

Figure 6 shows the surface streamlines and the velocity magni-
tude contours on the middle plane between the tip and shroud in
the different cases. In the DSSS case, the direction of leakage flow
is nearly perpendicular to the camber line at the midaxial chord
location of the blade tip. The main leakage flow occurs at the
middle axial chord location from the velocity contour. However,
as compared with that in the DSSS case, the streamlines turn
toward the streamwise in the DSSR and DSSS cases. The highest
leakage flow velocity shifts to near the trailing edge, and the ve-
locity value also reduces. Comparing the DSSS case with the
DSSR case, we can find that the endwall relative motion can
significantly reduce the size of the leakage vortex.

Figure 7 shows the pressure distributions �normalized by the
inlet relative total pressure� on the midspan and near the tip �98%
of the blade height� of the blade surface in the flat tip cases. The
effect of the blade rotation on the surface pressure distribution at
the midspan is insignificant, while the effect is very strong near
the tip. The pressure distribution shows the after-load characteris-
tics due to the rotation of the blade. The effects of all of the

Table 1 The averaged h on the blade tip

Grid node number
��106�

Averaged h
�W /m2 K�

Relative error
�%�

0.80 912.081 �2.26
1.10 916.592 �1.78
1.47 922.435 �1.15
2.57 925.727 �0.8
Extrapolation 933.209 -

Fig. 5 The secondary flow streamlines around the flat tip at
various axial locations „left is the pressure side…: „a… DRSS,
20% axial chord, „b… DSSR, 20% axial chord, „c… DSSS, 20%
axial chord, „d… DRSS, 50% axial chord, „e… DSSR, 50% axial
chord, „f… DSSS, 50% axial chord, „g… DRSS, 80% axial chord,

„h… DSSR, 80% axial chord, and „i… DSSS, 80% axial chord
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entrifugal force, the Coriolis force, and the endwall relative mo-
ion are clearly shown. The rotation of the blade has little effect on
he pressure distribution on the pressure side, while it shows sig-
ificant effect on the suction side near the tip.

The pressure contours on the shroud surface in the flat tip blade
re shown in Fig. 8. For all the cases, the highest pressure occurs
t the corresponding position to the blade tip near the leading
dge. The lowest pressure is located at the blade tip pressure side
ear the trailing edge for the DRSS and DSSR cases, while it is

ig. 6 Surface streamlines and velocity magnitude contours
n the middle plane between the tip and shroud for the flat tip
ases: „a… DRSS, „b… DSSR, and „c… DSSS

ig. 7 The pressure distributions on the blade surface for the

at tip cases: „a… midspan and „b… near the tip

ournal of Turbomachinery
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located at the blade tip pressure side near the middle axial chord
for the DSSS case. For the DRSS and DSSR cases, there exist
similar pressure distributions on the shroud surface. The pressure
value near the blade leading edge for the DRSS case is larger than
that for the DSSR case. However, the pressure is lower near the
trailing edge for the DRSS case. This agrees with what is shown
in Fig. 7. The comparison between the DSSR and DSSS cases
indicates that the endwall relative motion has a significant effect
on the pressure distribution. When the endwall relative motion
exists �DSSR�, the pressure near the corner at the blade tip suction
side is higher than that without endwall relative motion. The rea-
son is that for the DSSR case the boundary layer on the shroud
surface has the tangential velocity component from the suction to
pressure side of the blade. It blocks the leakage flow and results in
the pressure increase at the exit of the tip gap. Also, for the DSSS
case, the lowest pressure area shifts to the middle axial chord
location, which shows the effect of the acceleration of the leakage
flow in the tip gap. The pressure on the shroud surface in the
DSSS case is the lowest among all three cases.

Figure 9 shows the heat transfer coefficient contours on the tip
for the flat tip blade. There are similar characteristics of the heat

Fig. 8 The pressure contours on the shroud surface for the
flat tip cases: „a… DRSS, „b… DSSR, and „c… DSSS

Fig. 9 The heat transfer coefficient contours on the flat tip: „a…

DRSS, „b… DSSR, and „c… DSSS

OCTOBER 2010, Vol. 132 / 041010-5
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ransfer distribution for the DRSS and DSSR cases. The high heat
ransfer region appears along the tip pressure side and the leading
dge while there is a low heat transfer region on the tip suction
ide near the leading edge for both the DRSS and DSSR cases.

hen the centrifugal and Coriolis forces exist for the DRSS case,
he heat transfer coefficient on the blade tip reduces compared
ith that for the DSSR case. For the DSSS case, there is high heat

ransfer coefficient region near the leading edge of the blade tip.
ut the lowest heat transfer coefficient region appears at the
iddle axial chord location near the pressure side of the blade tip.
his does not agree with the conclusion of the paper �9�, which
ay be due to the cylindrical contour of the blade tip. In this

aper the cylindrical surface is employed on the tip. The convex-
ty curvature may lead to a low heat transfer coefficient in this
rea �28�.

The area-averaged heat transfer coefficient of the blade tip is
31.246 W /m2 K, 908.273 W /m2 K, and 858.207 W /m2 K for
he DRSS, DSSR, and DSSS cases, respectively. The relative mo-
ion of the endwall significantly increases the heat transfer coef-
cient of the blade tip, while the centrifugal and Coriolis forces
educe it.

The heat transfer coefficient contours on the blade suction sur-
ace with the flat tip are shown in Fig. 10. The characteristics of
he heat transfer coefficient distribution on the suction surface are
imilar for all of the cases. The heat transfer coefficient near the
ip increases due to the endwall relative motion by comparing the
SSR case with the DSSS case. It could be found that the low
eat transfer region on the top half of the blade suction surface
isappears in the DSSS case. The passage vortex near the tip is
estroyed and pushed off the suction side by the strong leakage
ortex in the DSSS case, which lead to the removal of the low
eat transfer region. In the case of endwall relative motion, the
eakage flow is weakened; however, the influence of the leakage
ortex can still be found. A comparison between the DRSS and
SSR cases shows that the high heat transfer coefficient region on

he suction surface near the tip reduces owing to the centrifugal
orce and especially the Coriolis force. The reason is that here the
eakage flow passes the tip gap and turns toward the hub. So the
irection of the Coriolis force is from the suction to the pressure
ide of the adjacent blade.

4.2 Squealer Tip. The squealer tip of the rotor blade makes
he tip leakage flow even more complex. Figure 11 shows the
lots of the secondary flow vectors projected on the planes normal
o the axial direction at various axial locations for the three cases.

The results show that the flow structure in the tip groove for the
RSS case is very similar to that for the DSSR case. The cen-

rifugal and Coriolis forces have insignificant effect on the struc-
ure of the leakage flow in the tip groove. A comparison between
he DSSR case and the DSSS case shows that the relative motion
f the endwall has a strong effect on the structure of the leakage
ow in the tip groove. At the 25% axial chord location, the leak-
ge flow is pushed to the bottom of the groove by the circumflu-

ig. 10 The heat transfer coefficient contours on the suction
urface of the flat tip blade: „a… DRSS, „b… DSSR, and „c… DSSS
nce vortex after entering the tip gap for the DSSR case. A further

41010-6 / Vol. 132, OCTOBER 2010

aded 28 May 2010 to 128.113.26.88. Redistribution subject to ASME
investigation about the circumfluence vortex is described in the
following part. However for the DSSS case, the leakage flow does
not turn into the tip groove after entering the tip gap at the 25%
axial chord location at all. The same trend appears at the 50%
axial chord location. Also when the endwall relative motion exists
for the DSSR case the leakage flow velocity is obviously lower
than that for the DSSS case at all axial chord locations.

Figure 12 shows the surface streamlines and contours of the
velocity magnitude on the middle plane between the tip and
shroud. For the DRSS case, the flow enters into the tip gap from
the tip leading edge near the suction side and forms a circumflu-
ence vortex in the tip gap near the endwall. This vortex will not
overflow the groove until about 70% of the axial chord location.
Due to the effect of the circumfluence vortex, the leakage flow
turns from the tip pressure side and impinges onto the bottom of
the groove. For the DSSR case, the location of the circumfluence
vortex is similar to that for the DRSS case. However, the flow
mainly comes from the tip leading edge. For the DSSS case, the
circumfluence vortex does not appear. The leakage flow does not
flow into the groove except for the region at the leading edge near
the suction side.

The leakage flow forms a separation vortex near the blade tip
along the suction side. A comparison between the DRSS and
DSSR cases shows that there is a smaller size of leakage vortex

Fig. 11 View of the secondary velocity vectors around the
squealer tip at various axial locations „left is the pressure side…:
„a… DRSS, 25% axial chord; „b… DSSR, 25% axial chord; „c…
DSSS, 25% axial chord; „d… DRSS, 50% axial chord; „e… DSSR,
50% axial chord; „f… DSSS, 50% axial chord; „g… DRSS, 75%
axial chord; „h… DSSR, 75% axial chord; and „i… DSSS, 75% axial
chord

Fig. 12 The surface streamlines and velocity magnitude con-
tours on the middle plane between the tip and shroud for the

squealer tip cases: „a… DRSS, „b… DSSR, and „c… DSSS
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or the DSSR case. It reveals that the centrifugal and Coriolis
orces can increase the tangential size of the leakage vortex. How-
ver, the effect of the centrifugal and Coriolis forces is limited. It
eems that the leakage vortex has the largest size for the DSSS
ase. This indicates that the relative motion of the endwall can
educe the leakage flow. From the figures we can find that the
elocity at the pressure side entrance of the tip gap for the DSSS
ase is larger than that for the other two cases. Also, for the DSSS
ase the velocity at the suction side exit of the tip gap is more
niform, whereas for the DRSS and DSSR cases, the leakage flow
ainly concentrates on the location from the half axial chord to

he training edge.
Figure 13 shows the pressure distributions on the midspan and

ear the tip �98% of the blade height� of the blade surface for the
quealer tip cases. Similar to the effect for the flat tip cases, the
ffect of the blade rotation on the surface pressure distribution at
he midspan is also very small, while this effect is strong near the
ip. The pressure distribution indicates the after-load characteris-
ics due to the rotation of the rotor blade.

Figure 14 shows the pressure contours on the shroud surface for
he squealer tip cases. Compared with the results of the flat tip, the
ip groove increases the pressure in the gap. For all cases, the
ighest pressure occurs at the tip suction side near the leading
dge. The lowest pressure is located at the tip suction side at about
0% of the axial chord, which is the same as that shown in Fig.
3. The location of the lowest pressure shifts toward the trailing
dge when the relative motion of the endwall exists. Also, all of
he relative motion of the endwall, the centrifugal force, and the
oriolis force increase the pressure in the tip gap.
Figure 15 shows the contours of the heat transfer coefficient on

he blade tip for the three cases. The heat transfer characteristics
both the heat transfer coefficient distribution and the value� are
imilar for the DRSS and DSSR cases. The effect of the centrifu-

ig. 13 The pressure distributions on the blade surface for the
quealer tip cases: „a… midspan and „b… near tip
al and Coriolis forces on the heat transfer of the squealer blade

ournal of Turbomachinery
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tip is very small. However, the difference is large between the
DSSR and DSSS cases. The high heat transfer coefficient region is
located on the groove bottom close to the suction side for the
DSSS case. While for the DSSR case, the high heat transfer co-
efficient region appears at the groove bottom near the pressure
side, which corresponds to the impinging location of the leakage
flow. The heat transfer coefficient increases due to the relative
motion of the endwall.

In Fig. 15, a small break in the smooth contour can be found
near the trailing edge. Also, the same problem can be found in
Fig. 9 for the flat tip. As shown in Fig. 1, a single grid block is
generated near the trailing edge to improve the grid quality. How-
ever it leads to the large grid aspect ratio at the interface between
this block and the O-type grid block surrounding the groove. The
large aspect ratio results in the increasing in the numerical error,
especially at the corner of the tip near the pressure side, where the
flow pattern is changed rapidly. Because all turbulence equations
are solved by using the first order upwind advection scheme in
CFX5.7, the influence is more obvious on the heat transfer that
even more depends on the distribution of the turbulence.

The area-averaged heat transfer coefficient on the whole blade

Fig. 14 The pressure contours on the shroud surface for the
squealer tip cases: „a… DRSS, „b… DSSR, and „c… DSSS

Fig. 15 The heat transfer coefficient contours on the squealer

tip: „a… DRSS, „b… DSSR, and „c… DSSS

OCTOBER 2010, Vol. 132 / 041010-7
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Downlo
ip surface is 822.286 W /m2 K, 824.808 W /m2 K, and
48.891 W /m2 K for the DRSS, DSSR, and DSSS cases respec-
ively. It can be found that the relative motion of the endwall can
ignificantly increase the heat transfer coefficient on the blade tip.
owever the effect of the centrifugal and Coriolis forces is very

mall. Comparing Fig. 9 with Fig. 15, we can find that the effect
f the centrifugal and Coriolis forces is small for the squealer tip
ut remarkable for the flat tip. As we know, the direction of the
entrifugal force is irrespective of the leakage flow direction,
hich always has a direction along radial. However the direction
f the Coriolis force depends on the leakage flow direction. In the
at tip, as the leakage flow has a large velocity along circumfer-
ntial direction, the Coriolis force has a radial component, which
educes the trend of the re-attaching on the tip of the leakage flow
nd decreases the heat transfer coefficient on the tip. While on the
quealer tip, the leakage flow turns and impinges onto the groove
ottom after entering the tip gap. Since the circumferential veloc-
ty of the leakage flow reduces, the effect of the Coriolis force
educes too. For the squealer tip, the averaged heat transfer coef-
cient in the DRSS case is close to that in the DSSR case, which
hows that the effect on the tip heat transfer may mainly come
rom the Coriolis force.

Figure 16 shows the contours of the heat transfer coefficient on
he suction surface for the squealer tip cases. The results are simi-
ar to that for the flat tip. The heat transfer coefficient near the tip
ncreases when the endwall relative motion exists, while it de-
reases due to the centrifugal and Coriolis forces.

Conclusions
A numerical simulation is performed to study the effect of the

lade rotation on the tip leakage flow and heat transfer for the flat
nd squealer tip blades. The influence of the endwall relative mo-
ion, the Coriolis force, and the centrifugal force are analyzed,
espectively.

The different turbulence models are validated, and the results
how that the low Re k-� turbulence model matches best with the
xperimental data. A grid refinement study indicates that 1.5
106 grid nodes can provide the solution with about 1% relative

rror for the flat tip blade.
For the flat tip blade, the relative motion of the endwall can

educe the leakage flow. The relative motion of the endwall, the
entrifugal force, and the Coriolis force lead to the after-load char-
cteristics of the pressure distribution near the tip. It also leads to
he decrease in the leakage flow rate near the leading edge and the
ncrease in the leakage flow rate near the trailing edge in the tip
ap. The relative motion of the endwall significantly increases the
veraged heat transfer coefficient on the blade tip, while the cen-
rifugal and Coriolis forces reduce it. For the DSSS case, there
xists a low heat transfer coefficient region at the tip midaxial
hord location near the pressure side, which may be due to the

ig. 16 The heat transfer coefficient contours on the suction
urface of the squealer tip blade: „a… DRSS, „b… DSSR, and „c…
SSS
ylindrical surface at the blade tip.

41010-8 / Vol. 132, OCTOBER 2010
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For the squealer tip blade, the flow structure in the tip groove
and the heat transfer coefficient on the blade tip are mainly af-
fected by the motion of the endwall. The effect of the centrifugal
and Coriolis forces is very limited. Because of the relative motion
of the endwall, a circumfluence vortex near the endwall occurs in
the tip gap. The circumfluence vortex makes the leakage flow turn
and impinge onto the tip groove bottom after entering the tip gap.
A high heat transfer coefficient region exists on the impinging
location. For the DSSS case, the high heat transfer region is lo-
cated at the leading edge near the suction side of the groove bot-
tom. While the high heat transfer coefficient region exists at the
groove bottom near the pressure side due to the relative motion of
the endwall for the DSSR case. The averaged heat transfer coef-
ficient on the blade tip increases significantly due to the relative
motion of the endwall. While the effect of the centrifugal and
Coriolis forces on the tip averaged heat transfer coefficient is quite
limited.
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