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1. Introduction
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Investigated is a transonic turbine blade tip with a squealer rim and a squealer recess, with a single dusting film cooling hole
contained within the leading edge region of the squealer recess. Data are provided for transonic flow conditions for a range of
film cooling blowing ratios for two tip gap values, using a linear cascade, with no relative motion between the blade and the
casing. Surface heat transfer characteristics are measured using the transient impulse-response measurement approach,
employed with infrared thermography. Line-averaged adiabatic film cooling effectiveness values, for the 1.4 mm tip gap, are
generally very small along the pressure side rim, with only small, locally increased values along the suction side rim. For the
0.8 mm tip gap, line-averaged adiabatic film cooling effectiveness values are generally somewhat higher along the pressure side
rim and along the suction side rim. In general, effectiveness values for both tip gap values, for these locations, and for the
recess region, increase as the blowing ratio increases. As the tip gap decreases from 1.4 mm to 0.8 mm, line-averaged adiabatic
film cooling effectiveness generally increases on the rims and downstream regions of the recess, with increased magnitudes
which are spread over larger spatial surface areas. For tip gaps of 0.8 mm and 1.4 mm, for regions where the line-averaged heat
transfer coeflicient ratio deviates significantly from 1.00, values generally decrease as the blowing ratio increases. Across every
region of the blade, line-averaged heat transfer coefficient ratios either decrease or remain approximately invariant, as the tip
gap value decreases from 1.4 mm to 0.8 mm.

a transonic turbine blade tip with a squealer rim and a
squealer recess, with a single dusting film cooling hole (also

A transonic flow through a turbine blade tip gap is extremely
complicated. This is because included within the tip gap are
a variety of flow structural characteristics and phenomena,
such as unsteady flow phenomena, normal and oblique
shock waves, families of reflected shockwaves, augmented
regions of high shear stress, regions of flow separation,
regions of flow reattachment, three-dimensional secondary
flows, and other flow effects. Parameters that affect such
designs include the blade tip gap, number, positions, and
orientations of film cooling holes, blade tip squealers, blow-
ing ratio of the film cooling, and related parameters, as well
as the presence of other complicated geometric arrange-
ments on and near the blade tip. The present study considers

referred to as a purge film cooling hole) contained within the
upstream region of the squealer recess. Data are provided for
transonic flow conditions over a set of film cooling
conditions.

Previous investigations of dusting or purge film cooling
on the tip of the turbine blade are rare. Only three studies
are known which examine turbine blade tips with this type
of film cooling arrangement in incompressible low speed
flows [1-3]. Additional ten investigations consider dusting
hole film cooling with subsonic compressible flows [4-13].
Only six studies are known which consider such film cooling
arrangements with transonic flows around the turbine blade
tip [14-19]. Of these investigations, only two of these
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investigations [14, 16] provide experimental data for tran-
sonic conditions similar to actual engines.

Of investigations that consider low speed turbine blade
tip heat transfer, Saxena and Ekkad [20] consider the effects
of five different squealer geometries on heat transfer distri-
butions on the blade tip and shroud using a steady-state liq-
uid crystal technique. Results show that the location of the
squealer rim has a significant effect on heat transfer magni-
tudes and that the full squealer has the lowest heat transfer
distributions of the configurations investigated. In another
subsonic study, Bang et al. [21] address the effects of
unsteady wakes on the heat transfer of the turbine blade
tip and shroud using the naphthalene sublimation measure-
ment method. According to these investigators, the over tip
leakage flow structure, including reattachment, vortices, and
tip leakage vortex, is affected significantly by unsteady wakes
when compared to arrangements without unsteady wakes.

For transonic conditions, Arisi et al. [14] present infra-
red thermography results and numerical prediction results
for a linear cascade with ribbed squealer blades. Each blade
includes a cooling hole near the leading edge and another
near the center of the blade. Data are provided for Mach
numbers of 0.85 and 1.00, with a blowing ratio of 1.0, and
a 1 percent tip gap, relative to the blade span. Results show
that flow reattachment in the cavity causes regions of high
heat transfer. In addition, film cooling effectiveness
decreases when the Mach number increases, with film cool-
ing absent downstream of surface ribs. Ma et al. [16] discuss
infrared thermography data from a linear cascade. Ma et al.
[17] present the associated numerical prediction results. Six
different film cooling hole arrangements on a squealer tip
turbine blade are considered. The exit Mach number is
0.95, tip gap is 1.0 percent, relative to the blade span, and
blowing ratio is 1.2. Significantly different surface heat trans-
fer coefficient characteristics are observed on the squealer
recess cavity floor, relative to the suction side rim. According
to these investigators, the tip gap flow is greatly affected by
the presence of film coolant injection. Numerically predicted
vortex pairs are generated near each film cooling hole exit,
where the vortices increase local heat transfer coefficients
because of locally augmented secondary flows.

Kim et al. [15] present numerical simulation results for a
rotating blade. A squealer turbine blade tip with three holes
is utilized within the investigation. Data are given for a tip
gap of 2 percent, relative to the blade span, with a rotor blade
rotational speed of 17,000 rpm. According to these investiga-
tors, aerodynamics losses are decreased by changing the
squealer recess depth, with simultaneous increases of film
cooling effectiveness values. Tong et al. [18] present numer-
ical prediction results for a rotating blade, which includes a
turbine blade with a cutback squealer design, with two dif-
ferent film cooling hole arrangements. The turbine blade
row rotational speed is 9,735 rpm, and squealer recess cavity
depths are 1.875 percent, 2.5 percent, and 3.125 percent, rel-
ative to the blade span magnitude. According to these inves-
tigators, a larger number of holes near the blade-leading
edge provides better film cooling effectiveness. Zhou [19]
presents numerical prediction results for a turbine blade
with a stationary casing wall and moving casing wall, where
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the velocity of the casing wall is set to be 0.35 of the inlet
flow velocity. A turbine blade with a plain tip and a turbine
blade with a squealer tip are utilized, where each contains
coolant holes along the blade camber line. The tip gap is
1.9 percent, relative to the blade span, and coolant pressure
ratio values of 0.9, 1.0, 1.1, and 1.2 are used. Local magni-
tudes of heat transfer coefficient increase, as the coolant
pressure ratio becomes larger, an effect which is more pro-
nounced with a plain blade tip. Also noted are relatively
larger heat loads on the squealer blade tip when no film cool-
ing is employed. With film cooling in use, surface heat loads
along the squealer blade tip are approximately equivalent to
heat loads along the surface of the flat blade tip. Also noted
are increases of local film cooling effectiveness values, for the
moving the casing wall, relative to the stationary casing wall
arrangement.

The present study is unique and important because of
the rarity of turbine blade tip studies with surface heat trans-
fer measurements, dusting holes, squealer rims, a squealer
recess, and transonic flow. The present investigation is also
unique because a range of film cooling flow conditions is
considered, with a film cooling density ratio of approxi-
mately 1.6. Data are provided for two tip gap values, with a
single dusting film cooling hole contained within the leading
edge region of the squealer recess. As mentioned, only two
previous investigations [14, 16] are known to exist that
describe transonic, surface heat transfer experimental results
with dusting or purge holes located on the blade tip. Most
other previous studies (which consider heat transfer charac-
teristics from dusting hole film cooling) employ turbine
blade tips, either in low-speed, incompressible flow [1-3],
or in subsonic compressible flow [4-13]. Other recent inves-
tigations of transonic and subsonic tip gap flows, without
heat transfer measurements, consider management of aero-
dynamic losses, aerothermodynamic characteristics, shock
waves, and tip leakage vortices [22-26].

2. Facility and Research Approach

2.1. High-Speed Wind Tunnel. The high-speed wind tunnel
facility utilized for the current study is a blow-down facility
and is described by Sampson et al. [27] and by Collopy et al.
[28]. Employed is a bar grid upstream of the test section
entrance to produce a cascade inlet turbulence intensity
magnitude of about 6.7 percent. The bar grid has an open
area of 48 percent of the inlet area and is installed at the
end of the nozzle that is upstream of the test section. The
turbulence intensity is measured with a hot wire sensor that
measures time-varying longitudinal velocity at the inlet of
the test section. The time-averaged longitudinal velocity
and longitudinal turbulence intensity are then determined
from these measurements. Details of the associated proce-
dures are provided by Chappell et al. [29]. The blow down
experiment takes 3 seconds to start-up and then maintains
steady-state flow conditions for about 3 seconds.

2.2. Linear Cascade. A diagram of the test section is dis-
played in Figure 1 with its relevant dimensions. Displayed
are the positions of the monitored middle turbine blade,
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pitchwise bleed locations, and tailboard. Additionally, there
are spanwise bleed slots at the entrance. A zinc-selenide win-
dow is positioned over the central turbine blade tip. Ports are
positioned at the test section inlet to allow for probes to
measure the mainstream static temperature, static pressure,
and stagnation pressure. The same tip gap value and
squealer rim and squealer recess arrangement are employed
for all three of the middle blades within the cascade. The
axial blade chord is 72.7mm. The flow enters the cascade
at an angle of 29°. The angle of the outlet is 62.3°. The blade
pitch is 77.22 mm. Locations of downstream static pressure
taps along the endwall are also shown within Figure 1. Mea-
sured surface static pressures at these locations demonstrate
excellent cascade periodicity, achieved only with the lower
tailboard and without the optional upper tailboard. Also
note that, within the present linear cascade, no relative
motion is present between the blade and the casing.

The estimated value of boundary layer thickness, relative
to the casing surface, near the leading edge of each blade, is
4.0mm or about 5.5 percent of the axial chord length C,.
The associated von Karman shape factor is estimated to be
1.31 to 1.34. At the cascade inlet, the flow static temperature,
static pressure, stagnation pressure, sonic velocity, flow
velocity, and Mach number are approximately 313.5K,
172.5kPa, 181.7kPa, 354.9m/sec, 95.8m/sec, and 0.27,
respectively. Near the cascade exit between blade wakes,
static pressure, and Mach number are approximately
105.6kPa and 0.93. The resulting Reynolds number, based
upon C, and inlet flow conditions, is 681,200.

Additional discussion of the cascade apparatus and flow
conditions is provided by Collopy et al. [28].

2.3. Instrumented Film-Cooled Turbine Blade. Figures 2(a)-
2(c) and 3(a) show specifics of the middle, monitored tur-
bine blade. The span of the testing turbine blade is 85 mm.
The span of the true blade is 120.91 mm. The present study
investigated tip gaps of 0.8 mm and 1.4 mm. These distances
correspond to 0.66 percent and 1.16 percent of the true blade

span, respectively. The gap length of 1.4 mm corresponds to
1.9 percent of the axial chord, while the gap length of 0.8 mm
corresponds to 1.1 percent of the axial chord. Note that
squealer rims are employed to minimize the possibility of
severe damage in the event of a tip rub. Presented in
Figure 2(a) are the details of Al film cooling configuration
of the film-cooled blade. Presented in Figure 2(b) is the cut
away view of the Al instrumented blade. Lastly, presented
in Figure 2(c) is the three-dimensional view of the Al film-
cooled blade.

Also visible in Figure 2(a) are the squealer recess, the
squealer rim, and the single-dusting film cooling hole within
the squealer recess zone. Note that the purposes of the
squealer rims and squealer recess are to reduce the aerody-
namic losses and surface heat loading along and down-
stream of the blade tip. The height of the squealer rim is
3.01 mm. The thickness of the rim changes along the perim-
eter of the turbine blade. The range of thickness variation for
the squealer rim is from 2.07 mm to 4.17 mm. The single-
dusting film cooling hole is located at x = 0.206C, from the
leading edge of the blade. The diameter of the hole is
2.35mm, with a perpendicular orientation (90 degree incli-
nation angle) relative to the squealer recess surface. The
length of the film cooling hole passage, along the centerline,
is 0.877D. The present dusting hole film cooling configura-
tion is denoted as the Al configuration.

Additional details of the Al film-cooled instrumented
blade are presented in Figures 2(b) and 2(c). The carbon
dioxide used as coolant is supplied through a plenum inside
the monitored turbine blade. Also within the plenum are
pressure ports, thermocouples to record the coolant temper-
ature, and the entrance of the dusting film cooling hole.

2.4. Measurements of Temperature and Pressure. Surface
static pressure is recorded around the perimeter of the blade
at the 90 percent and 50 percent airfoil span location. The
stagnation pressure is also measured slightly upstream of
the sonic orifice (which is employed for measurements of
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FIGURE 2: (a) Details of Al film cooling configuration of the film-cooled blade. (b) Cut away view of the Al instrumented blade. (c) Three

dimensional view of the A1 film-cooled blade.

carbon dioxide coolant mass flow rates) and total pressure at
two points in the instrumented blade internal plenum. A
wall static pressure tap measures the mainstream flow static
pressure at the entrance to the cascade, while a Kiel probe
measures the stagnation pressure. All pressure measure-
ments are taken with Honeywell digital pressure transduc-
ers. The response time for these pressure measurement
systems is estimated to be from 0.05 to 0.10 seconds. For
more details on these measurement systems, see Collopy
et al. [28].

For details on the calibration of the pressure transducers,
see Collopy et al. [28].

The air temperatures are recorded with two Omega Type
T thermocouples at the cascade inlet. The response time of
these thermocouples is approximately 0.050 seconds. Omega
Type T thermocouples are used to measure the stagnation
temperature inside the blade plenum and slightly upstream
of the sonic orifice. Some more Omega Type T thermocou-

ples are used to measure the surface temperature at several
points on the surface of the blade tip. The temperature mea-
surements from blade tip thermocouples are used for in-
place calibration of the IR thermography camera. For this,
four Type T thermocouples are used. The response time of
these surface-mounted thermocouples is estimated to be
from 0.005 to 0.010 seconds. Collopy et al. [28] provide
additional details on the thermocouple measurement appa-
ratus and procedures and in regard to thermocouple
calibration.

2.5. Secondary Gas Supply. Carbon dioxide is selected to be
the film coolant in order to match density ratios that exist
within actual-operating gas turbine engines more closely. A
specially constructed system is used to provide the film cool-
ant for the instrumented blade. The system uses a sonic ori-
fice to allow mass flow rate calculations to be performed and
a copper tube heat exchanger to control the carbon dioxide
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FIGURE 3: (a) Details of Al film-cooled blade. (b) Variations of inlet stagnation temperature and ratio of total pressure to static pressure
within the mainstream flow and variation of surface temperature at one location along the camber line within the squealer recess during
a typical blowdown test for the dataset 2020-06-26-2025-c21. (c) Variation of local surface heat flux with surface temperature during a
typical transient test at one location along the camber line within the squealer recess for the dataset 2020-06-26-2025-c21.

temperature. With this arrangement, the temperature of the
carbon dioxide is 15°C to 20°C below ambient laboratory
temperature when it is supplied to the blade [28].

2.6. Film Cooling Parameters. Relevant film cooling parame-
ters are calculated from measurements of the mass flow rate,
as well as the temperature and pressure of the carbon diox-
ide inside the turbine blade plenum. The calculated parame-
ters include the static density and static temperature of the
film coolant, and spatially averaged film coolant velocity at
the dusting coolant hole exit. Additional calculated parame-
ters for the exit plane of the dusting coolant hole include the
momentum flux ratio, blowing ratio, discharge coeflicient,
and velocity ratio. Carbon dioxide is chosen for the film
coolant to match turbine engine operating density ratios
more accurately, as mentioned. Note that the procedures
used to calculate the discharge coeflicients are provided by
Chappell et al. [29].

To calculate parameters for the film cooling, several local
main stream flow parameters are needed from the film cool-
ing hole exit location in the tip gap. To start the calculations,
the first parameter needed is the local Mach number. The
associated isentropic value is determined from squealer tip
recess surface static pressure data. The dusting hole is posi-
tioned along the camber line at x/C,=0.26 within the
squealer recess. The static pressure taps for measurement
of local static pressure are located along the camber line at
x/C,=0.11 and x/C, = 0.33, also within the squealer recess.
These static pressure measurements are then interpolated to

obtain film cooling hole exit local flow conditions. Using the
local Mach number, static pressure, and static temperature
at the film cooling hole exit, the local sonic velocity and
static density are calculated.

The calculated film cooling testing parameters for the
current study are displayed in Table 1. Collopy et al. [28]
provide details regarding determination of the associated
film cooling parameters.

2.7. Surface Heat Transfer Measurements and Adiabatic Film
Cooling Effectiveness. A transient measurement technique is
employed to determine local, spatially resolved distributions
of adiabatic surface temperature and local, spatially resolved
distributions of surface heat transfer coefficients. A key
device employed for these efforts is a FLIR Systems Inc.
Infrared Camera, which operates at infrared wavelengths of
7.5 ym to 14.0 ym. The infrared camera is mounted to view
and obtain squealer tip surface data from a normal viewing
direction. The IR thermography camera measures surface
temperature fluctuations, while recording blade tip images
through a window made of zinc-selenide. Instrumented
blade components are comprised of Somos WaterShed XC
11122 plastic. This material is employed because of its high
tensile strength and thermal properties. Four thermocouples
are located 0.41 mm beneath the surface of the turbine blade
tip, which are used to calibrate the infrared camera during
testing. The effect of this material thickness between the
thermocouples and the blade surface are included in deter-
minations of experimental uncertainties of measured heat



TasLE 1: Film cooling experimental conditions.

Dataset  Blowing ratio Momentum flux ratio  Density ratio

1.4 mm tip gap

1 0 0 0
2 0.64 0.27 1.52
3 1.18 0.89 1.57
4 1.58 1.55 1.61
5 2.11 2.65 1.68
6 2.49 3.58 1.73
7 2.94 4.85 1.78
0.8 mm tip gap
8 0 0 0
0.81 0.43 1.53
10 1.51 1.44 1.59
11 2.01 2.46 1.65
12 2.86 4.61 1.77

transfer characteristics. Because the time interval for data
processing is about 300 milliseconds, the conduction pene-
tration depth is minimal during each transient test.

The camera has in situ calibration performed by referen-
cing surface temperature measurements taken by Type T
thermocouples. During a blow down test, the infrared cam-
era acquires thermal signatures at a rate of 30 frames per sec-
ond with a resolution of 998 x 750 pixels using the FLIR IR
Research Software. Four thermocouples at different surface
locations are employed for determination of infrared calibra-
tion equations in the form of greyscale variation with surface
temperature. Results from these different thermocouples
consistently give the same calibration equation, which is
highly repeatable, as time varies and as multiple datasets
are acquired. The impulse response method is used to calcu-
late the surface heat flux [27]. The impulse response method
uses an impulse response digital filter, along with a fast Fou-
rier transform, to reconstruct the heat flux time history for
each pixel location from the digitized time variation of sur-
face temperature. The resulting data encompasses adiabatic
wall temperature data and spatially resolved heat transfer
coeflicient. Collopy et al. [28] provide additional details on
the associated procedures for calibrations and
measurements.

The mainstream air supply is heated due to the work
done by the compressor. As a result, at the start of each test,
the mainstream temperature rises from 25°C to 45°C above
ambient temperatures; this occurs over 1.2 to 1.3 seconds.
The resulting conditions allow for the use of the transient
impulse response method, such that the T, ;. thermal
transient is present, after the flow is fully established within
the test section. As data are acquired, associated transonic
flow conditions are steady state.

Shown in Figure 3(b) are variations of inlet stagnation
temperature and ratio of total pressure to static pressure
within the mainstream flow and variation of surface temper-
ature at one location along the camber line within the
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squealer recess. These data are provided for the time period
of a typical blowdown test for the dataset 2020-06-26-2025-
c21. Figure 3(c) presents the fluctuation of local surface tem-
perature with surface heat flux for the same position and for
the same dataset. To determine such a time variation of sur-
face heat flux, an impulse response method is used to ana-
lyze the change of surface temperature over time, along
with turbine blade material properties, and the assumption
of semi-infinite, one-dimensional thermal conduction. From
data like the ones shown in Figure 3(c), the surface heat
transfer coefficient is determined from the slope of the heat
flux versus surface temperature distribution for each mea-
surement location. The adiabatic wall temperature is then
calculated at every measurement position as the intercept
value of wall temperature associated with zero surface heat
flux.

With the present approach, the surface heat flux is given
as follows:

% =h (TAW—FC - Ty) (1)

For details and explanation of the equation as well as the
associated analysis and experimental procedures, see Col-
lopy et al. [28].

The adiabatic film cooling effectiveness is determined
using

Hap = [TAW—NFC - TAW—FC]/[TAW—NFC - Te—c] (2)

To see details and discussion of the equation, associ-
ated analytical, and experimental procedures, see Collopy
et al. [28].

2.8. Uncertainty Analysis. The estimates for the testing
uncertainty are for confidence levels of 95 percent and calcu-
lated following the steps described by Moffat [30]. The
uncertainty for measured pressures is about +0.8 kPa, and
the uncertainty of thermocouple measured temperatures is
typically about +0.1°C. The uncertainty for the Mach num-
ber is +1.5 percent. The experimental uncertainty of the
blowing ratio is 4.0 percent. The experimental uncertainty
of the coolant mass flow rate is also approximately +4.0 per-
cent. The uncertainty for the adiabatic film cooling effective-
ness is £0.006 for a nominal value of 0.10, for values less
than or equal to 0.12. For adiabatic film cooling effectiveness
values greater than 0.12, the uncertainty for the adiabatic
effectiveness is +5.0 percent. The heat transfer coefficient, h
, has an uncertainty of +8.0 percent. The baseline heat trans-
fer coefficient h, is around +120 W/m’K for 2000 W/m’K.
Note that an important contributor to uncertainties of quan-
tities measured using infrared thermography is identification
of calibration thermocouple locations. Also note that uncer-
tainty estimates account for any nonuniform initial temper-
ature which may be present at the start of each transient test.

3. Blade Mach Number Distributions

Figure 4 shows the Mach number distributions along the
perimeter of the central blade at the 50 percent and 90
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FIGURE 5: Baseline heat transfer coefficient ratio data along the squealer tip surface without film cooling. (a) Dataset 8, 0.8 mm tip gap. (b)

Dataset 1, 1.4 mm tip gap.

percent spans on both the blade suction and pressure sur-
faces. Experimental data are plotted as circles, and the lines
are RANS numerical predictions. The data shows that along
the suction surface of the blade, the flow accelerates from
subsonic to supersonic flow before reaching the end of the
blade. The maximum Mach numbers achieved by the flow
are around 1.1 and 1.25, for the 50 percent and 90 percent
span locations, respectively. The data shows that along the
pressure surface, despite the acceleration as the flow advects
downstream, the flow remains subsonic.

4. Local, Spatially Resolved Surface Heat
Transfer Coefficient Data Distributions

Spatially resolved baseline heat transfer coefficient data
along the squealer tip surface, without film cooling, are given

in Figures 5(a) and 5(b) for tip gaps of 0.8 mm and 1.4 mm,
respectively. Except for the absence of film cooling, the pres-
ent baseline results are obtained for the same experimental
conditions which are employed when film cooling is
included. The distributions match the data presented by
Virdi et al. [31]. For discussion of baseline heat transfer dis-
tributions, see Collopy et al. [28].

5. Local, Spatially Resolved Blade Surface
Adiabatic Film Cooling
Effectiveness Distributions

Figures 6(a) and 6(b) present local distributions of adiabatic
film cooling effectiveness on the turbine blade tip surface
with Al film cooling for tip gaps of 0.8 mm and 1.4 mm,
with BR=1.51 and BR =1.58, respectively. Also included
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FIGURE 6: Locations A and B as well as regions for area averaging presented with respect to adiabatic film cooling effectiveness distribution.
(a) Dataset 10, 0.8 mm tip gap, BR = 1.51. (b) Dataset 4, 1.4 mm tip gap, BR = 1.58.

within these figures are locations of lines A and B and
regions for determination of area-averaged adiabatic film
cooling effectiveness values. Note that effectiveness is locally
increased at the Al film cooling hole exit location in both
figures, where values are in the vicinity of 1.0. Also note that
local effectiveness magnitudes are strongly tied to the con-
centration amount of film coolant near and adjacent to the
blade tip surface. Line locations A and B are selected to pro-
vide additional information regarding local data variations.
In particular, the locations of lines A and B are selected to
evaluate film cooling effectiveness and heat transfer coeffi-
cient ratio behavior near to and downstream of the dusting
hole. Line location B is also selected to evaluate characteris-
tics along the suction side rim.

The data within Figures 6(a) and 6(b) provide evidence
that the coolant is detaching near the dusting hole exit and
reattaching further downstream. The associated separation
of coolant from the surface appears to be more pronounced
for the 0.8 mm tip gap. Such characteristics are tied to local
effectiveness increases, which are often present at locations
immediately and then further downstream within the
squealer recess region, as well as along the suction side and
pressure side rim surfaces at locations of film coolant accu-
mulation. Associated values of the effectiveness along the
pressure and suction side rim can be as high as 0.4 to 0.45.
With the 1.4 mm tip gap, effectiveness distributions indicate
that, after the coolant exits the dusting hole, it flows along
the recess surface for only a short distance before being
advected out of the recess volume. The associated outflow
is evidenced by small areas of elevated effectiveness values
which are present on the suction side rim and by effective-
ness readings in the vicinity of zero, within the farthest
downstream portions of the squealer recess.

Local variations of adiabatic film cooling effectiveness
along lines A and B are presented in Figures 7(a) and 7(b),
respectively. These data are provided for both tip gap values
for different blowing ratios. Note that vertical lines within
Figures 7(a) and 7(b) denote the boundaries of the suction
side squealer rim and the pressure side squealer rim.

Figure 7(a) shows values for line A, which are as high as
about 0.90 within the recess region for Y/Cy values of 0.75-

0.85. Here, values generally decrease as the blowing ratio
increases. Except for the lowest blowing ratio, the film
cooling effectiveness decreases as the tip gap decreases.
This indicates that the coolant lift-off effect is more pro-
nounced in the smaller tip gap near the film cooling dust-
ing hole. Figure 7(b) shows that adiabatic effectiveness
data values, along line B, are increased substantially within
the recess region in the vicinity of X/Cy of 0.25. Here,
effectiveness magnitudes usually decline as blowing ratio
rises. Within the recess region, values for the 0.8 mm tip
gap are much lower, which provides additional evidence
that coolant lift-off is more pronounced for the smaller
tip gap. Along the suction side rim portion of line B, effec-
tiveness values are nonzero only for the 0.8 mm tip gap.
The differences in film cooling effectiveness distributions
over the tip can be attributed to a change in the flow
structure of the over tip leakage flow with changes in the
tip gap. Although the smaller tip gives lower values of adi-
abatic film cooling effectiveness and experiences more pro-
nounced lift-off, this behavior does not necessarily equate
to increased local heat transfer coefficients. In general,
local advection through the tip gap has reduced velocities
for the 0.8 mm tip gap, which results in lower local heat
transfer coefficients.

6. Local, Spatially Resolved Surface Heat
Transfer Coefficient Ratio Distributions

Figures 8(a) and 8(b) present local distributions of the heat
transfer coefficient ratio on the turbine blade tip surface with
Al film cooling for tip gaps of 0.8 mm and 1.4 mm, with
BR =1.51 and BR = 1.58, respectively. Also included within
these figures are locations of lines A and B and regions for
determination of area-averaged heat transfer coefficient ratio
values. Note that values of the heat transfer coefficient ratio
within these figures are approximately equal to one away
from film cooling trajectory locations.

Figures 8(a) and 8(b) show that heat transfer coefficient
ratio distributions for the two tip gaps are qualitatively and
quantitatively similar. Also evident are relatively high heat
transfer coefficient ratios near the exit of the film cooling
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FIGURE 8: Locations A and B as well as regions for area averaging presented with respect to heat transfer coefficient ratio distribution, with
film cooling. (a) Dataset 10, 0.8 mm tip gap, BR = 1.51. (b) Dataset 4, 1.4 mm tip gap, BR =1.58.

hole, with much lower values along downstream film trajec-
tory paths, within the recess region. Such local coefficient
decreases are believed to be due to locally lower magnitudes
of turbulence transport. Regions with heat transfer coeffi-
cient ratios less than one, where the film cooling effective-
ness is relatively low, are caused by detachment of film
concentrations from the squealer tip surface.

Local heat transfer coeflicient ratio variations along lines
A and B are presented in Figures 9(a) and 9(b), respectively.
These data are provided for both tip gap values for different
blowing ratios. Note that vertical lines within Figures 9(a)
and 9(b) denote the boundaries of the suction side squealer
rim and the pressure side squealer rim.

Figure 9(a) shows significant localized decreases of local
heat transfer coeflicient ratios near Y/Cy values of 0.85, with
minimum values ranging from 0.35 to 0.85 as the blowing
ratio is changed. Here, local ratios generally decrease as the
tip gap decreases. Local ratio values also often decrease as
the blowing ratio increases, which provides additional evi-
dence that coolant concentrations are either partially or

completely lifting off from the squealer recess surface. Such
phenomena are also responsible for the data trends shown
along line B in Figure 9(b), where local heat transfer coeffi-
cient ratios are generally less than 1.0 within the recess
region. Here, local ratio values also often decrease as the
blowing ratio BR increases. If the blowing ratio is approxi-
mately constant, local ratio values within Figure 9(b) gener-
ally decrease as the tip gap decreases for each X/C, location
within the recess region.

Within Figures 6, 7, 8, and 9, locations of the altered heat
transfer coefficient ratio, which are different from one, corre-
spond with locations where the adiabatic film cooling effec-
tiveness is nonzero. However, in some cases, altered heat
transfer coeflicient ratios are associated with very low values
of film effectiveness, which are near zero. For these situa-
tions, only minimal coolant is present next to the blade tip
surface, even though larger accumulations are often present
in outer parts of the boundary layers, which then alter local
turbulent transport, as well as local heat transfer coeflicient
magnitudes.
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7. Line-Averaged Data Analysis Procedures

An example of the line-averaging layout is shown in
Figure 10. For discussion and explanation of the line averag-
ing software code and procedures, see Collopy et al. [28].

8. Line-Averaged Blade Surface Adiabatic Film
Cooling Effectiveness Distributions

Figures 11(a)-11(c) present line-averaged adiabatic film
cooling effectiveness fluctuations on the pressure side rim,
squealer recess region, and suction side rim, respectively.
The presented data are for a tip gap of 0.8 mm with blowing
ratios BR of 0.81, 1.51, and 2.86 and for a tip gap of 1.4 mm
with blowing ratios BR of 0.64, andd1.58.

Data within Figure 11(a) show that adiabatic film cool-
ing effectiveness values for three blowing ratios are zero or
are very near to zero, along the pressure side rim for the
l.4mm tip gap. With a tip gap of 0.8 mm, line-averaged
effectiveness data generally increase as the blowing ratio
increases at particular S/S, values (as the tip gap value is
constant). Figure 11(c) shows that adiabatic film cooling
effectiveness data along the suction side rim are near zero
until /S, becomes greater than 0.30. For /S, from 0.30 to
0.45, line-averaged effectiveness values generally increase as
the blowing ratio increases (as the tip gap is constant) and
generally increase as the tip gap decreases (while the blowing
ratio is constant). For S/S, greater than 0.55, effectiveness
values are near zero for the 1.4 mm tip gap. With a tip gap
of 0.8 mm, line-averaged effectiveness data for S/S, greater
than 0.55 generally increase as the blowing ratio increases
(as the tip gap is constant).

Line-averaged adiabatic film cooling effectiveness data
along the recess region in Figure 11(b) show local maxima

0.0

0.2 -
g 0.4
=

0.6 -

0.8 -

Y/C

FIGURE 10: Locations of polynomial equations and regions for line
averaging, along the squealer blade tip surface, for the pressure side
rim, the squealer recess region, and the suction side rim.

near S/S, near 0.15 due to the presence of the dusting film
cooling hole exit. Here, effectiveness values generally
increase as the blowing ratio decreases (as the tip gap is con-
stant). Farther downstream, for S/S, from 0.40 to 0.70, the
opposite trend with a blowing ratio is generally apparent
(as the tip gap is constant), such that effectiveness values
generally increase as the tip gap decreases (as the blowing
ratio is constant).

In general, the effectiveness results in Figures 11(a)-
11(c) show that, with the 0.8 mm tip gap, effectiveness vari-
ations provide evidence that coolant separates from recess
region surfaces in greater amounts, with reattachment fur-
ther downstream, in comparison to the 1.4mm tip gap.
Effectiveness variations also provide evidence that coolant
with the 0.8 mm tip gap is present in greater concentrations
near squealer rim surfaces, relative to the 1.4mm tip gap
arrangement, especially for S/S, numbers larger than 0.40
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FIGURE 11: Line-averaged adiabatic film cooling effectiveness along for A1 blade film cooling for different blowing ratios and tip gaps. (a)
Along the pressure side rim. (b) Along the squealer recess region. (c) Along the suction side rim.

to 0.55. The general trends shown in Figures 11 and 12 are
consistent with Narzary et al. [32], who employ a turbine
blade with a suction rim with tip gaps ranging from 0.87 per-
cent to 2.3 percent of the blade span. The present date are
also in agreement with results from Ullah et al. [33] in
regard to film cooling effectiveness increases as the blowing
ratio becomes larger. These investigators utilize a flat tip
blade and consider experimental conditions with a large
range of different density ratios.

9. Line-Averaged Blade Surface Heat Transfer
Coefficient Ratio Distributions

Figures 12(a)-12(c) present line-averaged heat transfer coef-
ficient ratio deviations on the pressure side rim, squealer

recess region, and suction side rim, respectively. The pre-
sented data are for a tip gap of 0.8 mm with blowing ratios
(BR) of 0.81, 1.51, and 2.86 and for a tip gap of 1.4 mm with
blowing ratios BR of 0.64 and 1.58.

Figure 12(a) displays that heat transfer coeflicient ratio
data along the pressure side rim have almost no variation with
the blowing ratio or tip gap until §/S, becomes greater than
0.40. For S/S, numbers larger than 0.40, values generally
decrease as the blowing ratio increases (as the tip gap value is
constant), such that values also generally decrease as the tip
gap decreases (as the blowing ratio is approximately constant).
Figure 12(c) shows that heat transfer coeflicient ratio values on
the suction side rim have almost no variation with the blowing
ratio or tip gap until §/S, becomes greater than 0.35 to 0.40. As
S/S, increases further, data for each blowing ratio and tip gap
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FIGURE 12: Line-averaged heat transfer coefficient ratio along for Al blade film cooling for different blowing ratios and tip gaps. (a) Along
the pressure side rim. (b) Along the squealer recess region. (c) Along the suction side rim.

generally first show a local maximum value, followed by a local
minimum value. For larger $/S, magnitudes, values generally
decrease as the tip gap decreases (as the blowing ratio is
approximately constant) and generally decrease as the blowing
ratio increases (as the tip gap is constant).

Figure 12(b) shows heat transfer coeflicient ratio varia-
tions as /S, increases, along the squealer recess region. Each
dataset for particular values of the tip gap and blowing ratio
shows a local maximum §/S, near to 0.15, wherein ratios gen-
erally decrease as the blowing ratio becomes larger. These
locally augmented heat transfer coefficients are believed to be
due to intense secondary flows within a horseshoe-shaped vor-
tex, which forms around each film cooling jet. Ratios then
show a significant decrease as S/S; becomes larger than 0.15,
when values generally show almost no variation with a tip

gap magnitude (as blowing ratio is approximately constant)
but generally a decrease as the blowing ratio is increased for
particular S/S, values (and the tip gap is constant). Within
Figure 12(b), heat transfer coefficient ratio differences for the
tip gaps, within the minima value region, are most likely
because coolant lift-off is more significant for the 0.8 mm tip
gap, especially at lower blowing ratios.

10. Area-Averaged Blade Surface Adiabatic Film
Cooling Effectiveness and Heat Transfer
Coefficient Ratio Distributions

Figures 13(a) and 13(b) show area-averaged adiabatic film
cooling effectiveness and heat transfer coefficient ratio
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variations, respectively, with a blowing ratio for both tip
gaps. Figures 6 and 8 show the locations for area-average
determinations for tip gaps of both 1.4 millimeters and 0.8
millimeters.

Figure 13(a) shows that adiabatic film cooling effective-
ness along the suction side rim increase as the blowing
ratio increases (as the tip gap is constant) for both tip
gap values. Generally, values for the 0.8 mm tip gap are
larger for blowing ratios greater than 1.50. Figure 13(a)
also shows that area-averaged adiabatic film cooling effec-
tiveness values along the recess region generally decrease
as the blowing ratio increases. Here, data for the 0.8 mm
tip gap are consistently lower than numbers shown by
the 1.4mm tip gap, for each BR value considered. Such
behavior is a consequence of significant separations of
coolant concentrations from recess region surfaces, which
changes with the tip gap magnitude.

Figure 13(b) shows that heat transfer coefficient ratios
along the suction side rim decrease slightly as the blowing
ratio increases, with 0.8 mm data slightly lower than the
l1.4mm date for each blowing ratio value. Values within
the recess region are in approximate agreement for both
tip gaps. In both cases, area-averaged heat transfer coeffi-
cient ratios decrease as the blowing ratio increases, for BR
values up to 1.5. For higher BR values, area-averaged heat
transfer coeflicient ratios increase slowly as the blowing ratio
increases from 1.5. Such characteristics are related to com-
plex alterations of turbulent transport and flow mixing
within the film-cooled boundary layers, as the tip gap and
blowing ratio are altered.

Note that the values in Figure 13 are substantially higher
than the line-averaged data values within Figures 11 and 12.
This is because the area-averaged values are locally deter-
mined and do not cover the same surface regions employed
to determine the line-averaged results shown in Figures 11
and 12.

11. Summary and Conclusions

Investigated is a transonic turbine blade tip with a squealer
rim and a squealer recess, with a single dusting film cooling
hole contained within the leading edge region of the squealer
recess. Data are presented for transonic flow conditions for a
range of film cooling blowing ratios for two tip gap values.
Spatially resolved distributions of surface adiabatic film cool-
ing effectiveness and surface heat transfer coefficients are
provided for different film cooling flow conditions. The
present study is unique and important because of the rarity
of turbine blade tip studies with surface heat transfer mea-
surements, dusting holes, squealer rims, and transonic flow.

Line-averaged adiabatic film cooling effectiveness values
for the 1.4 mm tip gap are generally very small on the pressure
side rim, with a small, locally increased values along the suc-
tion side rim. For the 0.8 mm tip gap, line-averaged adiabatic
film cooling effectiveness values are generally somewhat
higher along the pressure side rim and along the suction side
rim. In general, effectiveness values for both tip gap values,
for these locations, and for the recess region, increase as the
blowing ratio increases. One important exception to this trend
is apparent near the dusting hole within the recess region,
where line-averaged adiabatic film cooling effectiveness values
decrease as the blowing ratio increases.

For tip gaps of 0.8 mm and 1.4 mm, for regions where the
line-averaged heat transfer coefficient ratio deviates signifi-
cantly from 1.00, values generally decrease as the blowing ratio
increases. One exception to this trend is apparent within the
recess region, near the dusting hole exit location in the vicinity
of §/S, equal to 0.20, where the lowest heat transfer coefficient
ratio value is associated with an intermediate magnitude of the
blowing ratio. The smaller tip gap arrangement generally gives
lower or slightly lower heat transfer coefficient ratios, com-
pared to the 1.4mm tip gap configuration, when compared
at the same blade tip location and same blowing ratio. Because
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improved thermal protection is associated with lower local
heat transfer coefficients, the 0.8 mm tip gap consistently pro-
vides more favorable thermal protection, overall, relative to
the 1.4 mm tip gap configuration.

NOMENCLATURE

Film cooling blowing ratio

c Sonic velocity

C;: Discharge coefficient

C.: Axial chord length

D: Film cooling hole diameter

DR: Density ratio

h: Isoenergetic heat transfer coefficient

hy: Baseline heat transfer coefficient

I Momentum flux ratio

. Mass flow rate of the carbon dioxide film coolant

Ma: Mach number

P Static pressure

P Stagnation pressure

q(;: Wall heat flux

R Gas constant for carbon dioxide

S: Coordinate along the line represented by polyno-
mial equation

Syt Coordinate along the line represented by polyno-
mial equation from blade leading edge to trailing
edge

Taw: Surface adiabatic wall temperature

T,..: Coolant stagnation temperature

T, inler: Inlet cascade stagnation temperature

Tg: Static temperature

T, Stagnation temperature

Tyw: Wall temperature

v: Flow velocity

VR: Velocity ratio

x: Axial coordinate

X: Axial coordinate

y: Pitch coordinate

Y: Pitch coordinate

i Ratio of specific heats for carbon dioxide

p: Static density

RS Adiabatic film cooling effectiveness.

Subscripts

Avg: Spatially averaged value

c Film cooling value or coolant value

e: Film cooling hole exit value

FC:  Film cooling value

ideal: Ideal isentropic value

local: Local flow value at exits of film cooling holes

ms:  Main flow value

NFC: No film cooling value

st Static value.
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