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Heat Transfer and Aerodynamics
of Turbine Blade Tips in a Linear
Cascade
Local measurements of the heat transfer coefficient and pressure coefficient were con-
ducted on the tip and near tip region of a generic turbine blade in a five-blade linear
cascade. Two tip clearance gaps were used: 1.6% and 2.8% chord. Data was obtained at
a Reynolds number of 2.3�105 based on exit velocity and chord. Three different tip
geometries were investigated: A flat (plain) tip, a suction-side squealer, and a cavity
squealer. The experiments reveal that the flow through the plain gap is dominated by flow
separation at the pressure-side edge and that the highest levels of heat transfer are
located where the flow reattaches on the tip surface. High heat transfer is also measured
at locations where the tip-leakage vortex has impinged onto the suction surface of the
aerofoil. The experiments are supported by flow visualization computed using the CFX
CFD code which has provided insight into the fluid dynamics within the gap. The suction-
side and cavity squealers are shown to reduce the heat transfer in the gap but high levels
of heat transfer are associated with locations of impingement, identified using the flow
visualization and aerodynamic data. Film cooling is introduced on the plain tip at loca-
tions near the pressure-side edge within the separated region and a net heat flux reduc-
tion analysis is used to quantify the performance of the successful cooling
design. �DOI: 10.1115/1.2137745�
1 Introduction
In a gas turbine a gap between the rotating blade tip and the

stationary casing is needed to allow relative motion. In an un-
shrouded turbine stage this tip gap is nominally of the order 1% of
blade height. The difference in pressure between the pressure and
suction aerofoil surfaces drives hot mainstream flow through the
gap between the tip of the rotating blade and the surrounding
casing. The leakage is essentially axial, i.e., orthogonal to the
casing motion. The flow separates at the pressure-side edge and,
depending on the blade thickness, reattaches downstream. At the
exit of the clearance the mixed-out flow meets the mainstream on
the suction side and rolls up into a vortex. Geometric changes to
the blade tip can be effective in reducing the leakage flow. A
current design features a recessed tip, known as a squealer, where
the tip gap can be made smaller without risk of significant tip
contact with the casing. In addition to mechanical benefits, the
recess also acts as a labyrinth seal, increasing resistance to the
flow.

This tip leakage has a detrimental effect on the stage efficiency.
Aerodynamic losses occur due to viscous effects within the tip
gap itself and due to mixing losses when the leakage flow inter-
acts with the passage flow. Furthermore there is a reduction in
work output from the stage as the leakage flow exits unturned,
though some of this work may be recovered in latter stages of a
multistage turbine. Booth et al. �1� estimated that a tip clearance
gap of 1% blade height potentially leads to losses of 1%–3% in
stage efficiency. Manufacturing tolerances, centrifugal expansion
and dissimilarity between the thermal loading of the blade row
and casing leads to nonuniform clearance gaps around the annu-
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lus. Geometric changes to the tip profile �such as squealers or
cavities� are commonly used to improve stage performance.

Another important consequence is the deterioration of the blade
tip surface due to regions of high local heat transfer in the narrow
gap. The thinning of the pressure-side boundary layer as the leak-
age flow accelerates into the tip gap causes a rapid rise in heat
transfer on entry to the tip gap. Additionally the high velocity
mixing within the tip gap itself causes some of the highest heat
transfer rates on the blade in what is a very difficult region to cool
effectively. The high velocity leakage flow exiting the tip gap
creates leakage vortices which impinge onto the suction surface
and create further localized regions of elevated heat transfer. All
of these factors make the blade tip one of the regions in the engine
that limits performance and demands frequent inspection. It is,
therefore, important to understand the aerodynamics and heat
transfer within the gap in order to introduce new tip designs that
might reduce the leakage flow.

This paper presents experiments and computations relating to
such flows modeled using generic, blade-tip geometries in an
engine-simulated environment. No relative motion between the tip
and casing is present in this study and it is assumed that the flow
through such clearances is essentially driven by pressure differ-
ence. This has been verified by Mayle and Metzger �2� and later
Srinivasan and Goldstein �3� who have shown that the shear-stress
distribution within such gaps is unaffected by relative motion at
100% engineering equivalent speed and that no measurable
change in heat transfer occurred for tip-gap to chord ratios greater
than 0.86%.

A review of research quantifying the losses and heat transfer
associated with tip clearance flow is provided by Bunker �4�.
Much of the early work used idealized models, e.g., Kim and
Metzger �5� and Chen et al. �6�. More recently much data has been
published using linear cascades: Bunker et al. �7� measured heat
transfer for sharp and radiused-edged blades for different clear-

ance gaps; Kwak and Han �8,9� used the transient liquid crystal
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technique and Jin and Goldstein �10� the naphthalene technique to
determine the effects of clearance gap, turbulence intensity and
Reynolds number on the mass/heat transfer from the tip and near-
tip surfaces.

This study explores the effects of introducing suction-side and
cavity squealers. Film cooling is introduced at locations designed
to optimize, in terms of both aerodynamics and heat transfer, the
performance of the tip gap. Experimental measurements of heat
transfer coefficient and film-cooling effectiveness using the tran-
sient liquid crystal technique are described. Pressure measure-
ments, flow visualization and computational results are used to
link the aerodynamic and heat transfer characteristics of the flow.

2 Experimental Procedure
The experiments were conducted in the Whittle Laboratory at

the University of Cambridge. A schematic of the low-speed linear
cascade is shown in Fig. 1. A variable-speed centrifugal fan was
used to drive air through a five-blade cascade where it exits to
atmosphere. Salient features of the cascade are listed in Table 1
and further detail is available in Heyes et al. �11�, who used the
same cascade. The blades were cantilevered from the “hub” by a
screw arrangement that allows the tip clearance gap to be set. All
measurements were made about the central blade in the cascade.
The “casing” endwall could be interchanged with transparent win-
dows providing optical access to the blade tip and aerofoil sur-
faces. The Reynolds number, based on exit velocity and chord,
was 2.3�105.

The cascade has the same geometry as a two-stage HP version
of the Peregrine �Hodson et al. �12�� which itself is based on an
actual HP turbine. Three tip-gap geometries were tested: Plain tip,

Table 1 Details of low speed cascade

Chord, c 225 mm
Axial chord, Cx 103 mm
Pitch/chord ratio, s /C 0.824
Aspect ratio 2.11
Stage exit Rec 2.3�105

Inlet flow angle, �1 32.5°
Blade exit angle, �2 75.6°
Practical tip clearance 3.7–6.35 mm
Mass flow rate 1.6 kg/s
Max thickness/chord 14%

Fig. 1 Low speed cascade modifi
Journal of Turbomachinery

m: https://turbomachinery.asmedigitalcollection.asme.org on 06/30/2019 Terms o
suction-side squealer, and cavity squealer. Referring to Fig. 2, two
tip-gap heights, H=3.7 and 6.35 mm �1.6% and 2.8% chord� were
used. The cavity and suction-side �SS� squealer geometries were
designed in consultation with Siemens and Alstom, and based on
the results of Part 1. The SS squealer was defined by offsetting the
SS wall by 5 mm. The squealer starts on the chord line and con-
tinues until it meets with the pressure surface at the trailing edge.
The cavity tip is characterized by offsetting the blade profile in-
ternally by 5 mm. At the trailing edge of the blade the cavity

for heat transfer measurements
ed
Fig. 2 Definition of blade parameters
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closes at x /C=0.75 because it was machined using a 1 mm cut-
ting tool. The squealers were sufficiently wide to provide some
heat transfer data on their surface but thin enough to prevent re-
attachment. The cavity depth will affect the aerodynamics and
heat transfer in the tip gap. The geometry and dimensions were
based on a current Siemens design and on practical consider-
ations. The cavity depth has not been considered as a parameter in
this study. Note this is a three-dimensional �3D� study the ratio of
cavity depth to gap varies with chord.

Most aerodynamic measurements were made on the casing but
tip and aerofoil surface data was also available for the plain-tip
geometry. The blade used for aerodynamic measurements was
moulded from glass-fiber reinforced-epoxy in a CNC machined
aluminium mould. During the moulding process a nylon string of
1 mm diameter was placed radially on the gel coat of the central
blade. Once the epoxy set these strings were withdrawn and the
resulting holes acted as pressure conduits for 16 subsequently
drilled rows of chord-wise pressure tappings about the blade sur-
face. Twenty-one cross-chord slots of 1 mm width were then
milled into the tip interface, interfacing with the pressure-side
conduits. These were used to gain tip pressure data using the
micro tapping technique described by Bindon �13�.

Static pressure data was also gathered using a traversing end-
wall. The endwall was traversed in a pitchwise direction using a
computer-controlled stepper motor. Two rows of 21 pressure tap-
ping holes located one blade pitch apart were used to measure
endwall static pressure over the tip of the central blade and adja-
cent passages. All aerodynamic measurements were carried out
using two cross-calibrated Scanivalve units.

The heat transfer experiments were performed on a polycarbon-
ate replica of the cascade blades. Two replicas were made, a solid
plain tip blade and a hollow blade with interchangeable tips for
the film cooling and squealer investigations. Tip pieces were also
constructed from Rhoacell, a low-conductivity machinable foam
used to create an adiabatic surface. Heat transfer was measured
using thermochromic liquid crystal �TLC�. The method of analysis
is described in the next section. Both narrow-band and wide-band
liquid crystal were used. The color-play of the TLC was recorded
with three digital video cameras. The traversing endwall used for
pressure measurements was replaced with a similar polycarbonate
endwall with an optical window. Optical access was also gained to
the pressure and suction aerofoil surfaces as well as the leading
edge. The use of a single narrow band crystal negated the poten-
tial errors associated with the viewing of TLC color-play under
oblique lighting upon curved surfaces. To accurately remodel the
blade surface from the three video feeds, the blade was marked
with a radial grid which was used in an automated program to
calculate camera angle. Due to the relatively large range of heat
transfer rates measured, a number of experiments were performed
at various nondimensional temperatures �0.3���0.6—see next
section� to alleviate time errors at high heat transfer coefficients
and conduction errors at low heat transfer coefficients.

There have been many published references regarding the effect
of viewing angle on the calibration of both wide and narrow band
TLC. Ireland and Jones �14� and Farina et al. �15� are good ex-
amples. The crystals used here were calibrated both in situ and
using an isothermal copper-block calibration apparatus where the
lighting and illumination angles were varied between 0 and
30 deg. This calibration method and apparatus is described in de-
tail in Syson et al. �16�. Small uncertainties in the temperature
obtained from the calibration were ±0.2 C. This amplifies to an
uncertainty in heat transfer coefficient of approximately 3%, as
explained by Owen et al. �17�.

A hot mainstream flow was generated using an upstream wire
mesh �Gillespie et al. �18�� powered by a 15 kW welder, shown in
Fig. 3. Due to the large mass flow through the cascade
��2.8 kg/s�, only the flow entering the tip gap was heated, the
remaining flow passing through a cold mesh adjacent to the heater

mesh. The heater mesh had a high aspect ratio of 6 and a thicker
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than typical wire diameter was employed in order to reduce the
mesh resistance such that the welder could deliver maximum
power at 50 V DC. An aerofoil profile within the mesh assembly
was used to help prevent the hot flow from mixing with the un-
heated flow. Traverse profiles indicated minimal mixing between
the heated and unheated flows and a homogenous temperature
profile entering the blade row. Boundary layer bleeds were imple-
mented on the endwall to eliminate the thermal boundary layer.
Area traverses upstream of the blade row have shown temperature
field distortion within the region of interest to be less than 0.1°C
with the heater mesh on.

The mesh heater created an effective step-change in the air
temperature immediately downstream, but at the cascade an
exponential-type rise in air temperature was measured using a
high-frequency thermocouple. A light emitting diode �LED� was
used as a visual trigger to indicate the initialization of the welder,
and hence the mesh, in the experiment. The distance between the
mesh and the leading edge of the central blade divided by the flow
velocity synchronised the thermocouple data and TLC color-play
video. The time taken for the surface to locally reach a predeter-
mined hue, corresponding to the maximum intensity of green
light, was recorded and the thermocouple temperature history was
resolved as a series of exponentials as described in the next sec-
tion.

Film cooling experiments were performed using a single reser-
voir inside the blade. The temperature of the pressurised coolant
flow was controlled carefully. Thermocouples and a total pressure
probe were located inside the blade and three tubes insulated with
Rhoacell, running through the length of the blade to holes in the

Fig. 3 The mesh heater
hub, supplied coolant to the tip. A flow meter was used to gauge
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the coolant flow rate. Each film-cooling hole was lined with 1 mm
of Rhoacell to reduce two-dimensional �2D� conduction effects
around the holes.

3 Transient Heat Transfer Technique
This section describes the experimental technique used to mea-

sure the heat transfer coefficient using themochromic liquid crys-
tals. Further details of the theory are available in Shultz and Jones
�19�, Ireland and Jones �14� and Newton et al. �20�.

The heat transfer coefficient, h, is defined as

qw = h�Taw − Tw� �1�

where qw is the surface heat flux from the air to the wall, Tw is the
surface temperature of the wall, and Taw is the adiabatic-wall tem-
perature. Taw depends on the total-temperature of the air, Ta, and,
in cases where compressibility is an issue, on the fluid dynamics.

In a typical transient test, an abrupt change in air temperature is
generated, and narrow-band TLC is used to determine the surface
temperature, Tw, of the test piece. Knowing the time, t, at which
the surface reaches Tw, h �assumed time-invariant� can be calcu-
lated from the solution of Fourier’s one-dimensional conduction
equation for the case of a semi-infinite plate.

Fig. 4 Cp Contours as measured on the blade and tip
In the tests reported here, the mesh heater created an effective
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step-change in the air temperature, but at the test section an
exponential-type rise in air temperature was produced. Newton et
al. �20� show that the adiabatic wall temperature, Taw, could be

Fig. 5 Cp Contours as measured on the casing
fitted by an exponential series of m terms, such that
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Taw�t� = Ta,0 + �
j=1

m

Ta,j�1 − e−t/�j� �2�

where Ta,0 is the air temperature at t=0, Ta,j, and � j are the con-
stant amplitudes and time-constants, respectively. As t→�,

Taw,� = T0 + �
j=1

m

Ta,j �3�

where T0 is the initial temperature of the wall, such that

T0 = Ta,0 �4�

Fourier’s conduction equation for a semi-infinite slab has been
solved by Gillespie et al. �21� for the case where there is a simple
exponential increase in the air temperature, corresponding to the
case where m=1 in Eq. �3�. The solution is

� =
Tw − T0

Taw,� − T0
= g��,��� �5�

where

g��,��� = 1 −
1

1 + ��
2e�2

erfc��� − e−t/� ��
2

1 + ��
2

��1 +
1

��
� 1

�
	 t

�
+

2

��
n=1

�
1

n
e−n2/4 sinh
n	 t

�
��

�6�

� =
h	t
		ck

�7�

and

�� =
h	�

		ck
�8�

For the case where �=0, Eq. �5� simplifies to

� = f��� �9�

Fig. 6 Cross-chord measurements
where, from Eq. �6�
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f��� = 1 − e�2
erfc��� �10�

which is the well-known solution of Fourier’s equation for a step-
change in the air temperature.

The general solution for an exponential series, corresponding to
Eq. �3�, is given by Newton et al. �20� as

� = �
j=1

m
Ta,j

Taw,� − T0
g��,��j� �11�

For the special case where m=1, Ta,1=Taw,�−T0 and Eq. �11�
reduces to �6�.

The presence of cooling, i.e., injected air at a second tempera-
ture Tc, introduces the film cooling effectiveness, 
= �Taw

−Tc� / �Ta−Tc� as a variable in addition to h. Like h, it is assumed
that 
 is only a function of the aerodynamics and time invariant.

The cooled heat transfer measurements were performed in two
stages. Film cooling effectiveness was measured on a Rhoacell tip
with the wide-band TLC. Heat transfer coefficient was then ob-
tained by a separate experiment using a narrow-band crystal and
polycarbonate tip. The heat transfer coefficient was deduced using
the local measured 
.

In order to evaluate the influence of the coolant in an engine
environment a net heat flux reduction �NHFR� similar to that used
by Sen et al. �22� is used. The NHRF is the ratio of the reduction
in heat flux due to film cooling to the heat flux without cooling:

�E =
Ta − Tc

Tr − Tw
�12�

NHFR =
qw − qw,c

qw
= 1 −

hc

huc

�1 − 
�E� �13�

Here huc is the mean uncooled heat transfer coefficient. The ob-
jective of film cooling is to increase NHFR by reducing heat
transfer coefficient and increasing 
. The NHFR is most meaning-
ful at engine-representative conditions. The value of �E was se-
lected as 1.5, comparable to that of Sargison et al. �23� and based
on an air total temperature Ta=1900 K, a blade metal temperature
Tw=1200 K, a coolant total temperature Tc=880 K, and a tran-
sonic air recovery temperature Tr=1880 K. An integrated average

f Cp and h at x /C=50% H /C=1.6%
o
of the NHFR may be used to determine the overall performance of
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a cooled geometry by means of a summation over all i=1 to n
pixels:

NHFR = 1 −
1

n . huc
�
i=1

n

hc,i�1 − 
�E� �14�

4 Experimental Results
The experimental results are divided into two main sections:

Aerodynamic �pressure� and heat transfer �temperature� results.
Three geometries, at two gap heights, were tested: Plain tip,
suction-side squealer, and cavity. Most aerodynamic measure-
ments are made on the casing—tip and aerofoil surface data is
only available for the plain-tip geometry. In contrast, the heat
transfer data has only been gathered on the tip, with aerofoil data
only presented for the plain-tip case. The experiments are sup-
ported by flow visualization information computed using the CFX
code.

Aerodynamic Measurements for the Plain Tip. Figures

Fig. 7 CFX flow visualization
4�a�–4�d� show measurements of the pressure coefficient, Cp, on
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the plain tip blade as well as data on the suction and pressure
aerofoil surfaces at clearance heights of 3.7 and 6.35 mm �H /C
=1.6% and 2.8%, respectively�. Note that only 33% of the blade
span is shown. These figures clearly illustrate that between 0.2
�x /C�0.9 there is a region of high velocity associated with the
flow separating from the pressure-side edge of the tip gap. The
flow subsequently decelerates as it reattaches to the tip surface
before reaching the suction surface. Figures 5�a� and 5�b� show
the corresponding Cp measured on the casing, indicating similar
features. A region of relatively low leakage velocity is observed
near the leading edge of the blade tip, x /C�0.2, where there is
less pressure differential to drive flow across the gap.

Figure 6 shows Cp plotted on the tip along a line perpendicular
to the chord, which is approximately along the line of leakage
trajectory, at x /C=50%. The blade tip is approximately 9% of
chord thickness at this location. The pressure data illustrates the
presence of a separation bubble with reattachment approximately
a third of the distance along the cross-chord line following the
acceleration-deceleration through the vena contracta. High heat
transfer coefficient is observed where the flow reattaches.

Flow reattachment is indicated by an abrupt decrease in the rate
of deceleration on the tip. The red-yellow contour divides in Fig.
4 provide an approximate indication of the reattachment line.

It is evident that with the larger clearance gap, the region of
separation increases, as reported widely �for example, Heyes et
al., �11��. The leakage flow is accompanied by a small accelera-

Fig. 8 Heat transfer coefficients for plain tip geometry: Top
H /C 1.6%, bottom H /C=2.8%
tion on the pressure-side aerofoil surface in the immediate vicinity
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of the gap, which is accentuated in the larger tip gap. The im-
pingement of the leakage vortex is visible on the suction-side
aerofoil surface. The intensity of the leakage vortex is observed to
increase in intensity as clearance gap increases.

Figures 7�a� and 7�b� illustrate the trajectory of leading-edge
streamlines, obtained by CFX, for the case of the plain tip. The
streamlines are color-coded to mark velocity. The flow visualiza-
tion predictions support the experimental data, indicating high
leakage velocities in the regions of high Cp. The CFD has cap-
tured the pressure-side separation discussed above and also re-
veals a similar separation near the leading edge of the blade
�x /c=0�, marked A where flow is driven into the tip gap by high
pressure near the stagnation point of the blade. The highest ve-
locities are calculated in the tip-leakage vortex on the suction side
of the tip, marked B in the two figures. The strength of this vortex
is observed to increase as the gap width increases.

Aerodynamic Measurements for SS-Squealer and Cavity
Tip. Figures 5�c� and 5�d� show measurements of Cp on the cas-
ing for flow through the gap with suction-side squealer. The cor-
responding CFD streamlines are shown in Figs. 7�c� and 7�d�.
High Cp at and downstream of the squealer ridge is observed
where the reduced area at the squealer causes an abrupt accelera-
tion. Although the flow again separates off the pressure-side cor-
ner of the tip, the CFD streamlines indicate that reattachment is
mainly associated with a swirling vortical flow within the
pressure-side separation bubble. This flow, driven along its axis by
the chordwise pressure gradient, impinges on the foremost, thicker
portion of the tip �marked C� and on the squealer at two positions
marked D in Figs. 7�c� and 7�d�. Enhanced heat transfer is ex-
pected at these locations. The first position is near the leading
edge of the blade while the second is at x /C�0.30. The vortical
flow is more intense for the larger gap and the second point of
impingement is further along the chord line at x /C�0.35.

Heat Transfer Measurements for Plain Tip. Figures
8�a�–8�d� show measurements of the heat transfer coefficient on
the plain tip blade as well as data on the suction and pressure
aerofoil surfaces at clearance heights of 3.7 and 6.35 mm �H /C

Fig. 10 Uncooled tip NHFR for H /C=1.6%
Fig. 9 Heat transfer coefficient for plain „top pair…, squealer
„middle… and cavity „bottom… geometries „W/m2K…
 =1.6% and 2.8%, respectively�. Note that only 25% of the blade
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span is shown. The most striking observation is that the highest
heat transfer coefficient on any surface �including the stagnation
region on the pressure and suction aerofoil surfaces� is observed
on the tip of the blade!

The associated pressure field and CFD flow visualization are
shown in Figs. 4�a�–4�d�, 7�a�, and 7�b�. It is observed that the
maximum heat transfer coefficient occurs in the region of reat-
tachment on the blade tip essentially along a line parallel to the
pressure-side rim. This region is more extensive for the larger tip
gap, though the peak values of h are similar. Figure 6�b� shows h

Fig. 11 „a…–„c…. Cooled Tip h, � and NHFR
plotted on the tip along a line perpendicular to the chord, which is

Journal of Turbomachinery
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approximately along the line of leakage trajectory, at x /c=50%.
The blade tip is approximately 9% of chord thickness at this lo-
cation. Comparison with Fig. 6�a� does indeed indicate that the
high heat transfer coefficient is located where the flow reattaches.

A ridge of high heat transfer is also observed near the leading-
edge of the blade �marked A in Figs. 8�b� and 8�d�� where flow
which is driven into the tip gap by high pressure near the stagna-
tion point of the blade, separates and then reattaches �see A in
Figs. 7�a� and 7�b��. Generally there is low heat transfer in this
leading edge region where there is less pressure differential to
drive flow across the gap.

The impingement of the tip-leakage vortex �marked B in Figs.
7�a�, 7�b�, and 8�b�–8�d�� is visible on the suction-side aerofoil
surface where high heat transfer is observed. The area of the re-
gion influenced the leakage vortex is observed to increase as the
intensity of the vortex increases with the increase in clearance
gap. It is interesting to note that the origin of the leakage vortex
appears to be the flow over the leading edge of the suction sur-
face.

Heat Transfer Measurements for SS-Squealer and Cavity
Tip. Figures 9�c�–9�f� show contours of heat transfer coefficient
on the blade tip for the suction-side squealer and cavity geom-
etries, respectively. Note Figs. 9�a� and 9�b� shows the heat trans-
fer for the plain tip again for comparison. It is immediately evi-
dent that both the suction-side squealer and cavity squealer have
eliminated the peak in heat transfer associated with the intense
fluid-dynamic effect of flow reattachment exhibited by the plain
tip. However, the suction-side squealer features locations of high
local heat transfer at positions marked C and D. The correspond-
ing CFD streamlines are shown in Figs. 7�c� and 7�d� and the
locations where flow is observed to impinge on the tip and
squealer �also marked C and D� correlate well with these positions
of high heat transfer. The cavity squealer also features local spots
of high heat transfer �marked F�, which correspond well to the
flow impingement marked in the flow visualization, Figs. 7�e� and
7�f�. In addition, high heat transfer is observed at the base of the
squealer at position E, possibly associated with the vortical flow
drawing fluid into the cavity. The heat transfer in both the suction-
side squealer and cavity squealer are relatively insensitive to the
tip-gap clearance.

Figures 10�a� and 10�b� show the NHFR for the suction-side
and cavity squealer for the case of a H /C=1.6%. No film cooling
is present and so here the NHFR is based on the local heat transfer
coefficient compared with that measured using the plain tip, i.e.,
NHFR=1−h /hplain-tip. Regions of positive NHFR in Figs. 11�a�
and 11�b� indicate a beneficial influence of the squealer geometry
while regions of negative NHFR indicate an increase in heat trans-
fer. An integrated average of the NHFR for the suction-side
squealer was calculated as 0.15, suggesting a reduction of 15% in
heat flux. The integrated NHFR for the cavity squealer was 0.0,
indicating no net overall benefit at this tip-gap height.

Cooled Heat Transfer Measurements on Plain Tip. The
squealer geometries are one method that can be used to reduce the
heat transfer on the tip of the blade. An alternate method is to use
film cooling. A coolant configuration was designed, based on the
data collected on the uncooled tip. The coolant holes were located
at 5 mm from the pressure-side corner in a cross chord direction,
in order to inject coolant into the separation bubble. The holes
spanned from 15% to 70% chord to coincide with the regions of
heightened heat transfer. This had the secondary benefit of avoid-
ing the regions of high static pressure at the leading edge of the
blade which would have resulted in coolant ingestion at low blow-
ing rates. The coolant hole diameter was 4 mm which scales to
engine representative film cooling geometries, as suggested by
Siemens and Alstom. Note that a coolant mass flow equal to 1%
of the mainstream flow is typically used in the turbine.

Figures 11�a�–11�c� illustrate cooling data for a plain tip for the

case of H /C=1.6%. The average coolant blowing rate was 0.9,
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which corresponded to a coolant mass flow equal to 0.5% of the
mainstream flow—a percentage not untypical of that used in en-
gineering practice. Note Fig. 9�a� is the equivalent map for the
uncooled tip. These figures show contours of heat transfer coeffi-
cient, film cooling effectiveness and local NHFR on the cooled
tip. The holes have been positioned to inject coolant into the sepa-
ration bubble and this has successfully avoided the high heat
transfer associated with reattachment present in the uncooled case.
There are, however, some regions of high local heat transfer co-
efficient near the holes due to the fluid-interaction between the
coolant and mainstream. The cooling footprints shown in the ef-
fectiveness plot indicate that the flow is essentially perpendicular
to the chord and that the coolant remains attached.

The NHFR provides a quantification of the reduction in heat
transfer to the tip with film cooling compared to that heat transfer
without cooling. The objective of film cooling is to increase
NHFR by reducing heat transfer coefficient and increasing effec-
tiveness. Regions of positive NHFR in Fig. 10�c� indicate a ben-
eficial influence of the coolant and these are predominantly lo-
cated in the cooling footprints. Some regions of negative NHFR
are observed in areas where the effectiveness is low but the heat
transfer coefficient has been elevated due to increased turbulent
mixing with the cooling present. Away from the cooling holes the
NHFR is near zero. An integrated average of the NHFR, defined
by Eq. �14�, was calculated as 0.33, indicating an effective cooling
design. For a given blade tip geometry and mainstream flow con-
ditions, the NHFR is a function of the cooling-hole locations as
well as the coolant blowing rate. Only one case has been reported
here but a positive integrated NHFR resulted for all cases where
the coolant was injected into the separation bubble on the tip.

Predicted heat transfer coefficients for the uncooled plain tip for
the case of H /C=1.6% are shown in Fig. 12. These calculations
were performed using two commercial codes: FLUENT and CFX.
These calculations are shown to be in good qualitative agreement
with the experiments and have captured all of the flow features
described in the above discussion.

5 Conclusions
Contours of heat transfer coefficient have been measured on the

tip of a generic turbine blade as well as on the aerofoil suction and
pressure surfaces near the tip. The experiments were conducted at
an exit Reynolds number=2.3�105 in a five-blade linear cascade
using the transient liquid crystal technique. Tip clearances of 1.6%

Fig. 12 CFD predictions of h
and 2.8% chord and three different tip geometries were used.
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These measurements were supported by pressure measurements
on the tip and casing and by flow visualization calculated using
CFX.

The highest heat transfer coefficients on any surface �including
the stagnation region on the pressure and suction aerofoil sur-
faces� were observed on the tip of the blade. The pressure and
flow visualization revealed that the flow through the plain tip gap
was governed by a separation bubble near the pressure-side en-
trance to the gap. The leakage flow separated from the tip surface
and reattached in a region parallel to the pressure-side rim. The
highest heat transfer coefficients were located in this region. A
ridge of high heat transfer was also observed near the leading
edge where flow which is driven into the tip gap by high pressure
near the stagnation point of the blade, separates and then reat-
taches. Generally there is low heat transfer in this region where
there is less pressure difference to drive flow across the gap. The
impingement of the leakage vortex is visible on the suction-side
aerofoil surface where high heat transfer is also observed. This
feature was also captured clearly by the flow visualization. The
area of the region influenced by the leakage vortex was observed
to increase as the vortex became more intense with an increase in
clearance gap.

Both squealer geometries eliminated the peak in heat transfer
associated with flow reattachment from the pressure-side rim
which dominated the case of the plain tip. However, high local
heat transfer was observed at positions on the squealers which
corresponded to areas of impingement. The cavity squealer also
featured local spots of high heat transfer at the base of the
squealer near the leading edge, possibly associated with vortical
flow drawing fluid into the cavity. The areas of high measured
heat transfer correlated well with the locations of impingement
determined by the calculated flow visualization. The suction-side
squealer featured an integrated net heat flux reduction �NHFR� of
0.15 while the cavity squealer revealed no net heat flux reduction.

Film cooling holes were introduced on the plain tip along a line
5 mm from the pressure-side corner in a cross chord direction in
order to inject coolant into the separation bubble. This success-
fully eliminated the high heat transfer associated with reattach-
ment present in the uncooled case. Measurements of heat transfer
coefficient and cooling effectiveness led to a calculation of the
NHRF on the blade tip. An integrated average of the NHFR, cal-
culated that the net heat flux to the tip at engine-level tempera-
tures would be reduced by 33% �for a coolant mass flow equiva-
lent to 0.5% of the mainstream�, indicating an effective cooling

/m2K… for plain tip, H /C=1.6%
design.
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Nomenclature
B � blowing rate, B=	cvc /	ava
C � specific heat of wall
C � chord, 225 mm

Cp � pressure coefficient, Cp= �Pt− P� / �Pt− Pe�
f��� � step-change solution of Fourier’s equation

g�� ,��� � exponential solution of Fourier’s equation
h � heat transfer coefficient �qw / �Taw−Tw��
H � tip clearance gap

Hsq � squealer height
k � thermal conductivity of wall

m � number of terms in exponential series
NHRF � net heat flux reduction, NHFR= �qw−qw,c� /qw

P � pressure
qw � heat flux from air to wall

t � time, blade thickness
T � temperature
v � free-stream velocity
x � distance along chord
� � parameter in step-change solution �= �h	t /	ck�

�� � parameter in exponential solution ��= �h	� /	ck�
	 � density

 � film cooling effectiveness, 
= �Taw−Tc� / �Ta−Tc�
� � nondimensional temp. �= �Tw−T0� / �Taw,�−Tw0�

�E � ND engine. temp �E= �Ta−Tc� / �Tr−Tw�
� � time constant

Subscripts
0 � value at t=0
� � value as t→�
a � mainstream air

aw � adiabatic wall
c � coolant, cooled
e � cascade exit
j � jth term in series
r � recovery
t � upstream stagnation condition

uc � uncooled
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