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Numerical Modeling of Heat
Transfer and Pressure Losses for
an Uncooled Gas Turbine Blade
Tip: Effect of Tip Clearance and
Tip Geometry
A computational study has been performed to predict the heat transfer distribution on the
blade tip surface for a representative gas turbine first stage blade. Computational fluid
dynamics (CFD) predictions of blade tip heat transfer are compared with test measure-
ments taken in a linear cascade, when available. The blade geometry has an inlet Mach
number of 0.3 and an exit Mach number of 0.75, pressure ratio of 1.5, exit Reynolds
number based on axial chord of 2.57�106, and total turning of 110 deg. Three blade tip
configurations were considered; a flat tip, a full perimeter squealer, and an offset
squealer where the rim is offset to the interior of the tip perimeter. These three tip
geometries were modeled at three tip clearances of 1.25%, 2.0%, and 2.75% of the blade
span. The tip heat transfer results of the numerical models agree well with data. For the
case in which side-by-side comparison with test measurements in the open literature is
possible, the magnitude of the heat transfer coefficient in the “sweet spot” matches data
exactly and shows 20–50% better agreement with experiment than prior CFD predictions
of this same case.
�DOI: 10.1115/1.4000547�
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Introduction
There have been several experimental studies on the heat trans-

er characteristics of blade tips. Mayle and Metzger �1� studied the
ip-averaged heat transfer coefficients for a rectangular flat tip
ith various flow Reynolds numbers and rotational speeds. They
etermined that the relative motion between the blade and the
hroud has a negligible effect on the heat transfer. Subsequently,

etzger et al. �2� and Chyu et al. �3� carried out studies of flat and
rooved rectangular tip models to determine the effect of geom-
try and Reynolds number on heat transfer. Chyu et al. �3� studied
he effect of rotation by moving the shroud surface and concluded,
s in Ref. �1�, that the effect of shroud motion on heat transfer was
inor. Following this work, several experiments �4–10� were con-

ucted on blade tip heat transfer using linear cascade setups. Bun-
er et al. �4� used a three airfoil stationary linear cascade to de-
ermine the local tip heat transfer coefficients using a liquid
rystal technique for a flat blade tip with sharp and rounded edges.
zad and co-workers �5,6� used a five-blade stationary linear cas-

ade of a GE-E3 blade to measure the local tip heat transfer using
iquid crystal techniques for a flat tip and a full perimeter squealer
ip. A squealer tip is one that is grooved in the chordwise direction
n order to increase the flow resistance through the tip gap and
ecrease tip leakage flow and tip heat transfer. Azad et al. �7�
easured local heat transfer for various squealer tip geometries,

ncluding squealer on pressure side, midcamber line, suction side,
ressure and suction sides, pressure side plus midcamber line, and
uction side plus midcamber line. Kwak and Han �8� later used
his same five-blade linear cascade to measure local heat transfer
n the near squealer tip region, including the airfoil pressure and
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suction side surfaces near the tip and the heat transfer on the
shroud surface. Nasir et al. �9� measured local heat transfer for
five squealer arrangements using a four-blade linear cascade with
a blow-down test rig; a full squealer was tested and four different
partial squealer arrangements were studied, including configura-
tions that simulate partial burning off of a squealer tip and the
effect that it has on local and overall heat transfer coefficients. The
liquid crystal techniques employed, in conjunction with the afore-
mentioned linear cascades, offers detailed heat transfer data that
could be used in the validation of computational models for in-
stance. There are also experimental investigations using the naph-
thalene sublimation techniques to obtain heat transfer coefficients
from measured data. Papa et al. �10� used a low speed large-scale
rig to study a squealer tip and a winglet-squealer tip having a
range of tip clearances. The aforementioned measurements offer
detailed heat transfer coefficients; however, they do have their
limitations. Low speed tests �10� may not scale to the actual high
speed engine conditions. Even if high speed measurements are
made in linear stationary cascades, they are not entirely represen-
tative of a true rotating blade in an engine. Haldeman and Dunn
�11� obtained measurements for a vane and blade of a rotating
high-pressure turbine stage, operating at design corrected condi-
tions using a large shock-tunnel facility. This test setup is far more
representative of engine conditions, however, the tip heat transfer
data represents only a small aspect of the work, and as such, only
a handful of discrete heat transfer coefficient measurements using
heat flux gauges are available.

The objective of this investigation is to determine using com-
putational fluid dynamics the detailed heat transfer distribution for
various blade tip configurations at various tip clearances. When
possible, the computational fluid dynamics �CFD� results will be
compared with test data, and as such, it is best to use local heat
transfer data from a linear cascade. For this study, the linear blade
in Ref. �4� is used as a baseline flat tip case, and modifications to

the blade tip geometry are made. The configurations studied as
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art of this investigation are the flat tip, a full perimeter squealer,
nd an offset squealer where the rim is offset to the interior of the
ip perimeter. All tip configurations have sharp edges. Ameri and
unker �12� previously used 3D CFD to model the flat tip with

harp and rounded edges. Comparisons can be made to the CFD
f Ameri and Bunker �12� for the sharp blade tip configuration.
meri �13� also reported heat transfer measurements and predic-

ions on a blade tip with a mean camberline strip; this geometry is
ot part of the current study; however, as appropriate, compari-
ons may be made qualitatively to that work. What distinguishes
his work from previous works in the open literature is that, in
ddition to presenting detailed surface heat transfer coefficients,
his paper presents detailed aerodynamic CFD results, showing
he vortex features and 2D pressure contours taken within the flow
omain, which illustrate and explain the surface heat transfer re-
ults.

Experimental Setup
The experimental setup, which the CFD model is to depict, is

escribed in full detail in Ref. �4� and will be explained briefly in
his paper. Figure 1 is a schematic of the cascade and Fig. 2 shows
he airfoil and shroud definition. This is a stationary blade linear
ascade, meaning that the airfoil has a constant cross section over
he entire span. Tip clearance is measured from the top of the tip
o the shroud surface. For squealer tips, the tip clearance is mea-
ured from the top most rim of the squealer tip. Three tip clear-
nces were modeled: 1.25%, 2.0%, and 2.75% of the blade span.
he blade span is 10.16 cm. The axial chord is 12.45 cm. A
oundary layer trip is used to ensure uniform turbulent flow en-
ering the blade passages.

The three blade tip configurations considered in this investiga-
ion are shown in Fig. 3. The squealer tip geometry was made of
trips that are 1�2 mm2 in height and width, respectively, in the
ross section. This means that the depth of the squealer cavity is
mm. For the offset squealer in Fig. 3�c�, the squealer is offset to
mm from the perimeter.

Computational Method
The CFD based heat transfer predictions are made using the GE

roprietary CFD flow solver Turbine and Compressor Aero
TACOMA� �14�. TACOMA is a 3D, compressible, Reynolds-
veraged Navier–Stokes multiblock code. It uses a Runge–Kutta
ime marching approach, based on the cell centered, finite volume

ethods of Jameson �15�. A wall integration approach to model-
ng the viscous sublayer is employed in this study, and no wall
unctions are used. As such, the grid spacing near the wall is very
mall to keep y+ values well under unity, resolving the boundary

Fig. 1 Blade tip cascade test fa
ayer. In these simulations, the k-omega two-equation turbulence

22005-2 / Vol. 1, JUNE 2009
model of Wilcox �16� is used. A constant value of 0.9 turbulent
Prandtl number is used. Additional details on the use of TACOMA

for blade heat transfer simulations such as this one can be found in
Ref. �17�.

The grids used in this study are structured, multiblock grids
generated using ICEM-HEXA, in conjunction with a smoothing
algorithm that yields elliptically smoothed structured hexagonal
grid with near-wall orthogonality and grid clustering, necessary
for a wall integration solution. Convergence of the solution was
determined by monitoring the error in the velocity solution �local,
average, and maximum�, the net mass flow rate through the blade
row, and the exit mass-average total pressure and temperature. A
uniform wall temperature was applied on all wall surfaces, and a
constant inlet total temperature boundary condition was applied.
All walls used a no-slip velocity boundary condition. The wall

ty, courtesy of Bunker et al. †4‡

Fig. 2 Airfoil and shroud definition, courtesy of Bunker et al.

†4‡

Transactions of the ASME



t
h
d

T
a
a

r
c
t
b
t
c
b
m
t
t
t
e
t
s

F
s

I
I
I
E
I
I
W

J

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/therm

alscienceapplication/article-pdf/1/2/022005/5573177/022005_1.pdf by Princeton U
niversity, Lam

yaa El-G
abry on 10 July 2022
emperature and inlet total temperature are used in calculating
eat transfer coefficients, which is how the test data is also de-
uced.

The boundary conditions to the model are shown in Table 1.
hese boundary conditions were selected in order to compare with
particular data set for which measurements and CFD results are

vailable for validation.
The computational domain shown in Fig. 4 is a simplified rep-

esentation of the test rig. Note that the casing recess is not in-
luded in the CFD model. The boundary conditions to the model
hat are shown in Table 1 are for the lab conditions. There are
asically three simplifying assumptions made here. The first is
hat of periodicity, where as the test rig is nonperiodic �only the
enter blade has a tip clearance�, the CFD model applies periodic
oundary conditions. The second is simplifying the assumption
ade in the CFD where only a single passage is modeled though

he test setup, using two passages and a flow-splitter upstream of
he center airfoil. Finally, the third assumption is with regards to
he location of the inlet and exit planes. They are located far
nough away from the leading edge and trailing edge of the airfoil
o yield valid boundary conditions; the assumption is that the pres-
ure drop from the inlet of the rig, where the inlet total pressure

ig. 3 Blade tip configurations: „a… flat tip, „b… full perimeter
quealer, and „c… offset squealer

Table 1 Boundary conditions

nlet total pressure 160 kPa
nlet total temperature 22°C
nlet flow angle 45 deg
xit static pressure 110 kPa

nlet turbulence intensity 9%
nlet turbulence length scale 10% span

all temperature 64°C
Fig. 4 CFD domain

ournal of Thermal Science and Engineering Applications
and temperature are measured to the inlet of the CFD domain, is
negligible. Likewise, the drop from the exit of the CFD domain to
the actual exit in the rig, where static pressure is measured, is also
negligible. These simplifying assumptions enable the consider-
ation of a broad array of geometric configurations in a reasonable
amount of time, and as will be shown, are able to yield results that
are similar to test data and comparable to CFD predictions made
using more complex domains �12�.

The total number of cells ranged from 2.5 million to 3.2 million
cells, with the more complex squealer geometry requiring more
cells. The flat tip model shown in Fig. 4 consisted of 2.5 million
cells, and the squealer tip models ranged from 2.9 million to
3.2 million cells, depending on the squealer geometry. The
stretching ratio from the no-slip walls is 1.1–1.15. There are 48
cells in the tip gap �from the top of the tip to the shroud� for all
configurations. With 48 cells in the tip gap region and the pre-
scribed near-wall spacing, the average y+ was about 0.4 on the tip
surface and no more than 0.7 on the shroud. The inlet of the grid
shown in Fig. 4 consisted of 49 points in the blade-to-blade direc-
tion and 161 points in the spanwise direction; the large number of
spanwise points being due to clustering at the no-slip walls �hub
and shroud�. The grid parameters used for obtaining the meshes
described earlier were found to yield grid independent solutions.
This grid sensitivity study, though not part of this particular paper,
was established a priori, based on similar airfoil geometry and
geometry having more curvature and higher gradients. It is pre-
sumed that, therefore, an additional grid sensitivity study is not
needed for this particular case since similar studies on more com-
plex cases were used to establish the grid parameters needed for
grid independence.

4 Results and Discussion
A total of nine cases were modeled for the three tip geometries

at three tip clearances. The results of these models are presented
here.

4.1 Convergence. The root-mean-square of the velocity er-
rors is tracked as an indicator of convergence. The average error
for these cases was on the order of 1�10−4, and the maximum
error was no greater than 0.1. The mass imbalance at convergence
was about 0.002%. Exit pressure and temperature were also moni-
tored for convergence, and their convergence criteria were met
sooner than the criteria on average error. The cases were run using
a multigrid algorithm and were run for 8000–10,000 iterations.

4.2 Effect of Tip Clearance on Pressure. Increasing the tip
clearance has the effect of increasing the near tip pressure loading
on the airfoil and also shifting the peak pressure difference be-
tween the pressure and suction side aft in the axial direction.
Figures 5�a�–5�c� show the effect of tip clearance on the flat tip
and squealer tip configurations. The x-axis represents the distance
on the airfoil, and the y-axis is the inlet total pressure divided by
the local static pressure on the airfoil surface at 97% span from
the hub. The bottom curves are the pressure side surface predic-
tions, and the upper curves are the suction side surface. In all
cases, an increase in tip clearance leads to higher loading and
shifting of the peak loading aft. The effect of tip clearance on
pressure loading is in very good agreement with the trends deter-
mined experimentally by Nasir et al. �9�, who presented pressure
data for a plane tip with a tip clearance of 1% and 2.6% span.
Nasir’s data shows that increasing the tip gap has no effect on
pressure side pressures �which is in agreement with the CFD pre-
dictions�. It also shows that increasing the gap from 1% to 2.6%
span reduces suction side pressures, and shifts the minimum suc-
tion side pressure aft, which is also in agreement with the CFD
predictions shown in Fig. 5�a�, which is for a plane tip geometry
similar to Nasir �9�.

4.3 Effect of Blade Tip Geometry on Pressure. The effect

of tip geometry on airfoil pressure distribution near the tip for tip

JUNE 2009, Vol. 1 / 022005-3
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aps of 1.25%, 2.0%, and 2.75% span is shown in Figs. 6�a�–6�c�,
espectively. These results show that the pressure side is unaf-
ected by the change in geometry. They also show that the leading
dge and trailing edge regions of the suction side surface appear
o have similar pressure distributions independent of geometry.
he peak ratio of inlet total to local static pressure for the flat tip
ccurs further toward the aft end of the airfoil than for the
quealer tip cases. It is also interesting to note that, particularly, at
he large tip clearance, there is very little difference in pressure
istribution, as shown in Fig. 6�c� between the squealer tip con-
gurations.

4.4 Heat Transfer. The tip heat transfer coefficient for the
at tip blades with tip gaps of 1.25%, 2.0%, and 2.75% span are
hown in Fig. 7. Increasing the tip clearance increases the surface
eat transfer. There appears to be a region of low heat transfer
specially in Fig. 7�b�, near the forward leading edge portion of
he tip.

Figure 8 shows the heat transfer distribution for a full perimeter
quealer tip at the three tip clearance gaps. The heat transfer co-
fficient increases with the increasing tip gap because the larger
he tip clearance, the more tip leakage flow, and hence, the higher
he heat transfer. Also, the heat transfer coefficient on the rim of
he squealer �along the aft suction side� is much higher than in the
oor of the squealer cavity. Test measurements by Azad et al. �6�
erified the effect of tip clearance, and the presence of higher heat
ransfer on the squealer rim were observed experimentally. For the
ffset squealer in Fig. 9, the squealer rim also shows higher heat

Fig. 5 Effect of tip clearance on neartip pressure
and „c… offset squealer
ransfer than the squealer cavity floor.

22005-4 / Vol. 1, JUNE 2009
Comparing Figs. 7–9, one may study the effect of tip geometry
on heat transfer. A tip recess, whether it is a full perimeter
squealer or an offset squealer, yields larger gradients in tip heat
transfer, as demonstrated for example by comparing the contours
in Fig. 7�c� for the flat tip with Figs. 8�c� and 9�c� for the squealer
tips. In Fig. 7�c�, the heat transfer is more evenly distributed on
the surface of the tip with the exception of a localized region of
high gradients on the pressure side lip. In Figs. 8�c� and 9�c�, there
are larger gradients within the squealer cavity in addition to large
gradients on the rim. Moelter et al. �18� reported CFD results for
a flat tip and a recessed tip using StarCD, and observed higher
gradients in the recessed tip than the flat tip.

The heat transfer coefficients are highest on the rim of the
squealer. In Fig. 8, for a full perimeter squealer, the peak heat
transfer occurs in the suction side rim of the squealer tip. In Fig. 9,
for the offset squealer, the peak heat transfer is on both the pres-
sure and suction side rims of the tip.

4.5 Comparison With Test Data. Blade tip heat transfer pre-
dictions depend on a number of factors, including airfoil loading
driven by geometry and boundary conditions, details such as cor-
ner radius �12�, and tip Mach number �19�. Wheeler et al. �19�
showed that for high speed flows, the heat transfer distribution on
the tip surface changes drastically; the reattachment region for
subsonic flows for the particular loading and geometry was found
on the suction side region in the midportion of the tip. However,
for supersonic flows, that reattachment was found to be on the
pressure side edge in the aft portion of the tip. Therefore, when

stribution: „a… flat tip, „b… full perimeter squealer,
di
attempting a comparison of local features and local heat transfer

Transactions of the ASME



d
w
t

i

J

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/therm

alscienceapplication/article-pdf/1/2/022005/5573177/022005_1.pdf by Princeton U
niversity, Lam

yaa El-G
abry on 10 July 2022
istribution on the tip surface, one must be careful to compare
ith identical geometry/loading and Mach number in order for it

o be a proper comparison.
The closest case to a back-to-back comparison that can be made

s between Fig. 7�b� �flat tip, tip clearance equal to 2% of blade

Fig. 6 Effect of tip geometry on neartip pressur
=2% span, and „c… tip gap=2.75% span
Fig. 7 Flat tip heat transfe

ournal of Thermal Science and Engineering Applications
span� and the results for the same configuration that was modeled
and tested experimentally by Bunker et al. �4�. The results from
the CFD predictions of Ameri �12� and the experimental data of
Bunker et al. �4� are presented in Fig. 10, which is a duplication of
Fig. 11 in Ref. �12� by Ameri and Bunker �12�. Note the region of

istribution: „a… tip gap=1.25% span, „b… tip gap

2

e d
r coefficients „W/m /K…

JUNE 2009, Vol. 1 / 022005-5
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ow heat transfer near the leading edge of the blade. This region
as termed by researchers as the “sweet spot” and has been re-
orted by Bunker et al. �4� and Nasir et al. �9�. The sweet spot is
arger, extends toward the middle of the tip region for small tip
learance, and covers a smaller region for the large tip clearance.

The test measurements show heat transfer coefficients in the
weet spot of about 600 W /m2 K, and in the forward �leading
dge� half of the airfoil, tip heat transfer coefficients range from
00 W /m2 K to 800 W /m2 K. The CFD results from this study
n Fig. 7�b� also show a minimum heat transfer of about
00 W /m2 K, and surface heat transfer coefficients in the leading

Fig. 8 Full perimeter squealer tip
Fig. 9 Offset squealer tip heat tr

22005-6 / Vol. 1, JUNE 2009
edge half of the trip that range from 600 W /m2 K to
800 W /m2 K as in the data. In Ameri’s prediction of heat transfer
of tip heat transfer, the minimum heat transfer is 700 W /m2 K
and the location is at the suction side edge. In the current CFD
prediction, the minimum is 600 W /m2 K �exactly like the test
data�, suggesting an improvement in the prediction of the mini-
mum heat transfer in terms of magnitude of about 17%, compared
with prior work. There is also an improvement in terms of pre-
dicting the location of the minimum heat transfer �sweet spot�;
prior CFD results �12� predicted the minimum to be at the suction

at transfer coefficients „W/m2/K…

2
ansfer coefficients „W/m /K…

Transactions of the ASME
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ide edge whereas the test results show it to be further toward the
enter, which the current CFD results more closely predict.

It is interesting to note that the CFD results of Bunker et al. �12�
or this same tip geometry with rounded edges produced tip heat
ransfer contours that are more concentric and are a better predic-
ion of the data. It may be that the sharp edge is not entirely
epresentative of the test hardware, which may have unintended
ounding of the edges. Furthermore, in the experiments, the tip
eater does not cover the entire surface, therefore, the edges of the
irfoil tip are unheated. Bunker et al. �12� addressed this by mod-
ling only the heated section of the airfoil; in this study, this detail
as neglected and the entire surface was heated. The intent of this

tudy is to compare blade tip geometries numerically, and the
bjective of this particular validation is to show that the results are
t least comparable or better than prior art, and therefore, the
omparisons of various blade tip geometries is plausible.

Looking at streamlines over the tip region can give insight into
he heat transfer patterns present on the tip surface. Figures 11�a�
nd 11�b� show the streamlines over the tip of the full perimeter
quealer with tip gaps of 1.25% blade span and 2.75% blade span,

Fig. 10 Sharp edged blade tip heat
ance 2% span, courtesy of Ameri et

ig. 11 Flow streamlines over full perimeter squealer tip for

a… 1.25% and „b… 2.75% span tip gaps

ournal of Thermal Science and Engineering Applications
respectively. The contours shown in the figures are heat transfer
coefficients. At the smaller tip clearance �Fig. 11�a��, the stream-
lines indicate a vortex forming within the squealer cavity along
the pressure side rim. With increased tip clearance �Fig. 11�b��,
the vortex appears to weaken particularly toward the trailing edge.
The region of enhanced heat transfer that hugs the pressure side
region of the squealer floor in Fig. 10�a� seems to be attributable
to the vortex in the cavity.

4.6 Blade Tip Aerodynamics. The CFD simulations, in addi-
tion to providing information on the surface heat transfer, may be
used to deduce information on aerodynamic quantities such as the
effect of tip clearance on leakage flow and the effects of clearance
and tip geometry on pressure loss across the blade. Figure 12
shows the pressure loss from the inlet of the domain to the exit as
a function of tip clearance for the three blade tip configurations.
The inlet total pressure and exit static pressure are constant for all
runs as they are prescribed boundary conditions; therefore, the
variation seen below is due to the change in total exit pressure. A
large value for the percentage loss in inlet total pressure implies
higher loss. Therefore, from an aero loss point of view, the full
perimeter squealer is the best at reducing the pressure loss across
the blade. Reducing tip clearance also has the effect of reducing
aero loss in the blade, regardless of squealer tip geometry.

The tip gap leakage mass flow was determined by calculating
the flow through a surface that extends from the top most part of
the tip �the floor, for instance, in the case of a flat tip, but the top
of the rim for the case of squealer tips� to the shroud along the
suction side surface, and determining the total mass flow passing
through that surface. Figure 13 shows the tip gap leakage mass
flow as a percentage of the inlet total mass flow. The same obser-
vations drawn using the pressure loss trends in Fig. 12 can be
made using the mass flows in Fig. 13, mainly, that increasing the
tip clearance increases the leakage flow, and that the full perimeter
squealer has less leakage at all tip clearances than other blade tip

sfer coefficient „W/m2/K… for clear-
†12‡
tran
al.
configurations. The offset squealer is less effective in reducing tip

JUNE 2009, Vol. 1 / 022005-7
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eakage than the perimeter squealer or even the plane tip. One
eason may be that the flow area at the pressure side near the tip is
argest for the offset squealer since tip gap is measured from the
op of the rim; the offset squealer gap is effectively increased by
he height of the rim, therefore increasing the tip leakage flow.

The pressure distribution at 110% chord is presented in Fig. 14
or a tip clearance of 2% of the blade span. The contours are total
ressure normalized by the inlet total pressure in a plane that
xtends from hub to casing. The three figures are for the flat tip,
ull perimeter squealer tip, and the offset squealer tip. In all fig-
res, there is a region of localized low pressure in the upper left,
esulting from the tip leakage vortex. The minimum pressure in

ig. 12 Effect of tip geometry and tip gap on overall blade
ressure drop

Fig. 14 Effect of blade tip geometry on norma

clearance

22005-8 / Vol. 1, JUNE 2009
the full squealer case in the leakage area is not as low as the flat
and the offset �i.e., the minimum pressure is higher�, and in addi-
tion, the extent of the low pressure region is more contained, as
compared with the offset squealer, for instance, in which the low
pressure region extends all the way to the periodic surface on the
right. This supports the findings discussed in Figs. 12 and 13 that
the full perimeter squealer tip results in the least tip leakage flow,
and the offset results in the greatest leakage flow. The flat tip
contours are somewhere in the middle, and likewise, the tip leak-
age flow also lies between that of the full perimeter and offset
squealer.

Figure 15 shows the contours of total pressure normalized by
inlet total pressure for the offset squealer tip at the three tip clear-

Fig. 13 Effects of tip geometry and tip gap on tip leakage flow

ed pressure distribution „PT/PTinlet… for 2% tip
liz
Transactions of the ASME
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nce heights of 1.25%, 2%, and 2.75% span. This plane lies at
10% axial chord and extends from hub to casing as before. Once
gain, the tip leakage vortex results in a region of low pressure in
he upper left of the three figures. At the low tip clearance gap of
.25% span, the low pressure regions are constrained and lie
ithin the suction side surface and the periodic plane. As tip clear-

nce increases, so does the extent of the low pressure region, and
t the largest tip gap of 2.75% span, the low pressure region
xtends across the periodic planes and occupies nearly 85% of the
assage. These trends are intuitive and explain the pressure loss
nd leakage flow rate findings in Figs. 12 and 13.

Conclusions
Computational fluid dynamics methods have been used to study

he aerodynamics and blade tip heat transfer for a representative
rst stage blade of a power generation gas turbine. Three blade tip
eometries, including flat and recessed tip configurations at three
ip clearances, were evaluated. The features and trends in heat
ransfer and pressure loading, determined from the CFD, are sup-
orted with observations based on data in the open literature.

CFD results show that increasing the tip clearance increases the
ear tip pressure loading and consequently increases the tip leak-
ge flow and the overall total pressure drop from the inlet to the
xit of the blade.

Increasing the tip gap increases the blade tip surface heat trans-
er for all three geometries considered. Tip leakage flows deter-
ined from the CFD increase with the increasing tip gap, which

xplains the higher heat transfer.
The full perimeter squealer tip was most effective in reducing

he tip leakage flow and results in the least pressure losses. The
eat transfer coefficients on the rim of the squealer tip are higher
han the squealer floor, with the highest heat transfer occurring on
he suction side surface of the rim.

Streamlines within the tip gap region show a strong suction side
ip leakage vortex and an additional vortex within the squealer
avity that explain the contours of high and low surface heat

Fig. 15 Effect of tip gap clearance on norma
squealer tip geometry
ransfer coefficients.

ournal of Thermal Science and Engineering Applications
The offset squealer was least effective in reducing tip leakage,
as compared with both the full perimeter squealer and the flat tip.

Pressure contours at 110% chord illustrate and support the find-
ings, and show that the tip leakage vortex and the low pressure
region it creates can influence up to 85% of the blade passage.
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