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ABSTRACT

Investigations in cascade employ filleted blades to influence the near endwall secondary flows and
total-pressure losses. The secondary flows aggravate the aerodynamic losses and endwall thermal stresses
in the gas turbine passages. Investigations of different configurations of the slot-bleed flow from the
endwall of cascade upstream show significant influences on the near endwall flows. In the present paper,
the near endwall flow-field in a linear cascade employing filleted vanes and bleed flow from the upstream
endwall slots is measured experimentally. Two fillet profiles are tested, one is larger than the other. The
objectives are to quantify the combined effects of endwall fillet, fillet profiles, and film-cooling flow on
the endwall region flow-field. The fillet covers the junction of vane and endwall upstream of the cascade
throat region. The discontinuous bleed-slots near the cascade entrance provide the film-cooling flow on
endwall and simulate the gaps between combustor/nozzle-vane discs or stator/rotor discs in the gas
turbine. The inlet Reynolds number of 2.0E+05 is based on the chord length of vane profile. The density
and temperature ratios of the coolant flow to mainstream are both about 1.0. The inlet blowing ratio of
the film-cooling flow varies between 1.0 and 2.8. The flow-field is measured through the distributions of
flow temperature, yaw angle, axial vorticity, and total-pressure losses along the vane passage. The effects
on the flow-field are then presented by comparing the cases of filleted vanes with the cases of un-filleted
vanes. The results of flow yaw angle and axial vorticity in the filleted passage are smaller than those in
the passage without the fillet. The yaw angles responsible for the endwall secondary flows are the
smallest for the smaller fillet (Fillet-2). The temperature field indicates the pitchwise distributions of the

coolant on endwall specially near the pressure side are better when the smaller fillet is employed. Also,



the weakened passage vortex of the endwall secondary flows in the filleted passage reduces the total-
pressure losses. Although the total-pressure losses decrease at very high coolant mass flux with and
without the fillet, the losses are always smaller for the filleted passage than for the un-filleted passage.
The present investigation is beneficial for improving and optimizing the endwall film-cooling in the gas
turbine passage.
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1. Introduction

Aerodynamic losses, high heat transfer at endwall, and reduced film cooling effectiveness in the
rotor and stator passages of gas turbine are primarily caused by the secondary flows in the endwall region.
The high amount of film-cooling flow rate to control the high thermal stresses in the endwall causes the
turbine efficiency to suffer. Filleted blades have been the subject of investigations to reduce the effects
of endwall secondary flows. The geometry and configurations of the film-cooling holes also reduce the
secondary flow losses in the cascade to some extent. The experimental work presented here investigates
the flow and temperature fields in the endwall region of a cascade that employs vane-blades with
extended fillet and a slot film-cooling configuration in the endwall at the cascade inlet. The objectives
are to quantify the aerodynamic effects of the fillet on the endwall flows in the film-cooled passage. The
temperature field indicates the effects on the coolant distributions on the endwall when the fillet is
employed.

The structures of the secondary flows formed as the passage vortices in the endwall region and the
resulting aerodynamic losses in the blade cascade passages are described by Ligrani et al. [1]. The filleted
vane-blades and rotor-blades are employed by [2-10] to affect the endwall secondary flows and
aerodynamic losses including the total-pressure losses and turbulent kinetic energy in the cascades. The
large fillets in the investigations of [2-10] influence the flow angles, pitchwise pressure gradients, and
turbulence in the cascade passages to change the locations, structures, and vorticity of the endwall
secondary flows and to reduce the losses. The fillets of [2-10] are also responsible for the reduced endwall
heat transfer. In contrast, the small fillets around the blade profile at endwall of [11, 12] enhance the
secondary flow losses.

The film-cooling flows from the discrete holes in the cascade endwall employed by Thomas and
Povey [13] and Salvadori et al. [14] enhance the aerodynamic losses across the passage. The film-cooling
flows from the continuous slots of [15-19] simulate the leakage flow between two platforms or two

mounting disks in the gas turbine. The results of [15-19] show the interactions of the coolant flows from



slots with the endwall flows intensify the passage vortex and secondary flow losses. However, the
secondary flows in the vane cascade of [20-23] become weak with the film-cooling flows from the special
slot geometry in the upstream endwall. The results of [20, 23] with the angled purge-cooling indicate the
reduced flow turnings relative to the mid-span streamlines weaken the passage vortex and total-pressure
losses at the cascade exit. Oke and Simonson [24] measure the temperature field to show the film-cooling
flow distributions on the endwall with different arrangements of the slot bleed at the cascade inlet.

The effects of discrete hole film-cooling on the flow-field at cascade endwall employing small fillet
at the blade-platform junction are shown by [25, 26]. The high mass-flux ratio of coolant to mainstream
flow reduces the passage vortex and aerodynamic losses in Ornano and Povey [25], but shows little
influences in Barigozzi et al. [26]. However, the film-coverage of the endwall increases with the coolant
mass-flux ratio in both [25, 26]. The investigation of Zhang et al. [27] reports the film-cooling
effectiveness on endwall in a filleted vane cascade. No flow-field data are presented by [27].

The past investigations in cascades emphasize the geometry and configurations of both the film-
cooling holes in endwall and fillet at the blade-endwall junction affect the interactions between the
coolant and endwall flows. The coolant flow trajectory, passage vortices and associated secondary flow
losses, and coolant distributions on the cascade endwall are thus significantly influenced. However, the
effects of large fillets on the film-cooled endwall flow-field and coolant distributions with the upstream
slot-bleed flow in the cascade have not been investigated in detail. The flow results of slot-bleed in [23]
are presented without the filleted vanes. Mahmood and Arnachellan [28] provide flow properties with
the slot-bleed in a filleted vane cascade. The effects of fillet geometry on the results in [28] are absent.
In the present experiment, a two-dimensional vane cascade employs discrete slots in the upstream
endwall and a large fillet at the junction of vane and endwall. Two fillet profiles and a fixed slot geometry
are tested at different film-cooling blowing or mass-flux ratios. The density and temperature ratios of the
coolant to mainstream flow are kept constant. Both the fillets extend upstream to cover the film-cooling
slots partially and extend downstream to reach the passage throat region. The effects on the flow-field
and coolant distributions along the cascade passage are examined through the measurements of velocity
components, flow angles, total-pressure, and temperature. The investigation is important for the endwall
film-cooling design and reductions of secondary flow losses in the cascade leading to the energy efficient

cooled blade passages.

2. Experimental set-up and methodology
Figure 1(a) shows the two-dimensional schematic of an atmospheric wind tunnel housing the linear

cascade test section. The tunnel cross-section is rectangular. Two duct blowers of 15 kW and 7.5 kW



connected in series induct in the ambient air through the tunnel under suction. The main components of
the tunnel leading to the cascade are a honeycomb-mesh screen combination at the inlet of a two-
dimensional contraction, a turbulence grid of cylindrical rods, and a flow settling section. The tunnel
walls are made of wood except the test section which is made of clear polycarbonate. Further details of
the wind tunnel are provided in [29]. The seven vane-blades numbered as 1 to 7 in the cascade test section
as shown in Fig. 1(a) are screwed to the endwalls. The two-dimensional vane is generated from the hub-
side profile of the first stage guide-vane of the GE-E? turbine engine [29, 30]. The cascade geometry is
scaled 6 times the actual guide-vane stage geometry. The geometric parameters employed by the cascade
are provided in Table 1. The polycarbonate vane skin is coated with polyurethane for a smooth finish.
The flow condition in the cascade passages is made periodic when some air flow is by-passed through
the sides of the vane 1 and vane 7. The measurements are obtained in the shaded passages of vanes 3, 4,
and 5 of Fig. 1(a). A cut-out slot in the top endwall at the reference plane location 2.5Cax upstream of the
cascade inlet is used to measure the reference properties. The passive turbulence grid is placed in the
rectangular settling section at 4Cax upstream of the reference plane. Figure 1(a) also shows the placement
of the fillet at the junction of vane and endwall. Arnachellan [29] provides more geometric details of the
wind tunnel and cascade test section.

Figure 1(b) shows the vane profile, locations and geometry of the film-cooling slots, and locations
of the four measurement planes (planes-1 to 4). The local and global Cartesian coordinate systems for
the measurements are also indicated in the figure. The coordinate origins are always located at the bottom
endwall. The axial locations (Xe/Cax) of the measurement planes in Fig. 1(b) are then the distances of the
plane origins on the vane profile from the leading edge. Plane-1 and plane-2 are oriented normal to the
vane profile while plane-3 and plane-4 are normal to the axial direction, Xg. Cut-out slots in the top
endwall at the locations of measurement planes provide access of the flow measuring probes into the
cascade passage. Four discrete film-cooling slots in the bottom endwall along the vane pitch are located
0.08Cax upstream of the inlet of the cascade passage. As shown in Fig. 1(b), the two slots of length 82
mm each (pitchwise) are located directly upstream of the vane leading edge and the other two of length
55 mm each are located in the pitchwise middle position between the larger slots. The slot axial direction
and length (L) are 30° and 40 mm, respectively, in the endwall. The geometry and location of the present
endwall slots follow those of the continuous slots of [22. 24, 31, 32]. However, the present film-cooling
slots are discontinuous to represent the densely populated multi-row film-cooling holes in the locations
of the individual slots. The coolant streams from the holes in the immediate vicinity of the hole-exits
combine and interact which can be simulated by a discontinuous slot. The blocked leakage-gaps between

the turbine rims due to some residual deposits of the combustion gas can be also represented by the
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discontinuous slots. Further, the previous studies show the coolant distributions downstream immediately
of the exit of continuous slot are not uniform due to the pitchwise non-uniform pressure distributions on
endwall. The discontinuous slots are employed in an effort to uniformly distribute the coolant as the
streams approach the cascade inlet. Note that the measurement plane-4 in Fig. 1(b) is located about 7
mm upstream in reference to the exit plane in [23].

The profiles and geometry of the two fillets are shown in Fig. 1(c). Both the fillets cover the leading
edge region with about the same maximum height, (Ye/S)max at the vane leading-edge. The maximum
height, (Ya/S)max Of the fillets is equivalent to the endwall boundary layer thickness of the incoming flow.
The fillet height from the vane surface to endwall and from the fillet leading-edge to trailing-edge
decreases linearly. The fillet profile thus blends smoothly with the vane and endwall at the trailing-edge.
Fillet-1 profile is larger on the endwall than fillet-2. Also, the trailing-edge of fillet-1 extends to the
passage throat locations on the vane pressure and suction sides while that of fillet-2 extends upto Xe/Cax
= 0.62 on both sides of the vane. The throat is also located at Xc/Cax = 0.62 on the vane suction side. The
profiles of both fillets around the vane follow the vane profile. The fillet is employed only at the bottom
endwall as an add-on to the vane profile and is not instrumented for any pressure or temperature
measurements. A 3-dimensional printer (stereo lithography) is used to manufacture the fillets.

Figure 2(a) shows the axial-locations of the four measurement planes-(1 to 4) along the vane passage
and the film-cooling configurations with and without the fillets. The film-cooling slots are configured
into four types based on the slot-opening area and fillet geometry employed: (i) baseline-1: all four slots
open, no fillet employed, (ii) baseline-2: the 55 mm slots open, the 82 mm slots open 2% on pressure
side and 22% open on suction side, no fillet employed, (iii) fillet-1: the 55 mm slots open, the 82 mm
slots closed, fillet-1 employed, and (iv) fillet-2: the 55 mm slots open, the 82 mm slots open 2% on
pressure side and 22% open on suction side, fillet-2 employed. The darkened parts of the 82 mm slots in
the rightmost diagram of Fig. 2(a) indicate the blocked slots of configuration (ii). The slots are fully open
in configuration (i). Table 2 summarizes the four types of slot openings.

Figure 2(b) shows the schematic of the flow circuit to deliver the film-cooling flow. Two blowers of
1.0 kW and 800 W in series deliver the film-cooling flow into a large plenum-box located beneath the
film-cooling slots through a metered-pipe. The ISO (International Standard Organization) standard
orifice plate in the pipe measures the mass flow rate of coolant flow. The flow temperature is controlled
by the evaporator heat-exchanger (cooling coil) of a vapor-compression unit just upstream of the plenum.
The wooden plenum-box and the passage endwall of the cascade are thermally insulated. The large
volume of the plenum diffuses the turbulence and velocity in the coolant flow before it enters the film-

cooling slots. Static pressure taps in the plenum walls are connected to a differential pressure transducer

5



to measure the total pressure of the coolant flow. The combinations of the blowers and diameters of the
metered pipe and orifice plate in the flow circuit provide the required coolant mass flow and inlet blowing
ratio. Equation (1) defines the inlet blowing ratio for the film-cooling flow. Arnachellan [29] provides
more details of the cooling flow circuit in Fig. 2(b). During the temperature-field measurements, the film-

cooling supply temperature, Tcp is maintained at about 6 °C. Thermocouples located in the plenum-box
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Pressure tap holes of diameter 0.3 mm in the profiles of vanes 3, 4, and 5 (refer to Fig. 1) at the mid-

measure the coolant temperature.

span location provide measurements of the wall-static pressure distributions along the vane profile. The
hollow core of the vane allows the plastic tubes connected to the pressure tapes to be routed out to a
differential pressure transducer through a multi-port scanner [29]. The reference flow properties are
measured by traversing a five-hole pressure probe and a hot-wire anemometer probe in the reference
plane of Fig. 1(a) through the slot in the top endwall. The flow-fields in the planes-1 to 4 of Fig. 2(a) are
scanned with the five-hole pressure probe and a temperature probe. The un-used slots in the top endwall
are masked with plastic liners during the measurements. The measurement grid uses a spanwise (Y-
direction) and pitchwise (Z-direction) resolutions of 2 or 4 mm and 3 or 5 mm, respectively. The spatial
resolutions of the scans in the boundary and secondary flow regions are finer. The commercial five-hole
pressure probe has a conical tip of diameter 1.6 mm. The temperature probe is made in-house from the
K-type thermocouple of wire diameter of 0.25 mm. A pair of needle prongs 10 mm apart at the end of
the temperature probe-stem holds the thermocouple tip. A pitot-static pressure probe and a thermocouple
record the pressure, velocity, and temperature simultaneously at a fixed location in the reference plane
as the five-hole pressure probe or temperature probe scans the planes in the passage. The pressure probes
are connected to the differential pressure transducers. The data from the transducers are digitized via the
National Instruments™ data loggers at 100 Hz for 200 samples for the pressures, at 60 Hz for 120
samples for the temperature, and at 5 kHz for 10 sec for the turbulence intensity. The recorded voltage
data are then time-averaged and converted into the pressure unit of Pa, temperature unit of °C, and
velocity unit of m/s after applying the appropriate calibrations. The calibration coefficients of the five-
hole probe that determine the velocity components, flow angles, and pressures are provided in [29]. One
single Labview™ program coded in-house records data from the data loggers and controls the probe

traversing unit through a motor controller. The test passages of Fig. 1(a) are not instrumented for the



temperature measurements on the endwall in the present investigations. No data of the film-cooling
effectiveness on endwall are available for the cases presented here.

The 95% confidence interval is used to estimate the uncertainties in the measured data. The
uncertainties in the calculated data are estimated based on the propagation of errors of [33, 34]. The
uncertainties in the reference velocity and pressure are 1.6% and 3.6%, respectively. The coefficient of
static pressure has uncertainty of 5.7%. The maximum uncertainties in the total pressure and total
pressure loss coefficient are 7% and 8.2%, respectively. The flow angles have the maximum uncertainty
of 5%. The velocity and vorticity in the passage then have the maximum uncertainties of 8% and 11%,
respectively. The maximum uncertainty in the film-cooling flow rate is 0.7% and in the inlet blowing
ratio is 1.4%. The temperature and its non-dimensional form have uncertainties of 0.2 °C and 4%,
respectively.

3. Discussions of results

The measurements are obtained at the atmospheric and adiabatic conditions at steady-state when the
pressure and temperature in the test section vary by less than £2 Pa and £0.2 °C, respectively, over 10
minutes. The measured data are normalized with the reference properties in Table 3. The properties in
the table are the averages of the local values obtained by scanning the reference plane with the probes.
The local velocity and pressure change only by 0.2 m/s and 0.5 kPa, respectively, at the maximum. The
freestream velocity and turbulence intensity in Table 3 are reported above the boundary layer of the
bottom endwall. The coolant to reference temperature (absolute) ratio, Tcw/Tr is 1.0 for the flow
measurements and 0.94 during the temperature field measurements. When no film-cooling flow (Min =
0) is supplied, the slot openings are covered with tapes. The fillets and film-cooling slots are employed
at the bottom endwall in the passages between vanes-3, 4, and 5. Data with the 55 mm slots open and 82
mm slots closed are presented in [23]. The flow properties in the baseline cascade [23] without the film-
cooling and fillet are also not repeated as the present objectives are to investigate the fillet effects on the
film-cooling flow. The film-cooling flow conditions and measurement locations in the present cases of
baseline-1 and fillet-1 are somewhat different from those in [23, 28]. The distributions of local flow
properties are presented in the following with the measurement locations shown in the three-dimensional
passage view for clarity.

Figure 3 presents the pressure coefficients, Cpiade along the vane profile at the mid-span location of
Y¢/S = 0.5. Equation (2) determines the Cp biade from the local pressure, Psp on the vane profile. The data
are measured without any film-cooling flow (Min = 0). The coordinate on vane profile is given by s/C
with the origin, s/C = 0 located at the leading edge (Fig. 1(b)). The comparisons of Cppiade distributions



among vanes-3 ,4, and 5 in Fig. 3(a) for the baseline case (no fillet and film-cooling) show no significant
differences. The results confirm the periodic flow conditions in the measurement passages. The Cp piade
distributions on vane-4 with the two fillets in Fig. 3(b) also compare reasonably well with those for the
baseline indicating the flow periodicity with the fillet as well. The data on vanes-3 and 5 with the fillets

are not presented for clarity of the plots in Fig. 3(b).
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The coolant stream distributions with local concentrations, coolant coverage on the endwall, and
mixing of coolant streams with the endwall flows at the three measurement planes (planes-1 to 3) are
shown by the distributions of non-dimensional temperature, 8 in Figs. 4 to 7. Equation (3) defines 6 using
the measured air temperatures, Ta in the planes. The definition of @ in the equation refers to the
temperature rise in the coolant stream, (Ta - Tcb) relative to the maximum temperature rise, (Tr — Tcp) as
the coolant streams and endwall flows interact and mix. The high values and maximum of # = 1 are then
caused by the flow mixing and lifting-up of the coolant streams by the endwall flows or as no presence
of the coolant. The coolant stream temperature is unaffected when 6 = 0. The lower values of & near the
endwall also indicate the concentration of the coolant streams and are thus beneficial to the film-cooling
coverage and adiabatic effectiveness. The coolant flow trajectories, in conjunction with the slot opening
area, influence the distributions of low values of & inside the incoming boundary layer i.e. Y/S < 0.1 in
the plots of Figs. 4to 7.

0= (Ta - Tc,b) (3)

- (Tr - TC.b)

Figures 4 and 5 present the non-dimensional temperature, & in plane-1 and plane-2, respectively, for
Min = 2.2 for the cases of film-cooling with and without the fillets. The locations of the planes in the
three-dimensional passage, slot positions, and opening area of the slots for the different film-cooling
configurations are also shown at the bottom of the plot area in the figures. The partially blocked slots of
the baseline-2 configuration are fully open in the baseline-1 configuration. The shaded area at the bottom
corner (left or right) of the contour plot for the fillet film-cooling identifies the filleted region. The
spanwise axis, Y/S is shown on the right side of each plot in Fig. 4. Note that plane-1 and plane-2 are

located in the travel path of pressure side-leg vortex and suction side-leg vortex, respectively. The vortex
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legs and separated boundary layer lift up the coolant flows to mix with the endwall flows. The
distributions of & for the baseline-1, baseline-2, and fillet-2 are almost the same in Fig. 4 as well as in
Fig. 5 indicating similar coolant trajectories and influences of the vortex structures in the three cases. For
the baseline-1 in Fig. 4 at Z/P <-0.15 and in Fig. 5 at Z/P < 0.12, the @ distributions have slightly higher
values and much less concentration of the coolant streams compared to the other cases because of no
coolant flow from the 82 mm slots. The 6 contours of Fig. 5 at Z/P < 0.10 near the SS for the baseline-1
show some concentration of the coolant streams from the leading edge slot (82 mm slot). As the leading
edge slot is partially blocked for the baseline-2 and fillet-2, the coolant is lifted-up by the suction side-
leg vortex at Z/P < 0.10 in Fig. 5 causing the 8 < 0.8 contours to distribute high above the endwall. No
coolant stream is apparent as 6 =~ 0.9 on the fillet surface at Z/P < 0.10 for the fillet-1 in Fig. 5. Note, the
concentration of the coolant streams of ¢ < 0.7 near the pressure side (PS) at Z/P > -0.15 in plane-1 of
Fig. 4 for all the cases. The low values of # on the endwall near the PS is significant as the coolant
coverage on the pressure-side endwall according to [27, 35, 36] is difficult to provide with the high
turning away of the endwall flows from the pressure side. For the fillet-1 in Figs. 4 and 5, the color level
above the @ = 0.8 contour line has lower values than the other cases, but the # values in this region are
about 0.90 for all the cases. The values of & increase in planes-1 and 2 as the Min decreases with the
coolant mass flux and momentum.

Figures 6 and 7 show the @ distributions for Min = 1.4 and 2.2, respectively, in plane-3 where the
pressure side-leg and suction side-leg vortices combine to form the single passage vortex near the suction
side. The plane location between the pressure-side and suction-side in the three-dimensional passage and
the film-cooling configurations are shown at the bottom of the plot area in Fig. 6. Note that the endwall
boundary layer separation region is located upstream of the plane-3 according to [35-38]. The
concentrations of # < 0.8 contours and regions along the pitchline Z/P for all the cases are due to the
coolant distributions. This signifies that the coolant from the upstream slots can effectively slip under the
strong separation region and provide coverage downstream of the boundary layer separation region.
Because of the high turning of streamlines [23, 36] and yaw angles (shown later in Fig. 14) toward the
suction side in endwall region, the coolant streams also turn toward the suction side and low values of 6
concentrate at the suction side of plane-3 for the baseline-1 in Figs. 6 and 7. However, the absence of any
6 < 0.8 contours near the suction side (SS) for the baseline-2 and fillet-1 in Figs. 6 and 7 indicates no
effective coolant streams due to the mixing and lifting-off by the passage vortex. The decrease of 4 values
at different locations and shift of low values of 4 < 0.7 toward the pressure side (PS) are noticeable from
Fig. 6 to Fig. 7 as the Min increases for the different cases. The local film-cooling effectiveness can be

predicted to be high at the concentrated ¢ of low values and thus depends upon the blowing ratio and
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coolant mass flux. The results of [27, 35, 37-39] show the pressure side (PS) region downstream of the
endwall boundary layer separation is difficult to reach for the upstream film-cooling flow. The low values
of 6 near the PS in Fig. 7 are thus very desirable for the effective full-coverage of the film-cooling on
endwall. However, the low values of 4 at Y/S > 0.03 in both Figs. 6 and 7 are caused most likely by the
coolant jet lift-off and penetration into the boundary layer which are very prominent for all the cases in
Fig. 7. The lift-off coolant into the boundary layer has little effects on the film-cooling effectiveness on
endwall. The passage vortex structures along their travel paths interact with the coolant streams and
significantly affect the & distributions. The effects of the passage vortex legs are discussed later in Figs.
9to 12.

The local pitchwise @ values along the Z/P at a constant Y/S location in plane-3 are arithmetically
averaged. The average 6 values are plotted against the Y/S locations in Fig. 8 for Min = 1.0 to 2.2. As
expected, the average 6 values increase along Y/S away from the endwall because of the mixing of coolant
with endwall flows and absence of coolant streams higher above the endwall. The average 6 values in
the region of Y/S < 0.1, which is the inlet boundary layer thickness, are important for the film-cooling
effectiveness and always lower for the baseline-1, baseline-2, and fillet-2 than for the fillet-1 at any Min.
Closer to the endwall at Y/S < 0.05 the average & values are the lowest for the fillet-2 case.

The distributions of normalized vorticity, wxC/U are shown in Figs. 9 to 12 near the endwall region
in planes-2 and 3. The blue triangular regions at the bottom corners of the planes represent the filleted
regions. The vorticity, wx is perpendicular to the respective plane and is determined from the local
velocity components (v, w) after fitting the spline curves on the velocity distributions and obtaining
derivatives along the spline fits numerically. In the figures, the negative values of wxC/U are represented
by the broken contour lines while the positive wxC/U are represented by the solid contour lines. The
pressure and suction sides (PS and SS) of the passage are indicated at the side-edges of the respective
plots. The contour-levels used in Figs. 9 to 12 are shown at the bottom of the plots in the respective
figure.

Figure 9 presents the wxC/U contours in plane-2 for Mi, = 1.4 and 2.2 and compares the cases
between baseline-2 and fillet-2. The plane-2 location and film-cooling slot configurations in the passage
are also included in the figure. The large negative contour region of wxC/U near SS for the baseline-2 in
Figs. 9(a) and 9(c) is caused by the suction side-leg of passage vortex as it interacts with the film-cooling
flow. For fillet-2, in comparison, near the SS at the corresponding blowing ratio the negative wxC/U
region is smaller due to the weaker suction side-leg vortex. In general for both baseline-2 and filet-2, the
negative wxC/U lines just above the endwall along the Z/P locations away from the SS are caused by the

film-cooling flow only, while the positive wxC/U lines all along the Z/P locations are caused by the
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interactions of the film-cooling flow with the boundary layer [23]. With the blowing ratio (Min) from 1.4
to 2.2, the film-cooling mass flux, jet momentum, interactions between the coolant jet and endwall flows,
and the resulting wxC/U contour regions of both positive and negative everywhere also increase in Fig.
9. When compared between the baseline-2 and fillet-2, both the negative and positive vorticity regions
at Z/P > 0.05 are larger for the fillet-2 away from the SS. The weaker suction side-leg vortex and better
coolant distributions along endwall for the fillet-2 are responsible for the differences between the cases
in Fig. 9 which could not be inferred from the results of Fig. 5. The fillet redistributes the boundary layer
flows, changes vortex axis, and weakens the pitchwise pressure gradient along with the passage vortex
legs as shown in [2, 4-6] improving the coolant distributions and reducing interactions between the
coolant streams and boundary layer. Note that the influences of the slot film-cooling jet on the passage
vortex structures are detailed in [23] in the present cascade and hence, are not discussed here for brevity.

Figure 10 compares the wxC/U for the film-cooling cases between baseline-1 and fillet-1 for the
blowing ratio of 2.2 in plane-2. With all the slots open, the coolant jet mass flux and momentum are high
enough in baseline-1 to cause the negative wxC/U contours almost everywhere along the Z/P locations.
The distributions of negative and positive wxC/U at Z/P < 0.1 for the baseline-1 are the results of coolant
flow interacting with the suction-side leg vortex and boundary layer. In comparisons to the baseline-1 in
Fig. 10, the fillet-1 configuration provides similar wxC/U distributions in the Z/P > 0.1 region because of
the similar coolant distributions (refer to Fig. 5) and effects. However, the negative wxC/U distributions
for the fillet-1 in the Z/P < 0.1 region are primarily the results of the suction side-leg vortex with little
influences from the coolant jets as the leading-edge slot is fully closed. The temperature distributions of
Fig. 5 earlier show the slot openings and fillet geometry change the distributions of mass flux,
trajectories, and momentums of the coolant streams. The comparisons of the results between Fig. 9(c, d)
and Fig. 10 for Min = 2.2 show the region of negative wxC/U at Z/P > 0.1 are larger for the baseline-1 and
fillet-1. However, the coolant stream concentration is high at Z/P > 0.1 for all the film-cooling
configurations as shown in Fig. 5. Note that the vortex motion lifts up the coolant streams from the
endwall when the passage-vortex legs and film-cooling flow interact [27, 35]. Clearly, the suction side-
leg vortex with the smaller region of negative wxC/U near SS is weaker for the baseline-1 in Fig. 10 than
for the baseline-2 in Fig. 9(c) and for the fillet-2 in Fig. 9(d) than for the fillet-1 in Fig. 10. The larger
and stronger structure of the suction side-leg vortex with high vorticities for the baseline-2 and fillet-1
cases will then reduce the local coverage and effectiveness of the film-cooling.

Figure 11 compares the wxC/U distributions between the film-cooling configurations of baselines and
fillet-2 for Min = 1.4 and 2.2 in plane-3. The passage vortex legs (both pressure side-leg and suction side-

leg) in the plane-3 location advect at the suction side (SS) as indicated in [23, 36]. The results of Figs. 6
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and 7 in plane-3 earlier show the coolant streams turn and concentrate toward the suction side. The
positive and negative wxC/U contours between SS and Z/P = 0.15 in Fig. 11 indicate the passage vortex
legs as they interact with the coolant flows. Because of the high coolant concentration and interactions
of the coolant streams with the passage vortex legs, the wxC/U contours near SS in Fig. 11 cannot clearly
identify the strength and size of the vortex legs alone for all the cases. The vorticities away from the SS
at Z/P > 0.15 along the pitchline are then caused by the coolant flows (negative vorticities) and
interactions between the coolant and boundary layer (positive vorticities). More regions of high
magnitude «xC/U appear along Z/P in Fig. 11 for each configuration as the coolant mass flux,
momentum, and distributions increase when Mi, increases from 1.4 to 2.2. The high magnitude wxC/U
contours for the Mi, = 2.2 cases in Figs. 11(d-f) away from the endwall at Y/S > 0.03 are the effects of
the coolant jet penetration in the boundary layer (refer to Figs. 6 and 7) which are more prominent for
the baseline-2 than for the others. Comparisons among Figs. 11(a), 11(b), and 11(c) for Min = 1.4 show
the vorticities just above the endwall apparently cover the entire Z/P pitch-length better for the fillet-2 as
a result of the better coolant coverage than for the baseline configurations. However, in the Figs. 11(d, e,
f) for Min = 2.2, the vorticity distributions on endwall along the Z/P pitch-length are better for the
baseline-2 configuration than for the others. Relating the 6 data of Figs. 6 and 7 with the wxC/U data of
Fig. 11 it can be concluded that the coolant coverage on endwall at plane-3 for a blowing ratio is primarily
dependent upon the mass flux, momentum, and trajectory of the coolant as well as the lift-off of the
coolant by the passage vortex separation region located upstream. The low values of air temperature
simply reveals the presence of coolant streams, but do not properly illustrate the amount of coolant mass
flux and momentum. The interactions between the coolant streams and boundary layer also cause the
streams to lose mass and momentum and consequently, loss of coverage and effectiveness on the endwall.

The wxC/U distributions for the fillet-1 configuration of film-cooling in plane-3 for Mi, = 1.4 and 2.2
are presented in Fig. 12. As expected, the wxC/U distributions along the Z/P locations on endwall are
larger in magnitudes and regions as the Min increases. In accordance with Fig. 7, the results of wxC/U in
Fig. 12 then confirm the coolant coverage on endwall is better at the higher Min. When the fillet-1 in Fig.
12 is compared with the other configurations in Fig. 11 for both Mi, = 1.4 and 2.2, the coolant coverage
on endwall for the fillet-1 seems better on the pressure side region (Z/P > 0.25) as all the slots are open.
The suction-side leg vortex represented by the negative wxC/U contours near SS is not clearly apparent
in Fig. 12 as the vortex has weakened substantially.

Figures 13 and 14 present the yaw angle deviations, AYaw of the flow in plane-2 and plane-3,
respectively, for the baseline and fillet configurations of film-cooling for the blowing ratio, Min = 2.2.

The filleted area is indicated by the shaded triangular region. The measured yaw angle at the mid-span
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height (Y/S =0.5) in a given Z/P location is subtracted from the local yaw angle at the same Z/P location
to determine the yaw angle deviation, AYaw. The “+ve” and “-ve” senses of yaw angle are indicated in
Fig. 1(b). The broken contour lines of Figs. 13 and 14 represent the negative (“-ve”) AYaw. The results
of AYaw distributions near the endwall in Figs. 13 and 14 are caused by the film-cooling flow and
interactions of the coolant streams with the boundary layer and passage vortex legs. The results in [5]
indicate that the fillet without the film-cooling and in [23] indicate that the slot film-cooling without the
filet reduce the AYaw in the endwall region. The reduction of the pitchwise pressure gradient due to the
fillet and the higher kinetic energy of the coolant streams adding momentum in the boundary layer mixing
reduce the streamline turning toward the suction side. Without the film-cooling and fillet, the AYaw values
near the endwall are generally “+ve” with high magnitudes because of the high turnings of the streamlines
toward the suction side [2, 36]. With the film-cooling the low magnitudes of AYaw are desirable near the
endwall for the uniform coolant distributions along the pitchline. The coolant streams are less likely to
amass toward the suction side when the streamline turnings near the endwall are reduced. The low values
of AYaw distributions also weaken the passage vortex [4, 5] and may benefit the film-cooling of discrete
holes inside the blade passage.

In the plane-2 of Fig. 13, the AYaw values are generally “+ve” because of the streamline turning near
the endwall. The AYaw distributions specially in the Y/S < 0.10 locations for all the configurations are
different from each other. However, the AYaw distributions in the small region covered by Z/P > 0.12 and
Y/S < 0.05 are very alike, which are also evidenced in the & distributions previously, due to the coolant
jets from the 55 mm slots. Near the SS corner in Z/P < 0.10 locations, the AYaw values for the baseline-
1 are different from the baseline-2 as the suction side-leg vortex is stronger for the baseline-2 (refer to
Figs. 9 and 10). When the fillets are employed in Figs. 13(c, d), the AYaw values near the SS corner in
Z/P < 0.10 change substantially as the suction side-leg vortex weakens for the fillet-1 compared to the
baseline-1 and for the fillet-2 compared to the baseline-2. The coolant-stream temperature and vorticity
near the SS corner for the fillets shown previously cause the differences of AYaw near the SS between
the fillet-1 and fillet-2.

The fillets in Figs. 14(c, d) have changed the near endwall AYaw distributions of the baselines in Figs.
14(a, b) when the data in plane-3 are presented in Fig. 14 for the same blowing ratio. The “-ve” values
of AYaw just above the endwall and along almost the entire pitchline Z/P for all the configurations but
for the fillet-1 are the evidences of coolant streams in spite of the influences of the boundary layer
separation upstream and the passage-vortex located near SS. The @ distributions in Fig. 7 previously

provide the coolant stream distributions along the pitchline in plane-3 and also show some lack in the
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coolant concentrations. With the fillet-1 the “-ve” AYaw in Fig. 14(c) are confined only in the mid-pitch
region of 0.20 < Z/P < 0.50. Note the concentration of the “-ve” AYaw contours adjacent to endwall in
0.20 < Z/P < 0.40 because of the coolant stream concentration. The data distributions adjacent to the
endwall in Fig. 14 are thus very conducive for the coolant presence everywhere along the pitchline for
the baseline and fillet-2 configurations. In comparisons, the AYaw distributions for the fillet-1 in Fig.
14(c) are only conducive for the coolant distributions in the mid-pitch locations away from the SS and
PS. The “-ve” AYaw values high above the endwall at Y/S > 0.1 in Fig. 14 for the baseline and fillet-2
cases are most likely caused by the coolant lift-off and mixing of some coolant streams with the boundary
layer at the high blowing ratio. As the coolant stream momentum decreases along with the Min, the
magnitudes of “+ve” AYaw increase and “-ve” AYaw decrease in planes-2 and 3.

The effects of the film-cooling and fillet on the passage vortex are manifested in the total-pressure
loss across the vane cascade. Figure 15 presents the distributions of the total-pressure loss coefficients,
Chptloss In plane-4 for the four cases of film-cooling for Mi, = 2.2. Plane-4 is located just downstream of
the passage exit. The relative positions of the vane trailing-edge (TE) and plane-4 are shown in the three-
dimensional passage at the bottom of the plots in Fig. 15. The blocked slots i.e, partially darkened slots
upstream of the vane leading-edge in the image of baseline-2 configuration are fully open for the
baseline-1 configuration. The location of vane trailing-edge upstream of the plane-4 is indicated at Z/P
= 0.2 in the plots of Fig. 15. The local Cpl0ss Values of the figure are estimated in Eq. (4) from the
measured total pressure, Pt in plane-4. The local total pressure losses, (Ptr - Pt) are high in the passage
vortex and TE wake regions resulting in the high values of Cptoss > 1.0 between 0.22 < Z/P < 0.4 and
0.15 < Z/P < 0.22, respectively. The passage vortex-core is then located between 0.15 < Y/S < 0.3 and
0.12 < Y/S < 0.25 for the baseline-1 and fillet-1, respectively, in Fig. 15. However, the same is located
between 0 < Y/S < 0.12 much nearer to the endwall for the baseline-2 and fillet-2. Note the high Cp,loss
contours in small region above the endwall in Y/S < 0.15 and between of 0.22 < Z/P < 0.4 for the baseline-
1 and fillet-1 are also caused by the passage vortex and its interactions with the coolant streams and
boundary layer. The passage vortex structure is thus larger for the baseline-1 and fillet-1 than for the
other two configurations. However, the results of baseline-1 in the upstream planes previously show
otherwise where the suction side-leg vortex seems weaker. The losses due to the mixing of coolant with
the passage vortex structures along the vane passage must have contributed to the larger passage vortex
for the baseline-1 in plane-4. The high values of Cptioss > 1.0 in other locations just above the endwall of
Fig. 15 are caused by the pressure losses in the boundary layer and mixing losses of the coolant

interacting with the boundary layer. The region of mixing losses at the endwall is very comparable among
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the four cases. The full structure of the passage vortex is not apparent in Fig. 15 for any case of the film-
cooling as part of it is succumbed into TE wake in plane-4. The outer region and core region of the
passage vortex outside the TE wake show about the same Cpt loss distributions for all the cases. However,
the Cptl0ss distributions confirm that the passage vortex location is influenced by the film-cooling and
fillet configurations as the coolant mass-flux and momentum energize the boundary layer. The present
Cht loss distributions for the baseline film-cooling configurations are higher specially in the passage vortex
and trailing edge regions compared to those in [23, 28] as the plane-4 is located about 7 mm upstream
of the exit plane of [23, 28]. The distributions of loss coefficient between 0.5 < Cptioss < 1.0 outside the
boundary layer and TE wake regions change little between the present investigations and [23, 28], but

the losses in the passage vortex and wakes dissipate downstream.

(Pt,r - Pt)

(Pt,r - Ps,r) (4)

Cpt,loss =

The influences of the blowing ratio, Min and fillet on the overall pressure losses in plane-4 are shown

by the mass-averaged loss coefficient, (Cpt,ioss)Mass-av @nd the ratio (Cpt,loss)mass-a/ MFR distributions in Fig.
16. The mass-averaged coefficient, (Cptloss)Mass-av IS determined from the numerical integration of the
right hand side of Eq. (5) where (P - Py) is the distribution of local pressure losses in plane-4. The area
of integration, A in the equation covers the measurement area in plane-4 and dA is determined based on
the spatial resolutions of the data locations. The mass fraction ratios (MFR) in Fig. 16(b) are obtained
from Table 4. The mass fraction is the ratio of coolant flow rate (M¢) from the four or two slots to air-
flow rate (Ma) in a vane passage based on the freestream reference velocity (U). The coolant flow rate is
measured at the orifice meter in the coolant supply circuit. Note that (0.5Ma) in Eqg. (5) indicates the
mass-flow rate in the measurement region between 0 < Y/S < 0.5. The (Cptloss)Mass-av IN EQ. (5) thus
includes the coolant mass and is also referred to as the overall mixed-out losses. The higher the

(Cptloss)Mass-av, the higher the total pressure losses across the cascade passage.

ru(Pt,r - Pt)

C = i
( pt,lOSS)Mass—av ! (Pt,r - Ps,r)(O-SMa) X

The mass-averaged (Chpt loss)mass-av IN Fig. 16(a) for all the four cases are compared as the Min varies.
In general, the (Cpt,ioss)mass-av distributions increase slightly from Mi, = 1.0 to either Min = 1.4 or 2.2 and
then decrease slightly as the Min increases further for all the cases. The distribution of (Cpt,loss)Mass-av IS
the highest between 1.0 < Min < 1.8 for the baseline-2 case and at Mi» > 1.8 for the baseline-1 case. The

average loss coefficients in Fig. 16(a) are generally about the same and smaller for the fillet cases at all
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the Min values. For the baseline-1, the average loss coefficients are also the same as the fillet cases when
Min < 1.4. As the total pressure losses in the regions of passage vortex, TE wake, and freestream flow are
about the same among the different cases, the mixing losses near the endwall region contribute to the
high values of (Cptloss)mass-av. The higher momentums of the coolant stream at higher blowing ratios
decrease the total pressure deficits, (Ptr - Pt) near the endwall to reduce the (Cptloss)Mass-av. AS shown in
Fig. 16(a), the maximum decrease in the (Cp,loss)mass-av Of the baseline-1 cooling configuration is by about
11% when the fillet-1 is employed. The maximum decrease in the (Cpt,loss)mass-av Of the baseline-2 cooling
configuration is by about 8% when the fillet-2 is employed. Thus, the fillet-1 is more effective in reducing
the (Cpt loss)Mass-av OF the baseline-1 when 1.8 < Min< 2.8. On the contrary, the fillet-2 is more effective in
reducing the (Cptloss)Mass-av OF the baseline-2 when 1.0 < Min < 1.8. The mass-averaged (Cptloss)Mass-av
distributions in Mahmood and Arnachellan [23] are generally about 50% less of the present values of
Fig. 16(a) as the plane-4 of the present measurements is located closer to the passage actual exit.

The ratios (Cpt loss)Mass-a/ MFR of Fig. 16(b) signify the mass-averaged pressure loss coefficients per
unit mass fraction of the coolant delivered for all the film-cooling configurations. As shown, the ratios
(Cptloss)mass-a/ MFR are about the same at all Min and decrease as the Min increases. The decrease of the
ratio in Fig. 16(b) is significant only at Mi, < 1.8. At the higher Min, the pressure loss coefficient decreases,
but the higher amount of coolant flow outweighs the benefit of pressure loss reduction. As the Min
increases, both the coolant mass flux and work load on the turbine-compressor to deliver the required
coolant flow increase. The data in Fig. 16 thus suggest that the present film-cooling configurations can
provide only limited benefits on the pressure loss reduction across the vane passage at very high bleed

flow rate, but at the expense of thermal efficiency of the gas turbine.

4. Conclusions

Experimental results of the flow temperatures, axial vorticities, flow deviation angles, and total
pressure loss coefficients near the endwall are presented in a passage of a linear vane-cascade with the
endwall fillets and film-cooling flow from the bleed slots at the passage inlet. The results show the
coolant stream distributions with and without the fillet. The effects of the fillet on the interactions
between the film-cooling flow and endwall flow and on the overall pressure losses across the cascade are
illustrated. The vane-cascade is housed in an atmospheric wind tunnel. Two different large fillets around
the vane profile and endwall junction are employed covering the bleed slots partially. Fillet-2 is slightly
smaller than fillet-1. The bleed slot-flow without the fillet is referred to as the baseline configuration for
comparisons. The slots are fully open in the baseline-1 configuration and are partially closed at the vane

leading-edge in the baseline-2 configuration. The inlet Reynolds number for the main flow is 2.0E+05.
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The inlet blowing ratio for the film-cooling flow varies from 1.0 to 2.8 with the temperature and density
ratios of coolant to main flow both at about 1.0. The objectives are to investigate if the fillets benefit the
film-cooling distributions and reduce the secondary pressure losses in the cascade.

The temperature-fields show the distributions of coolant streams on endwall both upstream and
downstream of the endwall boundary layer separation region. The presence of coolant on the passage
pressure side particularly in the downstream of the separation region for all four film-cooling
configurations is notable. However, the pitchwise concentrations and distributions of the coolant streams
on the endwall are usually lower for the fillet-1 configuration than for the other configurations. The film-
cooling configuration of fillet-2 outperforms the other configurations in maintaining the high coolant
concentrations on endwall irrespective of the blowing ratio employed. The best film-cooling
effectiveness on endwall may then be obtained with the fillet-2.

The results of vorticity and flow yaw angles indicate that the fillets primarily affect the passage vortex
and the boundary layer flow by reducing the suction side-leg vortex and yaw angle deviations from the
mid-span flow. When the fillets are employed in the baseline cooling configurations, the vorticities and
yaw angle deviations are reduced. The fillet-2 performs better than the fillet-1 to reduce the yaw angle
deviations. The yaw angle deviations and coolant distributions are important as they affect the secondary
pressure losses and film-cooling effectiveness on the endwall. The local secondary or total-pressure
losses at the passage exit, due to the mixing of coolant streams with the boundary layer, trailing edge
wake flow, and passage vortex, are reduced when the fillets are employed. Consequently, the overall
(mass-averaged) total-pressure losses at the passage exit are always smaller for the fillet cases than for
the baseline cases of film-cooling configuration at all the blowing ratios. The overall losses are then the
lowest for the fillet-1. The results also reveal the overall pressure losses decrease at very high blowing
ratios when the coolant mass flux and momentum are higher energizing the boundary flow. Thus, the
fillet-1 is the best in the overall total pressure reduction and the fillet-2 is the best in the coolant flow
distributions on endwall among all four film-cooling configurations.

The amount of coolant mass flux is very high at the higher blowing ratios for all four film-cooling
configurations. The quantity of (Cp loss)mass-a/ MFR signifying the overall total-pressure loss coefficient
per unit coolant mass flux ratio is then surprisingly about the same with and without the fillets and
decreases as the mass flux ratio increases. The requirements of large coolant flow rate thus outweigh the
benefits of lowering the overall total-pressure losses for all the film-cooling configurations. The results
of the present investigation are beneficial for the endwall film-cooling design and optimization in the gas
turbine passages. Measurements of the endwall film-cooling effectiveness for the four configurations can

be potentials for further research.

17



Acknowledgements
The financial supports of the National Research Foundation and Armaments Corporation program of
the South African government are gratefully acknowledged. Barbara Huyssen’s help for the filet-2 design

is also acknowledged.

Nomenclature

C,Cux= Vane profile actual and axial chord

Cprsendwall, Cptloss =  Pressure coefficient: endwall and total loss
L, W= Film-cooling slot geometry

Min, (MFR) = Inlet blowing ratio (BR) and mass fraction of coolant
Ma= Passage mass flow rate

P,S= 2-dimensional vane pitch and span

PS, SS = Passage pressure and suction side

Psp = Local pressure on vane profile

Psr, Pir = Reference pressure: static and total

Pip = Total pressure inside plenum box

Re = Inlet Reynolds number to cascade

Ta, Tr = Air temperature (K) in passage and reference
Teb, peb = Air temperature (K) and density in coolant plenum
U,u= Axial velocity: Reference, local

XY, Z= Local coordinates

X6, Ya, Z6 = Global coordinates

s= Distance along vane profile

V, W= Velocity components along (Y, Z)

W, pr = Aiir density and viscosity in reference plane
Ox = Axial vorticity

0= Non-dimensional temperature

“+ve”, “-ve” = Positive and negative quantities
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Table 1

Geometric parameters of vane cascade

Cax(m) C(m) CIS C/P Incidence
0.203 0.355 1479 1.328 0’

Table 2

Slot opening for film-cooling flow

Baseline-1 Baseline-2 ) )
_ _ Fillet-1 Fillet-2
(no fillet) (no fillet)
55 mm slot 55 mm slot 55 mm slot 55 mm slot
open, 82 mm open, 82 mm open, 82 mm open, 82 mm
slot open slot 24% open slot closed slot 24% open
Table 3

Reference flow-parameters (2.5Cax upstream of cascade)

Freestream velocity, U 10.0 m/s
Psr (“-ve” gage) 60 kPa
Boundary layer thickness, 6/S 10%
Streamwise turbulence intensity 3%
Temperature (Tr), density (pr) 298 K, 1.02 kg/m?
Coolant to reference: (pe,p/pr) 1.0
Coolant to reference: (Tcp/Tr) 1.0-0.94
Reynolds number, Re = (prUC/p) 2.0E+05
Inlet Mach number, (U/(yRT:)%®) 0.03
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Table 4

Mass fraction ratio (Mc/Ma) of coolant flow to passage flow

BR =
Baseline-1
Baseline-2
Fillet-1
Fillet-2

1.0 14 1.8 2.2 2.8
0.00580 0.02661  0.0656  0.08110 0.11182
0.00576  0.02272  0.04460 0.06022  0.09480
0.00523 0.01711 0.04397 0.06020  0.09409
0.00576  0.02290 0.05920 0.07350 0.09430
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Figure 1: Schematics of experimental setup: (a) Wind tunnel and vane cascade (plan view); (b)
Vane profile, coordinate systems, and measurement planes-(1 to 4) with film-cooling slot
configurations; (c) Geometry of two fillets. Adopted from Mahmood and Arnachellan [28].
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Figure 2: (a) Measurement planes with locations and upstream film-cooling configurations, and
(b) Film-cooling flow circuit (adopted from Mahmood and Arnachellan [28]).
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Figure 3: Static-pressure coefficient, Cpblade along vane profile at the mid-span location, Ya/S =
0.5 with Min = 0: (a) Vanes- 3, 4, 5; (b) Vane-4 (Baseline) and filleted vane-4 (Fillet-1, 2).
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Figure 4: Distributions of non-dimensional temperature (0) in plane-1 at Xc/Cax= 0.49 for Min =2.2
with and without fillets. Orientation of the plane and film cooling configurations are shown.
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Figure 5: Distributions of non-dimensional temperature (0) in plane-2 at Xc/Cax = 0.25 for Min
=2.2 with and without fillets.
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Figure 6: Distributions of non-dimensional temperature (8) in plane-3 at Xc/Cax = 0.58 for Min
=1.4 with and without fillets.
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Figure 7: Distributions of non-dimensional temperature (0) in plane-3 at Xc/Cax = 0.58 for Min
=2.2 with and without fillets.
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Figure 8: Pitchwise-average of non-dimensional temperature (0) along spanwise Y/S in plane-3
at X6/Cax = 0.58: (a) Min = 1.0; (b) Min = 1.4; (c) Min = 1.8; (d) Min = 2.2. Legends are shown
in Fig. 8(a).



Figure 9: Distributions of normalized axial vorticity, wxC/U in plane-2 at Xc/Cax = 0.25: (a)
Baseline-2, Min = 1.4; (b) Fillet-2, Min = 1.4; (¢) Baseline-2, Min = 2.2; (d) Fillet-2, Min = 2.2.
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Figure 10: Distributions of normalized axial vorticity, ®xC/U in plane-2 at Xc/Cax = 0.25 for Min
= 2.2 with configurations of Baseline-1 and Fillet-1.
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Figure 11: Distributions of normalized axial vorticity, @xC/U in plane-3 at Xc/Cax = 0.58: (a)
Baseline-1, Min = 1.4; (b) Baseline-2, Min = 1.4; (c) Fillet-2, Min = 1.4; (d) Baseline-1, Min = 2.2;
(e) Baseline-2, Min = 2.2; (f) Fillet-2, Min = 2.2.
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Figure 12: Distributions of normalized axial vorticity, ®xC/U for Fillet-1 in plane-3 at Xc/Cax =
0.58: (a) Min =1.4; (b) Min =2.2.
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Figure 13: Distributions of yaw angle deviation, AYaw in plane-2 at Xa/Cax= 0.25 for Min = 2.2:
(a) Baseline-1; (b) Baseline-2; (c) Fillet-1; (d) Fillet-2.
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Figure 14: Distributions of yaw angle deviation, AYaw in plane-3 at Xc/Cax= 0.58 for Min = 2.2:
(a) Baseline-1; (b) Baseline-2; (c) Fillet-1; (d) Fillet-2.
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Figure 15: Distributions of total pressure loss coefficient, Cptloss in plane-4 at Xc/Cax= 1.01 for
Min =2.2 with and without fillets. Magnitude interval of contour values is 0.5.
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Figure 16: (a) Mass-averaged (Cptloss)Mass-av and (b) mass-averaged (Cpt,loss)Mass-av PEFr UNit mass
fraction ratio (MFR) of film-cooling flow in plane-4 with and without fillets. Legends are shown
in Fig. 16(a).
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