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Abstract

The objective of this work is to examine the flow structure and heat transfer distribution
of a squealer tip rotor blade with purge flow cooling and provide a comparison with a basic flat
tip rotor blade without purge flow cooling, under transonic conditions and high inlet freestream
turbulence intensity. The blade design was provided by Solar Turbines Inc., and consists of a
double squealer around the pressure and suction sides, two purge flow blowing holes located
downstream of the leading edge and mid-chord, four ribs in the mid-chord region and a trailing
edge bleeder exiting on the pressure side. Blade cavity depth is 2.29 mm (0.09 in.) and the total
blade turning angle is 107.5°. Tests were performed in a blow-down facility at a turbulence
intensity of 12%, in a seven bladed 2-D linear cascade at transonic conditions. Experiments
were conducted at isentropic exit Mach numbers of 0.85 and 1.05, corresponding to Reynolds
numbers based on axial chord of 9.75x10° and 1.15x10°, respectively, and tip clearance gaps of
1% and 2% of the scaled engine blade span. A blowing ratio of 1.0 was used in the squealer tip
experiments. Detailed heat transfer coefficient and film cooling effectiveness distributions were
obtained using an infrared thermography technique, while oil flow visualization was used to
investigate the flow patterns in the blade tip region.

With the addition of a squealer tip, leakage flow was found to decrease, as compared to a
flat tip blade. With increasing tip clearance gap, the heat transfer coefficients within the cavity
and along the squealer rim were found to decrease and increase, respectively. Film cooling
effectiveness decreased with increasing tip clearance gap and was mainly observed within the
squealer cavity. The maximum heat transfer coefficient was observed on the leading edge,
however, comparatively large values were observed on the mid-chord ribs. The presence of the
ribs, greatly affected the flow structure and heat transfer distributions within the cavity and

downstream towards the trailing edge.
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Nomenclature
BR Averaged blowing ratio (=pUc/poUcxave)
C  True chord of blade (69.9 mm, 2.75 in.)
C, Constant pressure specific heat
Cx Axial chord of blade (58.2 mm, 2.29 in.)
h  Local heat transfer coefficient
k  Thermal conductivity
Ma Mach number
P Pressure
q” Heat flux
Re Reynolds number
T  Temperature

TG Tip Clearance Gap (% of engine blade span)

U  Velocity

Greek Symbols

Y Specific heat ratio of air

n  Local film cooling effectiveness
p  Dynamic viscosity of air

p  Local density of air

¢  Overall film cooling effectiveness
Subscripts

0  No purge flow blowing
1 Inlet conditions

2 Exit conditions

c Coolant

i Initial conditions

0 Stagnation or total

r Recovery

w  Wall

oo  Mainstream



Introduction

In modern gas turbine engines, air is pressurized in a compressor, mixed with fuel and
ignited in a combustor. The combustion products then enter the turbine where the mechanical
rotation of the rotor can be used for many power generation applications. Increasing the
combustion temperature and subsequently the turbine inlet temperature, leads to an improvement
in the overall efficiency of the gas turbine engine. While this increase in efficiency is desirable,
the increased temperature of the gas entering the turbine section can cause degradation and
mechanical failure of the turbine components. Bunker [1] reports that approximately one third of
high pressure turbine failures occur due to blade tip degradation. Leakage flow over the tip of an
unshrouded turbine blade is the cause of both mechanical failure and decreased efficiency.
These deficiencies are exacerbated due to the transonic conditions present in the three-
dimensional flow over the turbine tip [2]. Blade tip experimental and numerical research is
invaluable to understanding of the complex fluid flows and heat transfer distributions present in

modern gas turbine engines.

Literature Review

The effect tip gap has on the flow field has been studied by Sjolander and Cao [3] for a
simplified flat tip blade geometry within a stationary linear cascade. Using flow visualization
and chord-wise pressure measurements, they found that the flow over the tip of the blade
separates at the pressure side edge and can reattach further down the flow path on the surface of
the tip. This reattaching flow impinges on the surface of the tip and fluid flows towards both the
pressure and suction sides. The impinged flow heading towards the pressure side produces a
counter-rotating vortex when it interacts with the leakage flow over the pressure side. This
counter-rotating fluid region near the pressure side is therefore expected to have a large heat
transfer coefficient.

Kwak et al. [4] conducted a similar study on a GE-E? turbine blade with single and
double squealer tips and rims located on the pressure side, suction side or camber line. Common
to all cases was the separation region at the pressure side of the blade; however, the location of
the squealer rim significantly affected the reattachment location. Recirculation regions develop
as a result of the squealer rim, which are larger than those produced by a flat tip blade. Kwak et

al. [4] determined that changing the squealer rim location changes the leakage flow path which in
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turn produces different heat transfer distributions across the tip and that a squealer rim located on
the suction side of the blade would produce the lowest heat transfer coefficient on the blade tip.
Azad et al. [5] came to the same conclusions as Kwak et al. [4] in a similar experiment and in
both cases it was found that the use of a squealer rim significantly reduces the amount of leakage
flow over the blade tip as compared to a flat tip blade. Bunker [1] predicts a linear relationship
between tip clearance and stage efficiency loss and that a 1% tip gap for flat and squealer tip
blades will reduce the stage efficiency by 2% and 1.5%, respectfully.

Mayle and Metzger [6] showed in an early study that the heat transfer coefficient on the
blade tip is basically independent of the relative motion between the tip and its stationary wall.
The difference in heat transfer coefficient between rotating and non-rotating experiments was
found to be within the experimental uncertainty of +10%, by the methods of Kline and
McKlintock [7]. This conclusion has led to the belief that the pressure difference between the
pressure and suction sides of the blade is the dominating factor in regard to tip leakage flow.
Thus stationary configurations have become the most popular method of performing
experimental measurements on turbomachinery components. Yang et al. [8] have more recently
conducted a numerical simulation where the effect of the relative rotation of the blade and
endwall on the heat transfer coefficient, for flat and squealer tip GE-E’ first stage turbine blades,
was investigated. For both flat and squealer tip blades, the relative motion of the endwall
decreased the leakage flow over the tip and significantly increased the heat transfer coefficient.
The high heat transfer regions for the nonrotating and rotating cases are located at the leading
edge on the suction side of the cavity and the pressure side of the cavity, respectively.

Anto et al. [9] conducted heat transfer experiments on a flat tip blade of the same
geometry, experimental setup and test conditions as in the current study, isentropic exit Mach
numbers of 0.85 and 1.05 and tip clearance gaps of 1% and 2% of the scaled engine blade span.
He found that the heat transfer coefficient increased with increasing Mach number and tip gap.
Furthermore, an increase in the Mach number, from 0.85 to 1.05, produces a larger heat transfer
coefficient increase than an increase in the tip gap, from 1% to 2%.

Zhang et al. [10] conducted a similar study to Anto et al. [9] where the flat tip heat
transfer distribution, at Mach and Reynolds numbers of 1.0 and 1.27x10°, respectively, was
examined experimentally and numerically. They reported that an increasing tip gap corresponds

to an increase in tip gap Mach number as well as an increase and decrease of the Nusselt number



in the leading edge and trailing edge regions, respectively. Subsonic flow was reported in the
leading edge region coinciding with the largest Nusselt numbers. Supersonic flow was observed
across most of the tip towards the trailing edge and coincides with low Nusselt number region.
A multiple oblique shock structure was observed in the mid-chord to trailing edge region
producing striped pattern on the heat transfer distribution.

Kwak et al. [4] showed, in the experiment previously mentioned, that the heat transfer
coefficient on the blade tip and endwall were significantly reduced by the use of a squealer tip as
opposed to a flat tip blade. Their test conditions included tip gaps of 1.0%, 1.5% and 2.5% of
blade span, Reynolds number of 1.1x106, turbulence intensity at the cascade inlet of 9.7%,
pressure ratio of 1.2 and exit Mach numbers of 0.25 and 0.59 in a five bladed linear cascade
blow down facility. Using the same blade geometry and test conditions, Kwak et al. [11] added
film cooling holes along the camber line to both flat and squealer tip blades. They found that the
overall heat transfer coefficient increased with increasing tip gap and decreased with increasing
blowing ratio, while the film cooling effectiveness increased with increasing blowing ratio.

Also, the film cooling effectiveness increased and heat transfer coefficient decreased when
comparing the squealer to the flat tip blades.

Ameri et al. [12] conducted a numerical study on the flow and heat transfer of flat and
squealer tip GE-E” first stage turbine blades. They found that when compared to a flat tip blade
the heat transfer coefficient within the cavity of a squealer tip blade was higher. The heat
transfer coefficient on the pressure side rim of the squealer tip was comparable to the flat tip
blade but the suction side rim was higher. The high heat transfer coefficient regions in the cavity
of the squealer tip are due to the reattaching mainstream flow and the heat transfer coefficient
levels in the cavity are less than those observed on the squealer rim. Kwak et al. [11] saw that
the heat transfer coefficient on the rim does not change appreciably for different blowing ratios
and that it is higher than the heat transfer coefficient in the cavity, except for immediately behind
the leading edge. They also observed that near the leading edge, where the blade is wider, clear
reattachment and recirculation regions are present. Towards the trailing edge, where the blade is
narrower, a reattachment region is not observed. Kwak et al. [11] attributes the lack of the
reattachment region to the blade geometry and the low heat transfer coefficient levels observed

as a result of a recirculation of coolant.



As evidenced in the preceding section, many studies have been conducted, both
experimental and numerical, on the tip region of turbine blades. However, most of these studies
have been conducted at lower speeds and turbulence intensities than would be observed in a
modern turbine. Due to the complex nature of the flow and the presence of comparable flat tip
results, an examination of heat transfer distributions at various tip clearance gaps at high speed

conditions will provide many insights into tip heat transfer on turbine blade surfaces.

Experimental Setup

The current study was conducted at Virginia Tech’s Transonic Wind Tunnel, which is a
blow down facility capable of producing isentropic exit Mach numbers above 1.0. This facility
has been used in previous heat transfer experiments by Anto [9], Holmberg [13], Nix et al. [14],
Smith et al. [15], Popp et al. [16], Carullo et al. [17] and Nasir et al. [18]. Figure 1 shows a scale

drawing of the wind tunnel as seen in the test facility.

l Inlet Air

[_ Turbulence Grids

Heating Loop Heat Exchanger Test Section

Plenum 1 meter

Valve 1 Valve 2 Fan

Figure 1. Scale model of the Transonic Wind Tunnel at Virginia Tech

An upstream compressor can safely pressurize air up to 1725 kPa (250 psig) in a high
volume storage tank. A main control valve is located upstream of the tunnel section pictured in

Figure 1 and can hold a steady inlet pressure for up to 20 seconds, depending on the desired tank
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and inlet pressure. Before a heat transfer run is started, valve 1 and valve 2 are closed and the
heater and fan are turned on. When air within the heating loop reaches 115°C (240°F) the valves
are opened and pressurized air is allowed through the heat exchanger. Before entering the test
section, the mainstream flow passes through a turbulence grid of 48% solidity, which produces a
free-stream turbulence intensity of 12%. The turbulence grid has had hot-film anemometry
measurements conducted on it by Nasir et al. [18] to measure the turbulence intensity. Once
through the turbulence grid, the mainstream flow enters the test section shown in Figure 2. A
downstream plenum is used to decrease the effect of flow blockage associated with a high-

turning angle blade.

Insert Block

Infrared Window

Inlet Flow

Test Blade

Support Blade

Figure 2. Linear cascade with three squealer tip blades, capable of purge flow blowing, and four
support blades without tip clearance gaps

The test section consists of seven full blades, three of which are either flat or squealer tip
blades equipped for purge flow blowing, four are support blades which help hold the test section
together and do not have tip clearance gaps, also there are two half blades (not pictured) at the
top and bottom of the cascade. The test section blades have a pitch of 5.82 cm (2.29 in.), a span
of 15.24 cm (6 in.) and a turning angle of 107.5°. True and axial chord values are 6.99 cm (2.75
in.) and 5.82 cm (2.29 in.), respectively. A Pitot-static tube is located 2.2 C downstream of the
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turbulence grid, while the test blade is located 5.1 C downstream. The Pitot-static tube is used to
calculate the inlet Mach number of the cascade. The static pressure ports located 0.5 C
downstream of the blades, are used to calculate the isentropic exit Mach number. An insert
block, which has the three test blades attached allows for the variation of tip clearance size.
Flow and heat transfer distribution is investigated at two isentropic exit Mach numbers, 0.85 and
1.05, and two tip clearance gaps, 1% and 2% of the scaled engine blade span of 7.62 cm (3 in).
The exit flow Reynolds number and Mach number are coupled in this test setup. Reynolds
numbers of 9.75x10° and 1.15x10° are correspond with the exit Mach numbers of 0.85 and 1.05,
respectively, and are based on the blade’s axial chord. In Figure 2, overlaying the test blade is a
Zinc Selenide, ZnSe, infrared camera window which is flush with the inside of the test section.
A fixed tailboard is positioned downstream of the cascade to assist in producing periodic flow.
Periodicity analysis of a similar cascade with the same blade geometry has been conducted by
Carullo et al. [17]. Exit Mach number values at each of the downstream static pressure ports
show a uniform trend and suggest that flow periodicity within the cascade is maintained. Figure

3 shows the tip geometry, along with the internal structure of the blade.



2.54cm (1in.)

Plenum

/

Cooling Supply

Pressure Tap

Figure 3. Tip and internal geometry of the test blade

The blade tip was printed in the Fortus 250mc three-dimensional printing machine by
Stratasys using ABS P-430 material with a thermal conductivity of 0.188 W/mK. The test blade
consists of a double squealer along the pressure and suction sides with a cavity depth of 2.29 mm
(0.09 in.), two purge flow blowing holes with a diameter of 2.54 mm (0.1 in.), four support ribs
and a bleeder opening on the pressure side of the blade. The two purge flow blowing holes are
supplied with cooling air that accumulates in a plenum before entering the tunnel. A static

pressure tap and Type-T thermocouple are located inside all three squealer tip blades to measure
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purge flow conditions. The difference in plenum pressure and temperature between the three
squealer tip blades is never more than 3%, therefore the purge flow exiting all three blades is
approximately the same. A heat exchanger, which uses liquid nitrogen, is used to chill the
coolant supply air, before it’s supplied to the plenum, during the appropriate tunnel runs. Two
solenoid valves are located in between the test section and heat exchanger to control bleeder air
flow into the atmosphere and coolant flow into the test section. The solenoid valves are set to

switch and allow coolant air into the test section just before mainstream flow reaches the test

blades.

Data Reduction Technique

A linear regression technique is used to calculate the heat transfer coefficient and film
cooling effectiveness across the surface of the blade tip. Using Newton’s Law of Cooling, the
convective heat flux, q,,, is defined as in Equation 1, where T is the temperature of the fluid
interacting with the wall, Ty, is the wall temperature and h is the local heat transfer coefficient.
For no purge flow blowing cases, the fluid temperature interacting with the wall is the recovery
temperature, T, which is an adjusted value of the mainstream total temperature to account for
friction heating due to transonic conditions. Equation 1 is used as the linear regression equation
for the flat tip cases. For cases with purge flow blowing, the fluid temperature interacting with
the wall is the film temperature, defined in Equation 2 with the film cooling effectiveness, 1,
where T, is the coolant temperature. Combining Equations 1 and 2 produces Equation 3, the
linear regression equation used to calculate the local heat transfer coefficient and film cooling
effectiveness. The tunnel takes three seconds to ramp up to the desired given Mach number; the
data taken within the next two seconds is used in the linear regression equation to provide results

at a constant exit Mach number.

qw =hT —T,) (1)
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The wall temperature, T\,, was measured with a calibrated FLIR A325 infrared camera at
a frequency of 10 Hz. Coolant temperature, T, is measured inside the blade plenum with a
Type-T thermocouple. The recovery temperature, T;, is calculated using Equation 4, where r. is
the local recovery factor, Ma is the local Mach number, v is the specific heat ratio of air and T,
is the mainstream total temperature. The term in parenthesis, represented as C,, is not known at
every location along the blade tip surface. Observing that C; and as a result the recovery
temperature are independent of coolant temperature, a method of calculating C; using two tunnel
runs, at the same exit Mach number and tip clearance gap, and at different coolant temperatures
is presented.

1+rcy_1Ma2

, | = o @
2

1+ Ma?

The recovery temperature is independent of cooling temperature and therefore the
resulting linear regression plots for both tunnel runs should lie along the same line. Within the
data reduction code, C, is calculated using an iterative method to maximize the coefficient of
determination, RZ, between the two sets of cooling data and provide the most linear fit to the
linear regression equation. The coefficient of determination is a value between 0 and land is a
measure of how well a set of data follows a linear trend, where a value of 1 is perfectly linear.

It is believed that errors have occurred within the measurement of the wall surface
temperature due to the proximity of the blade tip to the infrared window. This close proximity
results in large local heating, in a highly transient environment, of the infrared window that was
designed for steady state applications. The use of the mainstream total temperature, T, ., within
Equation 4 results in an under-prediction of the recovery temperature. Equation 5 below shows
the correlation between the difference in total and recovery temperatures as related to the local
Mach number, where 1. is the recovery factor estimated at 0.9, C,, is the specific heat of air and R
is the specific gas constant for air. Using Equation 5, it is found that the local Mach number is
highly over-predicted, due to the large difference in the total and recovery temperatures. To
mitigate these non-realistic local Mach numbers a boundary layer correction is applied to the
mainstream total temperature, resulting in a lower driving temperature. While this boundary
layer total temperature provides more reasonable local Mach numbers, the heat transfer

coefficient values observed are well above what is expected and what has been seen in literature.



It is therefore believed that errors produced due the nature of the experiment, close proximity of
the infrared window and blade tip and incorrect total temperature, result in the disconnect
between local Mach number and temperature difference. The method for calculating the
recovery temperature in Equation 4 should be examined further. While the scale of the heat
transfer coefficient results is in question the trends observed between different test cases are
independent of the temperature difference and total temperatures used, therefore the comparisons
reported in this study are unaffected. Film cooling effectiveness is relatively unaffected by

changes in the temperature difference and total temperatures used.

2 _2Gp (Tpoo — Tr)
(1 - rc) yRTo,oo

Ma (5

The final unknown term in the linear regression equation is the convective heat flux, gq,,.
The heat flux is calculated using a finite-difference method which assumes semi-infinite and
one-dimensional conduction. Cress [19] developed the finite-difference code which has been
used by Nasir et al. [18], Xue [20] and most recently Anto et al .[9]. The energy equation, initial

and boundary conditions correspond with Equations 5, 6, 7 and 8, respectively.

aT 0%T
%~ “ox? ©
T=Tatt=0 (7)
., dT
q,,(t) = —ka atx =0 (8)
., dT
q,,(t) = —ka atx =0 )

The finite-difference code used has been checked against Equation 9, derived by Cook
and Felderman [21] for constant material properties, measured surface temperatures and constant
time sampling. The finite-difference code produces a heat flux that is less than 0.5% different
than the Cook and Felderman equation. The finite-difference code was developed and is used for
its ability to model multiple materials with variable properties and allow investigation into the
validity of the semi-infinite assumption. Computation time of the finite-difference code is also

not significant enough to necessitate the use of the Cook and Felderman equation.
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(10)

The uncertainty of this study was calculated using the perturbation procedure described
by Moffat [22] where the bias and precision errors are taken into account. Bias error is the
uncertainty associated with the measurement setup and is caused by calibration, material
property and data acquisition errors. Precision error is the uncertainty of reproducing a given
experiment exactly and is caused by random error and unsteadiness. The overall uncertainty in
the heat transfer coefficient and film cooling effectiveness results are +14.14% and +0.102,
respectively. The assumption of one-dimensional conduction breaks down around the edges of
the blade and around the purge holes; therefore the uncertainty will be higher in these regions.
Also, a perturbation analysis of the uncertainty with regard to the measured wall temperature was
conducted in an effort to quantify the effect of an incorrect temperature measurement. A wall
temperature uncertainty of £10°C corresponds with an increase in the total uncertainty to

+21.64% and £0.159 for heat transfer coefficient and film cooling effectiveness, respectively.

Results and Analysis

The following section describes the flow visualization and heat transfer results for the flat
and squealer tip blades. When the blade tips are presented they are oriented as they are in the
test section, where flow is horizontal from the left to the right of the page. The design condition
at an exit Mach number of 0.85 and tip clearance gap of 1% is compared for the flat and squealer
tip results, along with the off-design condition at an exit Mach number of 0.85 and tip clearance

gap of 2%.

Oil Flow Visualization Results

Anto et al. [9] presented the following flat tip oil flow visualization results for a similar
blade as that used in this study. Green, red and yellow pigments were applied to the flat tip blade
on the tip, pressure and suction sides, respectively. Figure 4 presents the tip flow visualization
results at a Mach number of 0.85 and tip clearance gaps of 1% and 2%. The green region
indicates a low shear area where leakage flow is at a minimum. In the mid-chord region a large
shear area is present as evidenced by the light coating of pressure side pigment. Pooled pigment

along the pressure side suggests flow separation and a reduced shear region. Towards the
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trailing edge, reattachment regions are visible where pigment has been dispersed. Comparing
Figures 4a and 4b, there appears to be a greater dispersion of pigment which suggests more

leakage flow over the tip with 2% tip clearance gap case.

Low Shear

Large Shear

Reduced shear
due to separation

Reattachment
a b
Ma =0.85 Ma =0.85
Tip Gap = 1% Tip Gap = 2%

Figure 4. Flat tip flow visualization results at an exit Mach number of 0.85 and tip clearance
gaps of (a) 1% and (b) 2%, as reported by Anto et al. [9]

Figure 5 presents the flat tip suction side flow visualization results at an exit Mach
number of 0.85 and tip clearance gaps of 1% and 2%. As reported by Anto et al [9], the liftoff
line for the design condition, where all three flow visualization pigments meet, is located about
0.13 inches (4.3% of the engine blade span) from the tip. From this metric, we estimate the
impingement line to be located 0.585 inches (19.5% of the engine blade span) from the tip. The
impingement line is not observed for the 2% tip clearance gap case and suggests that the leakage
vortex is more detached from the suction side as compared to the 1% case, possibly due to the

increased leakage flow over the tip.
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Ma =0.85 Ma =0.85
Tip Gap=1% LEEOHEL IS _ Tip Gap = 2%

Impingement Line

Figure 5. Flat tip suction side flow visualization results at an exit Mach number of 0.85 and tip
clearance gaps of (a) 1% and (b) 2%, as reported by Anto et al. [9]

Figures 6 and 7 present the squealer tip and endwall flow visualization results at an exit
Mach number of 0.85, a blowing ratio of 1.0 and tip clearance gaps of 1% and 2%. Yellow,
blue, red, green and pink pigments were applied to the squealer pressure side, tip rim, tip cavity,
suction side and endwall, respectively. Two reattachment regions appear in the cavity to the
right of the leading edge, Figure 6a-ii. Impinging flow occurs where the mainstream flow
reattached and is dispersed outward from the reattachment location.

In between the two reattachment regions where both impinging flows meet, cavity
pigment is pooled, suggesting the presence of a liftoff region, Figure 6a-v. Present in the
endwall flow visualization results, Figure 7a-ii, is a divergence of the pigment in the area
immediately over the liftoff region, suggesting its effect is significant. Above the suction side
rim a large separation bubble has formed causing flow blockage, as evidenced in the tip and
endwall flow visualizations in Figures 6a-iv and 7a-i. Leakage flow is diverted around the
separation bubble which causes cavity pigment to be deposited on the suction side rim.

Downstream of the leading edge, a recirculation region is present where reattaching
mainstream flow is directed back towards the pressure side, Figure 6a-ii. Cavity flow travels
downstream along the pressure and suction side rims. The suction side flow is turned by the
support ribs and is directed upstream where a mixing region is evidenced by the pooling of
cavity pigment, as shown in the tip and endwall flow visualizations, Figures 6a-iii and 7a-iii.

An increase in the tip clearance gap results in a downstream shift of the flow features as
well as a lessening in their magnitude. Pressure side pigment also has a significant presence in
the 1% tip clearance gap case in the trailing edge portion of the blade. This may be caused by

the decreased flow speed over the tip as compared to the 2% case, where pressure side pigment
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has a greater chance to reattach on the tip. Cavity pigment is present on the pressure side rim of
the 2% tip clearance gap case due to the proximity of the downstream reattachment region with

the pressure side and mid-chord purge hole.

Ma =0.85 Ma =0.85
Tip Gap=1% Tip Gap = 2%

i. Recirculation

il. Reattachment |

iv. Separation Bubble

iii. Mixing Region

v. Liftoff Region

Figure 6. Squealer tip flow visualization results at an exit Mach number of 0.85, a blowing ratio
of 1.0 and tip clearance gaps of (a) 1% and (b) 2%

Figure 8 presents the suction side squealer tip flow visualization results at an exit Mach
number of 0.85, a blowing ratio of 1.0 and tip clearance gaps of 1% and 2%. In the 1% tip
clearance gap case, the impingement line is located at 0.469 inches (15.6% of the scaled engine
blade span). There appears to be a significant effect from the cavity flow on the suction side of
the 1% tip clearance gap case as compared to the 2% case. The impingement line of the 2% case

is almost non-existent, suggesting increased leakage flow over the tip.

14



i. Separation Bubble

ii. Liftoff Region

N i, Mixing Region

Figure 7. Squealer tip endwall flow visualization results at an exit Mach number of 0.85, a
blowing ratio of 1.0 and tip clearance gaps of (a) 1% and (b) 2%

Ma =0.85,TG = 2%

Figure 8. Squealer tip suction side flow visualization results at an exit Mach number of 0.85, a
blowing ratio of 1.0 and tip clearance gaps of (a) 1% and (b) 2%

Heat Transfer Results

Flat tip heat transfer coefficient results at an exit Mach number of 0.85 and tip clearance
gaps of 1% and 2% are presented in Figure 9, which are similar to those reported by Anto et al
[9]. While Macor was used in Anto et al. [9] experiment, ABS was used in the current set of
results because of its reduced thermal conductivity which improves the validity of the one-
dimensional conduction assumption used in the calculation of heat flux. A linear regression data
reduction technique was also used, which is similar to the technique described in this study, as
opposed to the method documented by Ekkad et al. [23]. Their method approximates the

incoming air temperature profile as a step change and does not adequately represent transient
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conditions. Similar trends are observed to those of Anto et al. [9] and are presented for a

comparison to squealer tip heat transfer results.

Ma =0.85 Ma =0.85

Tip Gap=1% Tip Gap= 2%
1000
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Reattachment 200
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Figure 9. Flat tip heat transfer coefficient results at an exit Mach number of 0.85 and tip
clearance gaps of (a) 1% and (b) 2%

For the flat tip blade, as exit Mach number and tip clearance gap increase, the heat
transfer coefficient across the tip surface increases. The maximum heat transfer coefficient is
observed in the leading edge region where mainstream flow interacts directly with the blade tip
without being diverted by the turning flow within the cascade. Corresponding to the “sweet
spot” region observed in Figure 4, an area of low heat transfer coefficient exists just downstream
of the leading edge. A low pressure gradient between the pressure and suction sides in this
region accounts for the low heat transfer coefficients observed. In the mid-chord region, a large
band of high heat transfer coefficient is present and is caused by the maximum pressure gradient
across the blade tip being located in this region. Towards the trailing edge, mainstream flow
reattaches causing a high heat transfer coefficient region to develop. Low heat transfer
coefficients are observed along the trailing edge portion of the pressure side due to the presence
of flow separation which prevents direct interaction between the mainstream flow and blade tip.

The current flat tip study compares well with the study conducted by Zhang et al .[10],
who compared heat transfer and Mach number distributions of a flat tip blade at three tip

clearance gaps. Their geometry, as compared to the current study, had an extended trailing edge
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region where supersonic flow dominated and a compacted leading edge region where the flow
was subsonic. Because of our extended leading edge region, the flow features observed in the
current study are compacted in the leading edge and extended in the trailing edge of Zhang et al.
[10] blade tip.

Figures 10 and 11 correspond to the heat transfer coefficient and film cooling
effectiveness distributions of a squealer tip blade with purge flow blowing at a blowing ratio of
1.0, an exit Mach number of 0.85 and tip clearance gaps of 1% and 2%. In the 1% tip clearance
gap case, Figure 10a, the data in the recirculation region to the left of the leading edge purge hole
is omitted due to the presence of a negative heat transfer coefficient. This negative heat transfer
coefficient is believed to be erroneously calculated due to the close proximity of the tip surface
and purge hole to the infrared window causing the infrared camera to measure the temperature of
the infrared window and as opposed to the blade tip surface. This observation is supported when
compared to the 2% tip clearance gap case, Figure 10b, where the recirculation regions have not
been omitted. Near the end of the testing schedule, air and small amounts of water leftover from
oil-flow visualization tests began permeating through the surface of the tip in the trailing edge
region. As a result the heat transfer coefficients are much lower and not representative of their
actual values. For this reason, some trailing edge results are omitted. Edge points in the
upstream suction side region have also been omitted due to the data reduction method.

For increasing tip clearance gap from 1% to 2% of the scaled engine blade span at an exit
Mach number of 0.85, slightly different heat transfer patterns appear. The major contributor to
the difference in heat transfer patterns, in Figure 10, is the increase in leakage flow associated
with an increased tip clearance gap. The heat transfer coefficient on the leading edge increases,
especially along the pressure side, while the suction side is not significantly changed. Rib and
bleeder cavity heat transfer coefficients increase significantly, while cavity heat transfer
coefficients decrease. Film cooling effectiveness, in Figure 11, decreases significantly with tip

clearance gap, due to an increase in purge flow lost to the increased leakage flow.
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Figure 10. Squealer tip heat transfer coefficient results at an exit Mach number of 0.85, a
blowing ratio of 1.0 and tip clearance gaps of (a) 1% and (b) 2%

Ma =0.85 Ma =0.85
Tip Gap = 1% Tip Gap= 2%

10.6

10.5
10.4

Figure 11. Squealer tip film cooling effectiveness results at an exit Mach number of 0.85, a
blowing ratio of 1.0 and tip clearance gaps of (a) 1% and (b) 2%

Corresponding to the two reattachment regions observed in Figure 6a-ii, two high heat

transfer coefficient regions are present in Figure 10a-ii. The liftoff region created by the two
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reattaching flows corresponds with a low heat transfer coefficient region. Heat transfer
coefficient on the suction side rim in this region is low due to the separation bubble created when
the reattaching mainstream flow is diverted by the suction side rim. A small region of high heat
transfer coefficient is present on the suction side rim just downstream of the separation bubble
and corresponds with the location where cavity pigment accumulates in Figure 6. This high heat
transfer coefficient region is caused by reattaching mainstream flow that has been channeled
downstream by the separation bubble.

Along the suction side rim, a low heat transfer coefficient band is present due to
accelerating downstream flow of the air within the cavity. The support ribs help direct flow from
the suction to pressure side; however, the presence of a rounded rib end leading to a concave
point, on the right side of the first rib, creates a turbulent tripping point that has high heat transfer
coefficient and low film cooling effectiveness.

Downstream of the leading edge a recirculation region is observed, where cooling air
pools, as evidenced by the approximately zero heat flux values observed. Some of the purge
flow cooling air travels downstream along the inside of the pressure side rim, where its
effectiveness does not combine with that of the second purge hole. Flow just above of the
second purge hole is directed downstream and towards the pressure side, resulting in the low heat
transfer coefficient and high film cooling effectiveness region observed just upstream of the
pressure side portion of the first support rib. A low heat transfer coefficient, low film cooling
effectiveness region corresponding to the mixing region of the pressure and suction side rim
flows is observed.

A clockwise, as viewed from the trailing edge, recirculation region develops in the
bleeder cavity as a result of the mainstream flow crossing above. Bleeder cavity air is drawn into
the mainstream flow along the inside of the pressure side rim and directed upstream. This
upstream flow is caused by a negative pressure gradient which forms when the lost bleeder
cavity air is replaced by air supplied by the bleeder opening at the trailing edge. The bleeder air
helps passively cool the last rib.

For the 2% tip clearance gap case, the two reattachment regions present in the 1% case
are significantly diminished in size and magnitude. Increasing tip clearance gap diverts the
lower reattachment region and liftoff line downstream. Film cooling effectiveness around the

first purge hole is directed towards the pressure side and is characteristic of a recirculation
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region. This recirculation region is much smaller than that observed in the 1% tip clearance gap
case due to an increase of purge flow blowing air lost to the mainstream flow. While the first
purge hole has less of a direct effect on tip heat transfer, its presence along with the downstream
trend of an increased tip clearance gap diminishes the effect of the upper reattachment region.
Near the second purge hole a complex flow region is observed due to the close proximity
of the reattachment region, purge hole and support ribs. The hot reattaching air is mixed with
that of the purge flow to create a high heat transfer coefficient and high film cooling
effectiveness region, where turbulent flow is tripped by the proximity of the concave rib cavity.
Recirculation around the second purge hole is not as strong as the 1% tip gap cases as evidenced
by the suction side direction of the film cooling effectiveness distribution. Film cooling has an
effect on the pressure side rim around mid-chord, where cooling air from the first purge hole
replaces mainstream flow diverted by the second purge hole. High heat transfer coefficient
regions on the pressure side of the second rib and suction side of the third rib are caused by
reattachment of mainstream flow along a streamline. Upstream bleeder cavity flow is
diminished and causes an increased heat transfer coefficient region on the suction side rim.
When compared to the results presented by Kwak et al. [11], the trends of increasing tip
clearance gap correlating to an increase in heat transfer coefficient and a decrease in film cooling
effectiveness hold. Ameri et al. [12] observed similar upstream cavity flow circulation down the
pressure and suction side rims, however, the presence of the support ribs in the current study

inhibit the cavity flow structure from directly affecting the trailing edge results.

Comparison of Flat to Squealer Tip with Purge Flow Blowing

Presented above in Figures 5a and 8a, the leakage vortex impingement line of the flat and
squealer tip blade lies approximately 19.5% and 15.4% of the engine blade span from the tip of
the blade, respectively, for the 1% tip clearance gap cases. This suggests that there is less
leakage flow across the squealer tip blade as compared with the flat tip. The near-tip region of
the squealer tip was also significantly coated with cavity pigment suggesting that, without purge
flow blowing the leakage vortex would be smaller. With less leakage flow the efficiency of the
turbine will increase, however, with the addition of purge flow blowing, this advantage may be
lessened because compressed air from the compressor is used to provide the cooling air.

Figure 12 divides the blade into the total cavity including ribs, cavity camber up and

camber down and pressure and suction side regions and corresponds to the plots in Figures 13
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and 14. Figures 13 and 14 present the average circumferential heat transfer coefficient for the
flat and squealer tip cases and the average circumferential film cooling effectiveness results for
the squealer tip at an exit Mach number of 0.85 and tip clearance gaps of 1% and 2%,
respectively. The local heat transfer coefficients and film cooling effectiveness values are
averaged at various x/Cx locations for each of the regions in Figure 12. The dotted lines mark

the beginning and end of the rib region.

b. Camber Up

I Rib Region
| bounded by
dotted lines

c. Camber Down

d. Pressure Side Rim a. Cavity

e. Suction Side Rim

C, = Axial Chord \.‘

Figure 12. Regions for averaged circumferential results, corresponding to Figures 13 and 14

The cavity camber regions of the 1% tip clearance gap case, Figure 13a, shows that the
heat transfer coefficient is higher for the squealer tip case as compared with the flat tip case.
However, the regions where there is a significant difference are those in which film cooling
effectvieness is quite high, suggesting that thermal failure in these regions is unlikely.
Downstream of the camber cavity section, the rib circumferential averaged heat transfer
coefficient is less than the corresponding flat tip region and there is also film cooling present
suggesting an improvement in heat transfer in this area. In the pressure side rim region, Figure
13d, similar trends to the flat tip heat transfer coefficient are observed, while the effect of purge
flow blowing is absent. The maximum pressure side heat transfer coefficient value is observed

at the leading edge and is comparable between the flat and squealer tip cases. The squealer tip
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case shows higher heat transfer coefficient values along the suction side rim. These high suction

side heat transfer coefficient values are not accompanied by the large film cooling effectiveness

levels observed within the cavity but are lower than that of the pressure side, therefore , the

suction side rim is not an area of concern for thermal failure. The rib region appears to follow

the same trend of corresponding high heat transfer coefficient and high film cooling

effectiveness.
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Figure 13. Circumferential averaged heat transfer coefficient and film cooling effectiveness
results by region for flat and squealer tip blades at an exit Mach number of 0.85 and a tip

clearance gap of 1%
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Figure 14. Circumferential averaged heat transfer coefficient and film cooling effectiveness

results by region for flat and squealer tip blades at an exit Mach number
clearance gap of 2%

of 0.85 and a tip

Similar trends are observed for the 2% tip clearance gap case as compared to the 1%

case. Figure 14c shows that within the cavity camber regions where the squealer heat transfer

coefficient is markedly higher than that of the corresonding flat tip region the film cooling

effectiveness is large. However, in the leading edge regions of the pressure and suction side,

there are extended areas of high heat transfer coefficient and little to no effect of purge flow
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blowing. The rib region observes high heat transfer coefficient levels that are comparable to that
of the leading edge, however, the film cooling effectiveness within this region is quite low,
suggesting the presense of a high heat transfer area.

Kwak et al. [4] and Azad et al. [5] showed that the addition of a squealer tip resulted in a
decrease in the leakage flow, as compared to a flat tip. This reduced leakage flow is observed in
the current study as well. The reduced leakage flow had the effect of reducing the heat transfer
of the squealer tip blade in the trailing edge region. This result is not observed in the current
study due to the presence of the support ribs and the inability of the cavity flow to reach the

trailing edge.

Conclusions

The major findings of this experimental study are found below:

1. The maximum heat transfer coefficient location on the flat tip is observed at the leading
edge.

2. The maximum heat transfer coefficient locations on the squealer tip are observed at the
leading edge, on the support ribs and within the cavity where mainstream flow is
reattaching.

3. Cavity heat transfer coefficient values are accompanied by high film cooling
effectiveness values and are therefore not likely to see thermal failure.

4. Support ribs have similar heat transfer coefficient values to that of the leading edge and
are therefore at risk of thermal failure.

5. Less leakage flow is observed for the squealer tip blade as compared with the flat tip
blade.

6. Increasing tip clearance gap results in an increase in average heat transfer coefficient for
the flat tip and a decrease for the squealer tip.

7. Increasing tip clearance gap results in a decrease in the average film cooling effectiveness

for the squealer tip.
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Appendix A: Cascade Setup
ABS Tip of the Center Test Blade

Figure 15 shows the ABS squealer tip used on the center three blades in the cascade. The
tips have a span of 1.5 inches (38.1 mm) and were printed using the Fortus 250mc rapid
prototyping machine by Stratasys. Screwed into the base of the tip are cooling air supply and
pressure tap tubes leading to the plenum inside the tip. These tubes were fabricated by drilling a

hole through steel plugs and silver soldering an airtight seal around the base of the plug.

Dowel Pin Holes

L o,

g Supply

ool
Pressure Tap [4&.| Coolin

Figure 15. ABS tip of the test blade

Stainless Steel Base of the Center Test Blade
Figure 16 shows the stainless steel base used on the center three blades in the cascade.
The bases have holes for passing the cooling air supply and pressure tap tubes through their span

of 4.5 inches (114.3 mm), along with tapped mounting and dowel pin holes.

Dowel Pins

Pressure Tap Hole Mounting

Pressure Tap Hole

o o TS

Bottom U Cooling Supply Hole Cooling Supply Hole

Figure 16. Stainless steel base of the test blade
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Fully Assembled Center Test Blade

Figure 17 shows the completed blade where the ABS tip and stainless steel base are
attached with dowel pins and JB Weld. The cooling supply and pressure tap tubes pass from the
ABS tip through the stainless steel base. The ABS tip was sealed to avoid leaks from the by
brushing Acetone and then Ambroid Pro-Weld, a plastic epoxy, onto the surface of the blade.
Upon sealing, the blades were painted with flat black spray paint and sanded with a fine grit

sandpaper to ensure accurate measurement by the IR camera.

Plenum
Pressure Tap

s COOliNg Supply

Stainless
Steel Base

Figure 17. Squealer tip blade with purge flow cooling supply and plenum pressure tap

Mounting and Adjustment of Blade Tip Clearance in the Test Section

Figure 18 shows a CAD drawing the test section window where the blades have been
mounted. The cascade consists of seven blades, where the top and bottom two blades are
supported from both sides by two circular windows. To ensure the center and adjacent blades
have the same tip gap; the three blades are attached to same insert block. All three squealer tip
blades are cantilevered and have their respective cooling air supply and pressure tap tubes
passing through the insert block. The four corner bolts on the insert block, colored in red, are
used to achieve different tip gaps. When the appropriate tip gap has been set the ten other bolts,
colored in blue, are used to hold the insert block in position for the duration of the tunnel run.

Figure 19 shows the completed center and adjacent blades in the test section during installation.
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Figure 19. Test section with squealer tip blades installed
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Appendix B: Tunnel Condition Calculation

Downstream Static Pressure Tap Layout

Six static pressure ports were drilled into the circular test section window 0.5 C
downstream, as shown in Figure 20. The static pressure port numbers are used in conjunction
with Figure 21. The downstream static pressure ports along with the upstream total and static
pressures, measured by a Pitot tube located 2.2 C in front of the leading edge, are used to
calculate the inlet and exit Mach numbers. The downstream static pressure ports are also used to

determine flow periodicity.

Flow
Direction

Exit Pressure
Taps

Figure 20. Endwall pressure tap locations in relation to blade geometry

Static Pressure Measurement Technique

A Model 98RK Net Scanner System is used throughout the experiment to record pressure
measurements at 10 Hz. The flow through the tunnel is assumed isentropic; therefore the
upstream and downstream total pressures are the same. Downstream static pressure

measurements from the six pressure taps are averaged at each time step. This new average static
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pressure is used with the downstream total pressure to calculate the exit Mach number at each
time step using Equation B.1, where vy is the specific heat ratio of air, P, is the stagnation or total

pressure of the fluid and P; is the static pressure.

y—1
14

Ma= |2 (P") 1 (B.1)
a= y—1\\P, '

The upstream Mach number can also be calculated using equation B.1 and using the
upstream static pressure as measured by the Pitot tube. The Mach number is calculated at each
time step and after the initial ramp up time is averaged for 2 seconds. This averaged Mach

number is reported as the exit Mach number.

Blowing Ratio Measurement Technique
The experiments were conducted using one blowing ratio, 1.0. This blowing ratio is

calculated using equation B.2, where p is the density of the fluid and U is the velocity.

BR = (pu)coolant

(P U)mainstream,avg

(B.2)

The density and velocity of the coolant are found by calculating the mass flow rate of the
coolant, using an orifice meter, and dividing by the purge hole area. The orifice meter mass flow
rate equation used is shown in Equation B.3, where C is the meter coefficient equal to 0.8496,
Aurifice 18 the orifice area, Py and Py, are the high and low pressures of the meter, M is the

molecular mass of air and R is the universal gas constant.

]/+1/y

2

. 2M (v [P\ (P

e = Chongietn | (o) |(5r) - (5) = evoe )
c H H

The orifice meter is located upstream of where the coolant flow is split into the three
streams for each of the squealer tip blades. This total mass flow rate is divided by three to find
the coolant mass flow rate for each of the blades. The pressure and temperature of the cooling
air is measured in the plenum just before entering into the test section and the recorded values
have less than a 3% difference.

The density and velocity of the mainstream flow is averaged for the inlet and exit of the

blades and calculating the properties of the flow is done using the same technique. Equation B.1
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is used to find the Mach number and this is used in conjunction with the total temperature
upstream, same as the total temperature downstream due to isentropic assumption, to find the

static temperatures, as shown in Equation B.4.

To

Ts = - B.4
1+TlMa2 ( )

The speed of sound, velocity and density of the mainstream flow is then calculated using
Equations B.5, B.6 and B.7, respectively. The density and velocity at the inlet and exit of the
blades is averaged at each time step and used in Equation B.1. A two second time window is
used after the initial ramp up time in the tunnel and the blowing ratio reported is the average for

those two seconds.

R
Speed of Sound = SoS = YMTs (B.5)
U= Ma*SoS (B.6)
kM 5

Blade Passage Periodicity

Midstream blade passage periodicity has been investigated thoroughly by Nasir et al.
[H.1] for the current blade geometry and test setup, therefore an intensive investigation in this
experiment is not necessary. However, periodic flow is important and has been monitored
throughout the experiment. Figure 21 shows the average exit Mach numbers as measured by the
downstream static ports for all tunnel runs. The flow is relatively steady across the passage and
therefore periodic for both Mach numbers. However, the flow is less periodic for Mach 1.05 as
compared to Mach 0.85. Also, at port 6 the 1% tip gap values are lower than the 2% suggesting
that the flow at the bottom of the passage changes more with tip gap than the other portions of
the passage.
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Figure 21. Average local exit Mach number for six downstream static pressure ports and all
tunnel runs

Typical Temperature Distributions

For the data reduction method to work, two tunnel runs with two coolant
temperatures are needed, Figure 22 shows the typical temperature distribution for a point on the
blade tip surface over two tunnel runs. The mainstream total, local recovery, local wall and
coolant temperatures are plotted for the duration of a tunnel run. It is observed that the recovery
temperature is much lower than the mainstream total temperature. This temperature difference,
total inlet minus recovery, can be used to calculate the local Mach number as shown in Equation
B.8. The Mach numbers observed are much higher than what is expected and it is therefore
believed that the recovery temperatures calculated are too low. The under-prediction of the
recovery temperature is caused by a combination of wall temperature measurement errors and
the assumption of the mainstream total temperature, average for the tunnel and not local, as the
driving temperature within the recovery temperature calculation. Using a boundary layer

correction to obtain a more accurate total temperature resulted in a decrease in local Mach
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number to reasonable values but increased the heat transfer coefficient dramatically, to levels not

observed anywhere in literature. Results with heat transfer coefficients comparable to literature

are presented in this study and further investigation into the recovery temperature calculation

method is suggested. While the scale of the heat transfer coefficient results is in question the

trends observed between different test cases are independent of the temperature difference and

total temperatures used, therefore the comparisons reported in this study are unaffected. Film

cooling effectiveness is relatively unaffected by changes in the temperature difference and total

temperatures used.
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Figure 22. Typical temperature distribution at a single point on the blade surface for two tunnel

runs at two different temperature coolants
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Appendix C: Infrared Technique

An accurate measure of the surface temperature of the squealer tip blade throughout the
duration of a tunnel run is necessary to calculate the heat transfer coefficient and film cooling
effectiveness. A FLIR A325 infrared camera is used to capture these images at a sampling rate
of 10 Hz. The IR camera uses the blackbody emission radiated from a surface to output that
surface’s temperature. The test section along with the blade surface was painted black to reduce
reflections and increase emissivity. Six months prior to testing the IR camera was calibrated by
the manufacturer and upon the manufacturers recommendation the camera was not recalibrated
before the experiment. To seal the test section a Zinc Selenide, ZnSe, infrared window was
installed in the test section, as shown in Figure 23. The window has had anti-reflective coating

applied and transmits about 100% of a 9.3 um wavelength.

IR Window Test Blade

Mounting Blocks
and Hardware

Figure 23. CAD drawing of IR window installed in the test section

Linear Regression Data Reduction
To calculate the heat transfer coefficient, h, and film cooling effectiveness, 1, a linear
regression technique is employed, where x and y data are known and a linear fit is used to find

the slope and y-intercept. Equations C.1 and C.2 are combined to form Equation C.3 by
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substituting Tf, the local film temperature. Equation C.3 is used in the linear regression
technique, where gy, is the heat flux, T, is the coolant temperature and T\, is the surface
temperature of the blade. Also, because the Mach numbers being investigated are transonic, Ty,

is replaced by T, the recovery temperature. Finding the recovery temperature will be discussed

later.
qw = h(Tr = Ty) (C.1)
Tr — Ty
n=m— 2T =T+ (1 —n)T, (C.2)
Tc - Tm
124 T _ T
T =h—2—hn—>y=mx+b (C.3)

Tr - Tc B Tr - Tc
The surface and coolant temperatures are measured directly in the experiment by the IR
camera and a thermocouple located in the plenum of the blade, respectively. The heat flux on
the surface of the blade is calculated using an implicit, transient finite-difference method, where
the energy equation, initial and boundary conditions as given in Equations C.4, C.5 and C.6,
respectively. Semi-infinite and one-dimensional conduction assumptions are made in developing

this model. The finite-difference code used was developed by Cress [H.2].

aT 02T
—=a— (C.4)
ot~ Foxz
T=T,att=0 (C.5)
dT
q\’/é(t):—kﬁatX=0andT=Tiasx—>oo (C.6)

The Cook and Felderman [H.3] equation, Equation 9 from the Data Reduction Technique
section and Equation C.7 here, can also be used to calculate the heat flux into the blade tip. The
finite-difference code is used because the increase in time associated with its use is not

significant and its accuracy is within 0.5% of Equation C.7.

n
q"(tn) = Z“kpcpz b )
n; — : p :
VAt jzl\/n—]+\/n+1—]
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Recovery Temperature Calculation

Having calculated the heat flux along the blade tip, the recovery temperature must now
be found. To calculate the recovery temperature, at least two tunnel runs have to be matched up.
Also, two methods exist which give similar results. The first method uses a tunnel run where
there is no purge hole cooling in conjunction with a run where cooling is present. The second
method uses two tunnel runs where cooling is present.

A linear regression technique is used in the first method to calculate the recovery
temperature at discrete points on the surface of the blade for a no cooling tunnel run. Equation
C.8 shows the linear regression equation, where the heat flux is calculated using the same finite-
difference method described earlier, and T, is the total temperature of the mainstream flow as

measured in the tunnel run.

Gy = h(Tpoo = Ty) — R(Tp0o — Ty) (C.8)
The recovery temperature is extracted from the (T, - T;) term using the total
temperature from the cooling run. This recovery temperature is aligned with the same surface
points as in the cooling tunnel run, thus supplying the last of the unknown variables to Equation
C.3. A third cooling tunnel run at a different cooling temperature can also be used to supply
more data points and provide a better fit to the linear regression equation. Figure 24 shows the

linear regression fit to the data using the first method.
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Figure 24. Linear regression fit for the first method of calculating recovery temperature

The second method of finding the recovery temperature uses two tunnel runs with
different coolant temperatures. Equation C.9 shows the recovery temperature as a function of

total temperature, T, «, the local recovery factor, r., and local Mach number.

1+Qy;1Mf
, — =T, 0Cyr (C.8)
1+ TMa2

Exact knowledge of the flow on the squealer tip is not known, so the local recovery factor

and Mach numbers cannot be calculated, however the flow condition are considered constant
between the two tunnel runs. Therefore, an iterative method of calculating C,, a parameter
representing the term in parenthesis in Equation C.9, is used in conjunction with two cooling
runs to linearize the data, based on the linear regression equation and get the coefficient of
determination, RZ, as close to one as possible. The coefficient of determination in a linear
regression scheme is an indication of how linear the data set actually is and the closer to one R*
is the better the fit. Figure 25 shows the start and finish of the second linear regression scheme

from a solution that is not well fit to one that is.
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Figure 25. Linear regression progression for the second method of calculating recovery
temperature

The process used to produce Figures 24 and 25 is repeated for every data point on the
surface of the tip and the two plots were produced using the same data point. The heat transfer
coefficient and film cooling effectiveness for the first method are 637 W/m’K and 0.115 , while
they are 650 W/m’K and 0.125 for the second method. The percent difference in the heat
transfer coefficient and film cooling effectiveness of the two methods is approximately 3% and
9%, respectively. Therefore, either method could be used to calculate the heat transfer
coefficient and film cooling effectiveness across the entire blade surface. The second method
only uses purge flow blowing cases; therefore it is the most representative of the actual flow

physics within the tunnel and is the method used in this study.

Near Purge Hole Effect on Wall Temperature

Within the heat transfer coefficient and film cooling effectiveness results, data to the left
of the leading edge purge hole has been omitted, for the 1% tip clearance gap cases, where a
recirculating coolant region is observed. The results were found to be erroneous due the negative
heat transfer coefficient values observed. The negative heat transfer coefficient values are a
result of a negative heat flux, calculated within the chilled coolant run. This could be caused by
possibly two reasons, first, the data reduction method cannot adequately model a recirculating
coolant region, or second, the close proximity of the infrared window to the tip surface and purge

hole causes the infrared camera to measure the temperature of the infrared window and not the
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blade tip surface. The region of bad data is not observed in the 2% tip clearance gap cases and is
significantly lessened in the results at a Mach number of 1.05. Figure 26 shows the wall
temperatures at two points on the blade tip, near the leading edge purge hole and away from the
purge hole, for chilled runs at a Mach number of 0.85 and tip clearance gaps of 1% and 2%. In
the 1% tip clearance gap case, Figure 26a, a lag in the measured wall temperature is present that
is not observed away from the purge hole or anywhere in the 2% tip clearance gap results, Figure
26b. Because recirculating coolant is observed in all cases and negative heat transfer coefficient
is observed in only the 1% tip clearance gap cases, it is most likely that erroneous heat transfer
coefficient is caused by the infrared camera measuring the temperature of the infrared window as

opposed to the blade tip surface.
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Figure 26. Wall temperature plots for an entire tunnel run at near purge hole and away from
purge hole points at tip clearance gaps of 1% and a Mach number of 0.85
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Appendix D: Additional Results

Oil Flow Visualization Results
Figures 27 and 28 present the flat tip oil flow visualization results at an exit Mach
number of 0.85, originally reported in Anto et al. [H.4]. Figure 27 and 28 correspond to tip and

suction side oil flow visualizations, respectively.

a b
Ma =0.85 Ma =0.85
Tip Gap = 1% Tip Gap = 2%

Figure 27. Flat tip oil flow visualization for an exit Mach number of 0.85 and tip clearance gaps
of (a) 1% and (b) 2%, as reported by Anto et al. [H-4]

Ma =0.85
Tip Gap=1%

Figure 28. Flat tip suction side oil flow visualization for an exit Mach number of 0.85 and tip
clearance gaps of (a) 1% and (b) 2%, as reported by Anto et al. [H-4]
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Figures 29, 30 and 31 present the squealer tip oil flow visualizations on the tip, suction
side and endwall, respectively, at a blowing ratio of 1.0.

Ma = 0.85 Ma = 1.05 Ma = 0.85 Ma = 1.05
Tip Gap = 1% Tip Gap = 1% Tip Gap = 2% Tip Gap = 2%

Figure 29. Squealer tip oil flow visualization for Mach numbers of 0.85 and 1.05 and tip
clearance gaps of 1% and 2%, at a BR=1.0

4
ge
il

Ma =0.85, TG = 2%

| Ma=1.05TG=1%

Figure 30. Squealer tip suction side oil flow visualization for Mach numbers of 0.85 and 1.05
and tip clearance gaps of 1% and 2% at a BR=1.0
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Figure 31. Squealer tip endwall oil flow visualization for Mach numbers of 0.85 and 1.05 and
tip clearance gaps of 1% and 2%
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Heat Transfer Results

Figures 32 through 36 show results of different distributions across the blade tip but have
a common arrangement. The blades are oriented as they are in the test section, where incoming
flow is horizontal and travels from left to right across the page. The left blade profile is the
design condition at an exit Mach number of 0.85 and tip clearance gap of 1%. The right three
blade profiles correspond to increases from the design condition of Mach number, 1.05, and tip
clearance gap, 2%, respectively. Results for no purge flow blowing, blowing ratio of 0, are
discussed first and are followed by purge flow blowing results, blowing ratio of 1.0. The purge
hole to the right of the leading edge will be referred to as the first purge hole, while the mid-

chord purge hole will be the second.

NO PURGE FLOW BLOWING, BLOWING RATIO =0

Flat tip results are presented, in Figure 32, which are similar to those reported by Anto et
al. [H.4]. ABS was used in the current set of results instead of Macor to improve upon the one-
dimensional conduction assumption used in the calculation of heat flux. A linear regression data
reduction technique was also used, which is similar to the technique described in this study, as
opposed to the method documented by Ekkad et al. [H.5]. Their method approximates the
incoming air temperature profile as a step change and does not adequately represent transient
conditions. Similar trends are observed to those of Anto et al. [H.4] and are presented to

provide a comparison between flat and squealer tip blades.
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Figure 32. Heat transfer coefficient distributions of a flat tip blade of the same outer geometry
as squealer tip blade of current study at different exit Mach numbers and tip clearance gaps
Ma =0.85 Ma=1.05 Ma =0.85 Ma =1.05
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1000

800
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Figure 33. Heat transfer coefficient distributions of the squealer tip turbine blade at different
exit Mach numbers and tip clearance gaps for a blowing ratio of 0

For both the flat and squealer tip blades, as Mach number and tip clearance gap increase,

the heat transfer coefficient across the tip surface increases. These trends are in line with
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literature; however, historically the average heat transfer coefficient across the whole tip should
decrease as a result of the addition of a squealer tip, this trend is not observed in the current
study. At the design condition, the average heat transfer coefficient is not appreciably different
between the flat and squealer tips. For the off design conditions, the squealer tip heat transfer
coefficient distributions are higher than those of the flat tip. This increase in heat transfer
coefficient, as not observed in literature, is due to the presence of the support ribs. Reattaching
mainstream flow in the upstream portion of the squealer cavity creates a high heat transfer
coefficient region just behind the leading edge. The reattaching flow recirculates within the
squealer tip and travels downstream where its path is obstructed by the ribs. An advantage of a
typical squealer tip blade is to prevent reattachment of the hot mainstream flow towards the
trailing edge with the development of a recirculation bubble. The support ribs do not allow the
recirculation bubble downstream towards the trailing edge where its effect would be most
profound. The reattachment region of the squealer tip blade near the leading edge also
corresponds to the “sweet spot” of low heat transfer coefficient region observed by Anto et al.
[H.4]. Therefore, the current squealer design increases heat transfer in low heat transfer flat tip
areas and does not significantly reduce heat transfer in flat tip high heat transfer areas. However,
for all three cases presented, the maximum heat transfer coefficient was observed on the flat tip
blade. Ameri et al. [H.6] observed that the pressure side heat transfer coefficient distribution
would be similar between flat and squealer tip blades, but portions of the cavity and suction side
would be higher. This trend is observed in the current study for upstream portions of the blade
not affected by the ribs.

For all four squealer tip cases, similar flow patterns are present. Reattachment and
recirculation regions within the cavity are characterized by high and low heat transfer
coefficients, respectively. As Mach number and tip clearance gap increase the reattachment
regions get larger. Flow within the cavity travels downstream along the suction side rim while
recirculating towards the pressure side. The support ribs assist this recirculation and direct the
flow back upstream along the pressure side. High heat transfer regions around the second purge
hole are due to flow being tripped turbulent by the purge hole itself. Downstream of the ribs is
another reattachment region on the suction side rim where flow is tripped after crossing over the
bleeder cavity. A clockwise, as viewed from the trailing edge, recirculation region develops in

the bleeder cavity as a result of the mainstream flow crossing above. Bleeder cavity air is drawn
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into the mainstream flow along the inside of the pressure side rim and directed upstream. This
upstream flow is caused by a negative pressure gradient which forms when the lost bleeder
cavity air is replaced by air supplied by the bleeder opening at the trailing edge. The bleeder air
helps passively cool the last rib. At the trailing edge, where the bleeder cavity opens to the
pressure side, a high heat transfer coefficient region forms. This region is in a location where the
one-dimensional conduction assumption is suspect due to its proximity to both the pressure and

suction side edges.

PURGE FLOW BLOWING, BLOWING RATIO = 1.0

Figures 34 and 35 correspond to the heat transfer coefficient and film cooling
effectiveness distributions of squealer tip blade with purge flow blowing at a blowing ratio of
1.0. Regions in white are locations significantly affected by cooling air entering the test section
before the mainstream flow and are therefore omitted. These omitted sections are believed to
have low heat transfer coefficient and high film cooling effectiveness. Near the end of the
testing schedule, air and small amounts of water leftover from oil-flow visualization tests began
permeating through the surface of the tip in the trailing edge region. As a result the heat transfer
coefficients are much lower and not representative of their actual values. For this reason, some
trailing edge results are omitted. Edge points in the upstream suction side region are in error due
to the cutting method and slight deflection in the blade towards the trailing edge during tunnel

runs at high Mach numbers.
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Figure 34. Heat transfer coefficient distributions of the squealer tip turbine blade at different
exit Mach numbers and tip clearance gaps for a blowing ratio of 1.0

For increasing Mach number from 0.85 to 1.05 at a tip clearance gap of 1%, similar flow
patterns appear. High heat transfer coefficient regions on the leading edge, in the cavity around
the first purge hole and on the ribs, increase in size and magnitude with Mach number. High
film cooling effectiveness regions appear around the purge holes and are directed towards the
pressure side. With increasing Mach number, the film cooling effectiveness decreases.

Two reattachment regions appear in the cavity to the right of the leading edge. Impinging
flow occurs where the mainstream flow reattaches and disperses outward from the reattachment
location. A low heat transfer coefficient region lies in between the two reattachment regions
where both impinging flows meet and a liftoff line appears. The flow from the liftoff line
provides a second stream of cool air to mix with the mainstream flow and prevent a high heat
transfer coefficient region from forming on the mid-cavity suction side rim. Just downstream, on
the suction side rim is an area of high heat transfer coefficient which is an extension of the cavity
reattachment region. The break in the reattachment region inside the suction side rim is caused
by the cooler upstream flow traveling downstream and providing a buffer. Downstream of the
leading edge a recirculation region where cooling air pools appears, as evidenced by the
combination of low heat transfer coefficient and film cooling effectiveness. Some of the purge

flow cooling air travels downstream along the inside of the pressure side rim, where its
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effectiveness does not combine with that of the second purge hole. Flow just above of the
second purge hole is directed downstream and towards the pressure side. A second recirculation
region of purge flow cooling air develops as a result. The support ribs also help direct flow from
the suction to pressure side; however, the presence of a rounded rib end leading to a concave
point, on the right side of the first rib, creates a turbulent tripping point that has high heat transfer
coefficient and low film cooling effectiveness. Downstream of the ribs, flow is similar to that of

the no purge flow blowing cases. Bleeder cavity air travels upstream from the bleeder opening

on the pressure side and helps keep the last rib’s heat transfer coefficient low.

Ma =0.85 Ma =1.05 Ma =0.85 Ma =1.05
TipGap=1% TipGap=1% TipGap=2% Tip Gap= 2%

10.6
10.5
10.4

Figure 35. Film cooling effectiveness distributions of the squealer tip turbine blade at different
exit Mach numbers and tip clearance gaps for a blowing ratio of 1.0

For increasing tip clearance gap from 1% to 2% of the scaled engine blade span at a
Mach number of 0.85, slightly different flow patterns appear. The major contributor to the
difference in flow patterns are the increase in leakage flow associated with an increased tip
clearance gap. The heat transfer coefficient on the leading edge increases, especially along the
pressure side, while the suction side is not significantly changed. Rib and bleeder cavity heat
transfer coefficients increase significantly, while cavity heat transfer coefficients decrease. Film
cooling effectiveness decreases significantly with tip clearance gap.

The two reattachment regions present in the 1% tip clearance gap cases are significantly

diminished in size and magnitude. Increasing tip clearance gap diverts the lower reattachment
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region and liftoff line downstream. Film cooling effectiveness around the first purge hole is
directed towards the pressure side and is characteristic of a recirculation region. This
recirculation region is much smaller than that observed in the 1% tip clearance gap case due to
an increase of purge flow blowing air lost to the mainstream flow. While the first purge hole has
less of a direct effect on tip heat transfer, its presence along with the downstream trend of an
increased tip clearance gap diminishes the effect of the upper reattachment region. Near the
second purge hole a complex flow region develops due to the close proximity of the
reattachment region, purge hole and support ribs. The hot reattaching air mixes with that of the
purge flow to create a high heat transfer coefficient and high film cooling effectiveness region,
where turbulent flow is tripped by the proximity of the concave rib cavity. Recirculation around
the second purge hole is not as strong as the 1% tip gap cases as evidenced by the suction side
direction of the film cooling effectiveness distribution. Film cooling has an effect on the
pressure side rim around mid-chord, where cooling air from the first purge hole replaces
mainstream flow diverted by the second purge hole. High heat transfer coefficient regions on the
pressure side of the second rib and suction side of the third rib are caused by reattachment of
mainstream flow along a streamline. Upstream bleeder cavity flow is diminished and causes an
increased heat transfer coefficient region on the suction side rim.

The fourth case, where Mach number is 1.05 and tip clearance gap is 2%, shows similar
trends to that which have already been presented. An increase in tip clearance gap from 1% to
2% diverts the flow characteristics further downstream and reduces the effect purge flow
blowing has on the blade surface. The overall magnitude of the heat transfer coefficient
increases with Mach number.

Net heat flux reduction, NHFR, is a parameter used to evaluate the overall effect of the
addition of purge flow blowing as compared with a no purge flow blowing case. Equation D.1 is
used to calculate the net heat flux reduction where hy is the heat transfer coefficient of a no purge
flow blowing case and ¢ is represented by Equation D.2. The value ¢ is estimated at 0.6, which
is within the range of 0.5 and 0.7 used by Mehendale and Han [H-7]. Positive and negative

values correspond to a decreases and increases in the net heat flux, respectively.

_q_ 4" _4_h(i_n
NHFR=1-1r=1-1 (1 ¢) (D.1)
Tw_Tr
=7 (D.2)
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Figure 36 shows the net heat flux reduction distributions for the three cases under
examination. The net heat flux reduction is a measure of the overall effectiveness of the addition

of purge flow blowing, where positive and negative values correspond to decreases and increases

in tip heat transfer, respectively.

Ma = 0.85 Ma = 1.05 Ma = 0.85 Ma = 1.05
Tip Gap= 1% Tip Gap= 1% TipGap=2% Tip Gap=2%

Figure 36. Net heat flux reduction distributions of the squealer tip turbine blade at different exit
Mach numbers and tip clearance gaps

As Mach number and tip clearance gap increase the net heat flux reduction decreases.
The first purge hole has the most significant impact on cavity heat transfer especially along the
pressure side rim. The addition of purge flow blowing increases the heat transfer on the leading
edge, on the suction side rim reattachment hotspot and at various locations downstream of the
second purge hole. For the off design cases, purge flow blowing has little effect towards the
suction side rim where heat transfer is dominated by reattaching flow.

Moderate improvements to heat transfer downstream of the second purge hole are present
for the 1% tip clearance gap cases, suggesting leakage flow is lessened towards the trailing edge
with the addition of blowing. Bleeder cavity heat transfer is moderately decreased. Adjacent to
the first rib concave point on the suction side rim for the design case is an area of low net heat

flux reduction. This area sees no film cooling effect due to the rib cavity immediately adjacent
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and is downstream of a turbulent flow area. A similar band of no improved heat transfer is seen
for the Mach 1.05 case.

For the 2% tip clearance gap case, streamline rib hotspots develop. Bleeder cavity flow
is decreased and causes heat transfer to increase for the last rib. The suction side rim spot of

high heat transfer is not present for the 2% tip clearance case.

COMPARISON OF FLAT AND SQUEALER TIP RESULTS
Figures 37 and 38 present the by region comparison of the average circumferential heat
transfer coefficient and film cooling effectiveness for the flat and squealer tip blade cases at an

exit Mach number of 1.05 and tip clearance gaps of 1% and 2%, respectively.
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Figure 37. Circumferential averaged heat transfer coefficient and film cooling effectiveness
results by region for flat and squealer tip blades at an exit Mach number of 1.05 and a tip

clearance gap of 1%
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Figure 38. Circumferential averaged heat transfer coefficient and film cooling effectiveness
results by region for flat and squealer tip blades at an exit Mach number of 1.05 and a tip

clearance gap of 2%

Conclusions

The major findings of this experimental study are found below:

1.

As Mach number increases, the average heat transfer coefficient increases, for all blade

geometries, tip clearance gaps and blowing ratios.
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10.

11.

Increasing tip clearance gap results in an increase in average heat transfer coefficient, for
the no purge flow blowing cases.

For the no purge flow blowing cases, the largest heat transfer coefficient was observed on
the leading edge. Flat tip maximum heat transfer coefficient was higher than that of the
squealer tip for all no purge flow blowing cases.

Average heat transfer coefficient increases with the addition of a squealer tip, for the no
purge flow blowing, off design cases, due to the presence of the mid-chord support ribs.
Squealer tip high heat transfer regions within the cavity are due to reattaching
mainstream flow.

Heat transfer coefficient decreases with the addition of purge flow blowing.

Film cooling effectiveness decreases for increasing Mach number and tip clearance gap.
Film cooling effectiveness is directed towards the pressure side, which is a characteristic
of recirculating flow.

The leading edge purge hole has a greater effect on film cooling effectiveness than the
mid-chord purge hole.

Large improvements in cavity heat transfer are observed with the addition of purge flow
blowing between the pressure side rim and camber line. Moderate improvements are
observed between the camber line and suction side rim.

Bleeder cavity heat transfer is decreased moderately with the addition of purge flow

blowing.

55



Appendix E: Accuracy of Finite-Difference Code

The finite-difference code used in this study was developed by Cress [H.2] and was based
on a similar finite-difference code taught in Dr. Brian Vick’s courses at Virginia Polytechnic
Institute and State University. The code was originally developed to calculate the heat flux into
the pressure and suction side of a turbine blade where two different materials were present. The
finite-difference method was checked against the Laplace Transform Method being used at the
time and found to produce the same results without spikes due to step changes in the inputs and
oscillations as time increased. While the finite-difference method was an improvement over the
Laplace Transform Method, the code used to carry out the finite-difference method was never
checked for accuracy against an analytical solution. Figure 39 shows the temperature profile
input into both the finite-difference code and Cook and Felderman [H.3] equation and Figure 40
shows the output of both methods. After the initial jump, the two results match to within 0.5%
and it is within this time period that the data collected has an impact on the results. Therefore,
either the finite-difference code or Cook and Felderman equation could be used. The finite-
difference code is used because of its ability to model multiple materials and its calculation time

is not significantly longer than using the Cook and Felderman equation.
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Figure 39. Temperature profile input into finite-difference code and Cook and Felderman
equation
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Appendix F: Material Properties Correction

Concerns have been raised about the accuracy of the material properties provided by the
material supplier for the ABS P-430 3D printing plastic. Determining the material properties is
outside the scope of this research, however, an investigation into the effect of an increase in the
product of the relevant material properties, thermal conductivity, density and specific heat, has
been done. The data reduction code was run for percent increases in the material properties up to
about 200% and correlations were derived from these results. Given a percent increase in the
product of the material properties an increase in the heat transfer coefficient based on Equation
F.1 can be calculated. Film cooling effectiveness does not change appreciably with an increase
in material properties. Figure 41 shows the results of a percent increase in heat transfer

coefficient and film cooling effectiveness based on a percent increase in the thermal properties.
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Figure 41. Correlation between a percent increase in the material property values and a percent
increase in the heat transfer coefficient and film cooling effectiveness results presented in this
study
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Appendix G: Uncertainty Analysis

An uncertainty analysis described by Moffat [H.8] was performed during the heat transfer
calculations of this study. Bias and precision errors were accounted for in this uncertainty
analysis. Bias error is the uncertainty associated with the measurement setup and is caused by
calibration, material property and data acquisition errors. Precision error is the uncertainty of
reproducing a given experiment exactly and is caused by random error and unsteadiness. The
bias and precision errors were calculated using the perturbation method, where the data reduction
code was run repeatedly at the minimum and maximum values of the various calibration and
measurement accuracies and a root-sum-square method of the difference between the accuracy
range and reported values was used to calculate the total bias and precision uncertainties.

Equations G.1 and G.2 were used to calculate the precision and bias uncertainties in the
reported results, respectively, where R is the result in question. Tables G-1 and G-2 show the
calculation of the precision and bias uncertainties for the heat transfer coefficient and film
cooling effectiveness, respectively. Combining the precision and bias errors using the root-sum-
square method, the total uncertainty within the heat transfer coefficient and film cooling

effectiveness calculations are 14.14% and 0.102, respectively.

Precision = \/(R —Rg,)?+ (R—Rr)*+ (R—Rrp)? (G.1)

Bias = J(R —R)?+ (R - ch)2 + (R — R,)? (G.2)

Table 1. Calculation of the precision, bias and total uncertainty within the heat transfer
coefficient measurements

) d(Hx)
X Units dX;
W/mn2K %
Tw °C 2 66.46 9.35
. T. °C 2.3 10.43 1.44
Precision
Tm °C 2.3 50.40 7.30
Total Precision Uncertainty 84.06 11.95
k W/mK 0.009 14.97 2.52
B p kg/m* | 207.5 2.79 0.47
ias
C J/kgK 10 42.35 7.12
Total Bias Uncertainty 45.00 7.56
Total Uncertainty 95.35 14.14
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Table 2. Calculation of the precision, bias and total uncertainty within the film cooling
effectiveness measurements

d(nxi
X Units dX; _(”X)
Unit less
Tw °C 2 0.0760
. T. °C 2.3 0.0154
Precision
Tm °C 2.3 0.0445
Total Precision Uncertainty 0.0894
k W/mK 0.009 0.0163
Bi p kg/m~3 207.5 0.0030
ias
Co J/kgK 10 0.0463
Total Bias Uncertainty 0.0492
Total Uncertainty 0.1021
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