Effects of Upstream Endwall Film-cooling on a Vane Cascade Flow-field
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Abstract

The effects of film-cooling on the endwall region flow and aerodynamic losses are investigated experimentally as
the film-flow is delivered from the slots in the endwall upstream of a linear vane cascade. Four slots inclined at
30° deliver the film-jet parallel to the main flow at four blowing ratios between 1.1 and 2.3 and at a temperature
ratio of 1.0. The slots are employed in two configurations pitchwise- all four slots open (case-1) and two middle
slots open (case-2). The inlet Reynolds number to the cascade is 2.0E+05. Measurements of the blade surface
pressure, axial vorticities, yaw angles, and total pressure loss distributions along the cascade are reported with and
without (Baseline) the film-cooling flow. The results show the film-flow changes the orientations, distributions,
and strength of the endwall secondary flows and boundary layer. The case-1 of film-cooling provides more mass-
flux and momentum than the case-2 affecting the passage vortex legs. The overall total pressure losses at the
cascade exit are always lower for the film-cooling cases than for the Baseline. The overall losses are also lower
at the low blowing ratios, but higher at the high blowing ratios for the film-cooling case-1 than for the case-2.
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Nomenclature
C,Cu, P,S = true blade-chord, axial blade-chord, pitch, span
Crride =  blade surface static pressure coefficient
Cpiloss» CpiLoss =  total pressure loss coefficient
M = passage mass flow rate
MFR, Mi, =  mass fraction ratio, inlet blowing ratio
Po,x =  pressure on blade surface
Ps:, P, = (static pressure, total pressure) at reference plane

Pix,Pwox =  local total pressure at exit, total pressure in plenum box



PS,SS, TE =  pressure-side, suction-side, trailing edge
Re = inlet Reynolds number based on actual-chord
U = freestream velocity
(X,Y,Z) = local Cartesian coordinates
(X6, Yg, Zg) =  global Cartesian coordinates
Lower Case
u,v,w = velocity components along (X, Y, Z)
s = blade surface coordinate
Greek
d = Dboundary layer thickness
A = change in related quantity
® = vorticity
p = density

1. Introduction

Film-cooling of the endwall in the nozzle-vane or rotor passage of the gas turbine is employed to protect the
endwall from the hot combustion gas and reduce the thermal stresses on the endwall. Recent investigations in the
blade cascades indicate that the film-flow interacts with the boundary layer and flow separation in the endwall
region affecting the passage vortex structures and film-coverage on the endwall. The intensities of such
interactions depend on the locations and geometry of the coolant supplying holes or slots and mass-flux of the
coolant flow. The endwall film-flow thus increases or decreases the secondary flow losses across the blade
passage. The aerodynamic measurements in the blade cascade employing the endwall film-cooling flow are
necessary to quantify the secondary losses. The results predict the effects of a specific coolant flow configuration
on the aerodynamic performance of the nozzle-vane or rotor row in the gas turbine. The present investigation
employs discrete slots for the film-cooling flow at the inlet of a linear vane cascade for the aerodynamic
measurements. The slots may also represent the clearance gap at the combustor-turbine interface or the gap

between the turbine discs or the densely packed coolant holes in the endwall upstream of the blade leading edge.

The evolution and structures of endwall secondary flows and their effects inside a linear blade cascade have been
documented thoroughly in the investigations of Wang et al. [1], Simon and Piggush [2], Mahmood et al. [3], and

Ligrani et al.[4]. The studies find that the endwall region secondary flows originate at the junction of blade leading



edge and endwall as the horseshoe vortex, then evolve and travel along the passage endwall as the pressure-side
leg vortex and suction-side leg vortex, and finally develop into the single passage vortex structure to travel along
the blade suction side toward the passage exit. The secondary flow structures increase pressure losses and endwall
heat transfer across the blade passage. Thomas and Povey [5], Friedrichs et al. [6], and Salvadori et al. [7] report
the aerodynamic losses at the exit of cascade passage due to the film-cooling flow from discrete holes in the
endwall. The adverse effects of the secondary flows and configuration of film-cooling holes on the endwall coolant

coverage and effectiveness are investigated by Bogard and Thole [8], Mahmood et al. [9] and Li et al. [10, 11].

The investigations of film-cooling in the rotor- or vane-blade cascades employing a continuous slot in the endwall
upstream in [12-17] simulate the film-cooling flow supplied through the leakage gap between two platforms and
two mounting disks in the gas turbine. The slot injected coolant in Blanco et al. [12] and Papa et al. [13] is
delivered from the endwall misaligned with cascade endwall and interacts with the endwall flow increasing the
flow losses at the cascade exit. Du and Li [14] also report the effects of slot film-cooling on the endwall and
stagnation region flow in the cascade misaligned with the upstream boundary layer platform. The numerical results
of [14] include the effects of geometry of the film-cooling slot to indicate the weakening of secondary flows and
the good film coverage on endwall when the slot is narrow and the cascade endwall is lower than the upstream
platform. The high momentum of the slot film-flow in Oke et al. [15], Thole and Thrift [16], and Erickson and
Simon [17] strongly influences the endwall boundary layer and secondary flows when the slot inclination relative
to the endwall is small. The investigations of purge flow from the upstream endwall gaps in the cascade in [18-
20] show strong interactions of the purge flow with the endwall flow and increase in the secondary losses at the
cascade exit. Although the purge flow is not employed as the film-cooling flow, the purge flow and purge gap

geometry in the endwall conform to the flow and geometry of the continuous slot film-cooling.

All the past investigations of the film-cooling flow delivered either through the endwall slots or cooling holes are
intended to quantify and improve the film-cooling effectiveness on the cascade endwall. The resulting increase or
decrease of the secondary flow losses are unintentional but imminent due to the coolant flows. The interactions
between the coolant flow and endwall boundary layer also dictate the coolant flow trajectories and coverage on
the endwall as well as the near endwall flow field, all of which are very specific of the geometry and configuration
of the coolant delivery means. The past investigations have not provided details of the aecrodynamics effects of
the film-flow from the leading edge slots distinctively. The present efforts enhance the understanding of the
interactions between the film-flow from slots and endwall flow-field and are expected to contribute in the optimum

configuration of the film-cooling design. The present investigation measures the flow field near the endwall in a



stationary vane cascade employing four discrete slots located pitchwise just upstream of each vane passage. Two
of the slots are located upstream of the blade leading edge. The measurements along different pitchwise planes in

the passage quantify the endwall region flow field and secondary flow losses.

2. Experimental Setup and Measurement Methods

Figure 1(a) shows a schematic representation of the atmospheric wind tunnel facility that houses the linear cascade
test section. The schematic drawing shows the relative positions of different components clearly which are
otherwise difficult to identify in a picture of the whole test facility. The tunnel operates in an open circuit as the
air flow is generated by the suction of two large duct fans (7.5 kW and 15 kW) connected in series at the exit (not
shown in Fig. 1(a)). The tunnel cross-section is rectangular and the walls are made of wood. The test section walls
are made of the transparent polycarbonate. A smooth two-dimensional contraction allows the ambient air to
accelerate smoothly and flow into the tunnel settling-length section through a set of honeycomb and mesh screens.
The cascade test section as shown in Fig. 1(a) houses seven two-dimensional vane-blades numbered as 1 to 7 and
attached to the endwalls with screws. The blade geometry is created by extruding the hub-side vane profile of the
GE-E? first stage nozzle guide vane [21]. The test geometry employs 6 times the geometry of the actual nozzle
vane geometry at the hub-side of the GE-E? engine. The vane-blades are manufactured from the polycarbonate
and coated with polyurethane for a smooth surface finish. Table 1 provides the geometric parameters employed
for the cascade test section. The flow incidence angle is set to 0° at the blade leading edge. Some air flow from
the upstream settling-length section is by-passed through the sides of the two blades 1 and 7 to create a periodic
flow condition in the test section. The shaded region in Fig. 1(a) between the blade 3 and 5 identifies the
measurement region. The blades 3, 4, and 5 have pressure tap holes of diameter 0.3 mm located along the profile
at the mid-span height. The hollow core of the blades allows the pressure taps to be connected to a pressure
transducer with the plastic tubes through a multi-port scanner. The cut-out sections in the top endwall adjacent to
the blade tips and the hollow cores inside the blades are used to run out the plastic tubes connected to the pressure

taps.

As shown in Fig. 1(a), a passive turbulence grid made up of 6 mm cylindrical rods is placed in the tunnel at 6.5C,
upstream of the cascade inlet. A cut-out slot on the top endwall at 2.5C, upstream of the cascade inlet allows the
measurements of the reference properties in Table 2. The reference properties are measured using a pitot-static
pressure probe, a thermocouple, and a constant temperature hot-wire anemometer. The probes scan the pitchwise

normal plane (Reference-plane) of Fig. 1(a) for the reference properties. The freestream velocity and turbulence



in Table 2 are then reported above the boundary layer from the bottom endwall. As the pressure drop across the
test facility is low, the air-flow density in Table 2 is assumed constant in the measurements and obtained from the
ideal gas law. The Re in the table is estimated based on the freestream velocity at the reference plane and actual
blade-chord length, C. Figure 1(b) shows schematically the secondary flow circuit employed to supply the film-
cooling flow in the test section bottom endwall. A blower (1 kW) and an axial fan (800 W) in series deliver the
film-flow into a plenum-box located underneath the film-cooling slots through two metered-pipes of diameter
10.2 cm and 5.1 cm as shown in Fig. 1(b). The ISO standard orifice plates in the pipes provide the mass flow rate
of the film-flow. The temperature of the film-flow is controlled by the evaporator (heat exchanger) of a refrigerant
vapor-compression unit just upstream of the plenum. The wooden walls of the plenum are thermally insulated.
Also, 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 located in the plenum walls are connected to a differential pressure
transducer and provide measurements of the total pressure of the coolant flow. Equation (1) then estimates the
inlet blowing ratio from the measured pressures based on [6]. The blower speed in Fig. 1(b) is varied to control

the coolant mass flow rate to the desired inlet blowing ratio.

Pt box — Ps r
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In the measurement region between the blades 3 and 5, three cut-out slots on the top endwall facilitate the flow
measurements with a five-hole pressure probe. The location and orientation of the slots are shown in Fig. 2(a) by
plane-1 to plane-3. The plane-1 is perpendicular to the blade suction side, while the plane-2 and plane-3 are the
pitchwise normal planes. The local (X, Y, Z) and global (Xg, Yg, Zg) coordinate systems employed in the
measurements are also indicated in Fig. 2(a). The origin of (Xs, Ya, Zg) is located at the leading edge of blade 4.
The local coordinates (X, Y, Z) originate from the suction-side of blade 4. The location (Y or Y=0) then refers
to a position on the bottom endwall. The blade surface coordinate, s in Fig. 2(a) originates at the leading edge

stagnation point and is positive on the pressure-side.

The five-hole pressure probe has a diamond-tip of diameter of 1.6 mm and scans the planes-1 to 3 along the (Y,
Z) locations on a motorized two-axis traverse controlled by a Velmex™ motor controller. The probe is connected
to five differential pressure transducers. The slot length during the probe traverse is masked with a plastic liner to
minimize any flow leakage. The unused slots are then covered with tapes to prevent any air leaks. The output

voltage-signals from all the pressure transducers are recorded through a National Instrument™ data acquisition



system. The system measures the voltages at a frequency of 100 Hz for 2 seconds from each transducer. The
signals are then time-averaged and converted into the pressure unit after applying the appropriate calibration
curves. An in-house built LabVIEW™ program both records the pressure signals and controls the motorized
traverse. The details of the five-hole probe construction, calibration, and data reduction are provided in [22, 23].
The local velocity components (u, v, w), total pressure, static pressure, and pitch-yaw flow angles are obtained
simultaneously from the measurements with the five-hole probe in comparisons to the hot-wire anemometer and

other optical probes measuring the velocity field and turbulence properties.

3. Film-cooling Design and Configuration

The location and configuration of the upstream film-cooling slots are shown in Fig. 2(a). Four individual slots in
the bottom endwall are placed along the blade-pitch at 0.079C, upstream of the blade leading edge. As shown in
Fig. 2(a), two of the slots (82 mm in length) are located upstream of the blade leading edge while the other two
are located at the pitchwise middle position of the passage at a 25 mm spacing from each other. The length of the
leading edge slot is 82 mm and the middle slot is 55 mm. Figure 2(b) provides the details of the slot geometry in
the endwall. The slots are inclined at 30° and the film-flow is delivered in parallel to the cascade inlet flow. Two
cases of the film-cooling configurations are investigated by closing off the leading edge slots (82 mm). Thus, the
film-cooling case-1 refers to all the slots open while the film-cooling case-2 uses only the two middle slots open
(82 mm slots closed). The baseline measurements are obtained without any film-cooling flow. Table 3 provides
the film-cooling configurations, the inlet blowing ratios, and the corresponding film-flow mass fractions (MFR)
employed for the two film-cooling cases. The mass fraction of the coolant flow, MFR is obtained from the ratio
of the total film-flow rate through the two or four slots to the average flow rate in the passage between two adjacent
blades. The passage flow rate is computed based on the passage area at inlet and inlet reference velocity. The film-

cooling slots are covered with tapes during the baseline measurements.

4. Uncertainty Estimates

The uncertainties in the measured data are estimated based on the 95% confidence interval and in the calculated
values are based on the propagation of errors from the measured data as described in [24, 25]. The uncertainty in
the reference velocity and pressure is 1.6% and 3.6%, respectively. The maximum uncertainty in the total pressure
and total pressure loss coefficient is 7% and 8.2%, respectively. The calculated pitch and yaw angles have the
maximum uncertainty of 4% and 5%, respectively. The maximum uncertainty in the film-cooling flow rate is

0.7% and the inlet blowing ratio is 1.4%.



5. Discussions of Results

The flow measurements in the planes-1 to 3 (refer to Fig. 2) cover the spatial area between the bottom endwall
and mid-span height in the passage. The time-averaged results are then normalized using the reference properties
in Table 2 and presented for the inlet blowing ratios, Mi, = 1.1-2.3 at a constant inlet Reynolds number, Re =
2.0E+05. The temperature and density ratio of the film-flow to the main flow in the cascade are 1.0 for the results.
The “Baseline” case in the results refers to the measurements obtained without any film flow as mentioned earlier.
Some qualitative comparisons between the present data and previous work with the coolant leakage are also
presented.

Blade surface static pressure coefficient (Cppiade): The static pressure along the blade profile is measured
at the mid-span locations (Ys/S = 0.5) of the instrumented blades 3, 4 and 5. The results are presented in Fig. 3 as
the static-pressure coefficients, Cp piade using the Eq. (2). The C, piade distributions along the three blade profiles
are shown for the Baseline case and along the profile of blade-4 are shown for case-1 and case-2 of the film-
cooling. The coordinate s/C=0 in Fig. 3 is located on the stagnation point of blade profile where the C; piade is the
highest. The values of C, piade then decrease along the profile as the flow accelerates. The Cp piade increases at s/C
<-0.33 locations because the flow decelerates from the throat area to the passage exit. The C, piade distributions in
Fig. 3 for the Baseline case match very closely with each other on the three blade profiles ensuring the flow
periodicity and equal mass flow rate in the measurement passages. Also, the Cppiage distributions for the film-
cooling cases match well with the Baseline case to indicate no influence of the film-flow on the blade pressure
distributions in the inviscid region. This is desirable for the design loading-conditions on the blade with the

endwall film-cooling.

Pyx — P,
CpBlade = w 2

Normalised axial vorticity (wxC/U): The axial vorticity, wx computed from the measured pitchwise velocity
(v) and spanwise velocity (w) components provides the location and rotational direction of the secondary flows.
Because of the complex three-dimensional structure and orientation of the passage vortex system [1, 4], the size
and strength of the vortex cannot be fully realized by the wx component in the planes-1 to 3 in the present
investigation. Figures 4(a)-4(c) compare the contours of normalised axial vorticity at the plane-1 for the Baseline
and film-cooling cases at Mi, = 1.8. The local coordinate Z/P = 0 indicates the location of the suction side of blade

4 in the figures. The data are shown near the endwall region only for clarity of the secondary flows. The circular



contours of high negative values of wxC/U in Fig. 4(a) near the suction (SS) side (Z/P < 0.1) indicate the suction
side-leg vortex in the Baseline passage. The high positive @ C/U values at Z/P > 0.1 in Fig. 4(a) are caused by the
boundary layer and pressure side-leg vortex. The strong influences of the film-flow from the slots on the secondary
flows and endwall boundary layer are then clearly evidenced in the different C/U contours in Figs. 4(b) and
4(c). The ®xC/U contours in Z/P < 0.1 in Fig. 4(b) are caused as the film-jet from the leading edge slot interacts
with and relocates the suction side-leg vortex. The @wxC/U contours in Z/P > 0.1 in Fig. 4(b) are caused as the film-
jet interacts with the boundary layer and pressure side-leg vortex. In the absence of the film-jet from the leading
edge, the interactions between film-jet from the two central slots and the suction side-leg vortex are weak in plane-
1. The ©«C/U contours in Z/P < 0.1 in Figs. 4(a) and 4(c) are about the same. The oC/U contours in Z/P > 0.1 in
Fig. 4(c), however, show the interactions among the film-jet, boundary layer, and pressure side-leg vortex remain
strong. Note that the contours of Figs. 4(b) and 4(c) do not individually identify the film-jet and indicate if the
film-jet has weakened the endwall secondary flows due to the complex structures and orientations of the pressure
and suction side-leg vortex. The total pressure loss distributions at the exit plane shown later will indicate the

influences of film-cooling flow on the strength and size of the passage vortex system.

The endwall region vorticity distributions in plane-2 are shown by the ®C/U contours in Figs. 5(a) to 5(c) for the
Baseline case (Min = 0) and two film-cooling cases at Mi, = 1.8. The locations of blade pressure side (PS) and
suction side (SS) are indicated in Fig. 5. The edge of the passage throat region is located on the SS (Z/P = 0.0) in
plane-2. As shown by [1, 3, 4], the pressure and suction side-leg vortex are located near the suction side at the
axial location of plane-2. The high contour values of @xC/U for the Baseline at Z/P < 0.3 in Fig. 5(a) then represent
the pressure and suction side-leg vortex. As the film-cooling flow is introduced, the film-jet travels along the
passage, interacts with the endwall secondary flows and boundary layer, and changes values and distributions of
the ®xC/U contours as evidenced in Figs. 5(b) and 5(c). The ©xC/U contours for the pressure and suction side-leg
vortex are not clearly distinguishable in Figs. 5(b) and 5(c) because of the interactions changing the vortex
structures. However, the structures of the passage vortex system must still exist because of the momentum
conservation. The changes of the mxC/U contours along the entire pitch in Figs. 5(b) and 5(c) indicate the film
coverage over the entire endwall pitchwise at plane-2 location for both the film cooling cases. The full coverage
of endwall film-cooling is a desirable result for the high values of the adiabatic film-cooling effectiveness.
Comparing the data between Fig. 5(b) and Fig. 5(c) in the location Z/P < 0.1, more and stronger film-flow is
evident for the film-cooling case-1 than for the case-2 because of the jet from the leading edge slot. The film-jet

ejected from the leading edge slot on the pressure side of the passage convects towards the suction side as it travels



along the passage due to the pitchwise pressure gradient [9, 18]. The presence of some additional @xC/U contours
about Z/P = 0.2 in Fig. 5(b) compared to those in Fig. 5(c) also indicate the more film coverage by the film-cooling

case-1.

The effects of film coverage on the endwall region are further compared by the wC/U distributions between the
film-cooling case-1 and case-2 at M, = 2.3 in plane-2 in Fig. 6. As indicated in the figure, the effects of the film-
jet are also evident along the entire pitch (SS to PS) by the changes in ©«C/U values compared to those in Fig.
5(a). Because of the higher blowing ratio and mass flux in the film-jet, the absolute magnitudes of ®C/U are
higher along most of the pitch in Fig. 6 than those in Figs. 5(b) and 5(c). The @wxC/U contours in Fig. 6 also spread
more spanwise along Y/S indicating more interactions with the boundary layer as the M;, increases. For Mj, = 2.3
also, the film-jet from the leading edge slot in case-1 causes some additional wxC/U contours in Z/P < 0.1 in Fig.
6(a) compared to those in case-2 in Fig. 6(b) and provides better film coverage on the endwall. Note that the data
for the film-cooling cases in both Figs. 5 and 6 appear to be skewed towards the pressure side. This is because the
local mass-flux is higher towards the pressure side (PS) for the film-cooling cases than for the Baseline as
evidenced in the local mass-flux ratio distributions, (pu)/(pU) along the pitchline in Fig. 7. The data in Fig. 7 are

shown for the Mi, = 2.3 for the film-cooling cases in plane-2.

Yaw angle deviation (AYaw): Flow yaw angle near the endwall is responsible for the strong pitchwise
crossflow [26, 27] which then contributes to the development of the passage vortex system. The yaw angles
relative to the axial direction in the blade passage increase in the endwall boundary layer as the streamlines of low
velocity turn towards the suction side to balance the pitchwise pressure gradient with the opposing radial force
[27]. Figure 8 presents the yaw angle deviations, AYaw near the endwall in plane-2 for the Baseline and film-
cooling cases at Mi, = 1.8. The difference between the mid-span yaw angle at a given pitchwise location (Z/P,
Y/S = 0.5) and the local yaw angle at the same pitchwise location (Z/P, Y/S) is used as the AYaw in Fig. 8. The
high values of AYaw for the Baseline in Fig. 8(a) are caused by the pressure and suction side leg vortex, and the
boundary layer. The momentum of the film-jet influences the endwall streamlines to turn less towards the suction
side (SS) causing the AYaw values to be smaller in Figs. 8(b) and 8(c) than those in Fig. 8(a). The AYaw values
near the SS and PS for the film-cooling case-1 in Fig. 8(b) are different from those for the case-2 in Fig. 8(c)
because of the additional film-jet momentum issued from the leading edge slots. As indicated in [18, 26], the
lower AYaw values of the endwall flows contribute to the weakening of the passage vortex. This is an additional

advantage of the effects of the endwall film-cooling with the right configuration of the coolant slots or holes. The



weak passage vortex reduces the total pressure losses in the blade passage as well as the lifting-off of the film-jet
from the endwall to enhance the adiabatic film-cooling effectiveness [16, 17]. Figure 9 compares the AYaw in
plane-3 at the passage exit between the Baseline and two film-cooling cases at Mi, = 1.8. The trailing edge (TE)
is located at Z/P = 0.0 in the figure. The lower AYaw values at Y/S < 0.1 in Figs. 9(b) and 9(c) than those in Fig.
9(a) indicate the strong influences of the film-jet momentum on the boundary layer and secondary flows are also
present at the cascade exit. The AYaw values about Z/P = 0.0 in Figs. 9(b) and 9(c) are caused by the complex

interactions of the TE vortex with the passage vortex and film-jet.

The pitchwise-averaged AYaw values are compared between the Baseline and film-cooling cases at plane-3 in
Fig. 10. The data are shown for Mj, of 1.8 and 2.3 to present the effects of the blowing ratio in Figs. 10. The
pitchwise-averaged (AYaw)piwch-ave at a given Y/S location in the figure is obtained by computing the arithmetic
average of the local AYaw values along that Y/S. The average AYaw values in Figs. 10 are much smaller for the
film-cooling cases than for the Baseline in Y/S < 0.2. Also, the (AYaw)pich-avg Values in Y/S < 0.1 are slightly
smaller (by 2°) for case-2 than for case-1. The slight differences in the data in Y/S < 0.1 between the film-cooling
cases in Fig. 10 are mostly influenced by the AYaw values in the TE vortex region. The smaller turnings of the
flow streamlines relative to the inviscid region streamlines at the passage exit are beneficial for the endwall film-
cooling flow and design blade-loading of following blade row in the turbine.

Total pressure loss coefficient (Cpgoss): The secondary vortex structures result in entropy generation and
increase the pressure losses along the blade passage [4, 17, 26]. The total pressure loss from the inlet to exit of the
blade passage is a measure of the secondary flow losses and quantifies the aerodynamic performance of the
passage. The coefficient of total pressure loss, Cploss i estimated from the measured Pix in Eq. (3). The total
pressure losses (P, - Pix) in the present cascade are obtained in a pitch-plane slightly downstream of the exit. The
investigations of [3, 17, 26] indicate the reductions of adverse effects, size, and strength of the passage vortex
system directly correspond to the decrease in Cpjoss at the cascade exit. Equation (3) excludes the pressure losses

in the film-cooling slots and inlet boundary layer and is also used by [12, 17, 28, 29].

Pt,r - Pt,x

Cptloss = 05002 €)]

The distributions of local Cpjoss contours at plane-3 in Fig. 11 compare the total pressure losses between the
Baseline and film-cooling cases at Mi, = 1.8. The higher the Cy;j0ss value, the higher the total pressure loss (Py, -

P.x). The high values of C,oss in the region of 0.0 <Z/P < 0.2 in Fig. 11(a) are caused by the core of the passage



vortex in the Baseline which is now elevated from the endwall. The blade TE is located at Z/P = 0.0 in Fig. 11 as
mentioned earlier. The column of high Cposs values in -0.2 < Z/P < 0.0 in Fig. 11(a) is then caused by the TE
vortices and their interactions with the passage vortex structure. With the film-cooling flow of case-1, the high
Chpiloss values in -0.02 < Z/P < 0.09 representing the passage vortex core in Fig. 11(b) are now located closer to the
TE vortex region. For the film-cooling case-2 in Fig. 11(c), the passage vortex core is no longer distinguishable
because it is now completely located inside TE vortex. Comparing the size and magnitudes of the Cpjoss values in
the core of the passage vortex in Fig. 11, it is apparent that the film-cooling reduces the strength and size of the
passage vortex. Also, the local Cpjoss distributions in 0.0 < Z/P < 0.12, in general, are smaller for the case-2 of
film cooling than for the case-1. The higher Cp 1055 values just above endwall in Figs. 11(b) and 11(c) compared to
those in Fig. 11(a) are the results of additional vorticities formed by the interactions between the film-jet and
boundary layer. Figure 12 presents the effects of higher M, of 2.3 of the two film-cooling cases on the local Cposs
distributions. Qualitatively the distributions of Cy10ss cOntours are almost similar for Figs. 11(b) and 12(a), and for
Figs. 11(c) and 12(b) indicating small effects of Mi, on the passage vortex core as the Mj, increases from 1.8 to
2.3. However, the location of the high Cy10ss values of the passage vortex core in Fig. 12(a) is slightly higher (Y/S
~(.25) than (Y/S = 0.2) in Fig. 11(b). Also, the contours of high losses adjacent to the right corner of endwall in
Fig. 12 appear because of higher Mj, and mass- flux of the film-flow. The presence of the film-jet along the
endwall in both Figs. 11 and 12 is desirable for the enhanced film-cooling coverage. In comparisons to the present
data, the local gross-loss distributions in the passage vortex regions of [12] are located closer to the mid-span, but

away from the TE vortex region and higher in magnitudes with the leakage flow relative to no leakage flow.

Figure 13(a) presents the mass-averaged global total-pressure loss coefficient, Cpiross in the plane-3 as the Miy
varies. The global (Cpt 1 oss)mass-ave at @ Min is computed from Eq. (4) integrating over the entire measurement area
(Y/S=0t00.5) in plane-3. The Simpson’s trapezoidal rule is applied for the numerical integration of Eq. (4) with
dA, determined based on the spatial distance between data points. The mass-averaged loss coefficient for the
Baseline is also indicated in the Fig. 13(a). The comparisons in Fig. 13(a) show average Cpyoss increases with M,
for the case-1. The average Cpiross for the case-2 increases till Mj, = 1.4, but then decreases as M, increases
further. Also, the average CpyLoss for case-1 is lower at Mi, < 1.4 and higher at M, > 1.4 than those for case-2. The
spike in the loss distribution at Mi, = 1.4 for the case-2 is caused primarily by the higher local losses just above
the endwall as the film-jet and boundary layer mixes. The higher film-jet momentum at M;, > 1.4 decreases the
near endwall losses to reduce the mass-averaged data for case-2 in Fig. 13(a). Thus, for the objectives of achieving

higher film-cooling effectiveness with lower secondary flow losses, the film-cooling case-1 with four coolant slots



may perform better than the case-2 at M, < 1.4. However, at Mj, > 1.4 the film-cooling case-2 may also provide
good aerodynamic performance and film-cooling coverage. Note that the average Cpy Loss is always lower for both
the film-cooling cases than for the Baseline at 1.1 < M;, <2.3. In comparisons to the case-1 of film-cooling data
in Fig. 13(a), the net mixed-out losses of [ 12] show similar trend as the coolant flow rate increases and the average

Cpiross 0f [29] is 0.31% smaller for 1% coolant flow than that for the no-coolant flow.

pu(Pt,r _Pt,x)

4)
Coy | - dA
105 )mass—avg A 05pU2M y
y

The compressor supplies the film-cooling flow in the gas turbine. The load on the compressor increases with the
blowing ratio. The total pressure loss performance across the turbine passage per unit of the coolant mass flow
rate is thus important for the gas turbine loading and operating costs. Figure 13(b) provides the mass-averaged
CptLoss at plane-3 per unit of coolant mass fraction (MFR) at different M;,. The coolant flow MFR is provided in
Table 3 for different M;,. The average Cpiross values in Fig. 13(b) are obtained from the data in Fig. 13(a). As
shown in Fig. 13(b), the (Cpiross)/MFR decreases as the M, increases and is always smaller for the film-cooling
case-1 than for the case-2. The difference in (Cpiross)/MFR between the two film-cooling cases, however,

decreases at My, > 1.4.

6. Summary and Conclusions

The effects of film-cooling on the endwall secondary and boundary layer flows are measured and presented as the
film-flow is delivered from the slots in the endwall just upstream of the inlet of a linear vane cascade. The two-
dimensional cascade is constructed based on the hub-side geometry and blade profile of the 1% stage nozzle guide
vane of the GE-E* engine. Four discrete slots inclined at 30° and configured along the entire blade pitch are
employed to provide the film-cooling flow at four blowing ratios between 1.1 and 2.3 and at a temperature ratio
of 1.0. Measurements are obtained with all four slots open (case-1) and with only two middle slots open (case-2)
for the film-cooling flow. The results are compared between the Baseline (no film-cooling) and two film-cooling

cascs.

The coefficients of pressure along the blade surface indicate the influences of film-flow remain confined near the
endwall irrespective of the coolant flow rate. The blade loading can be assumed unaffected when the slot film-
cooling is employed which is desirable for any design modifications in the blade passage endwall. The normalized
axial vorticity distributions along the endwall indicate the film-jet interacts with the passage-vortex legs and

boundary layer and changes their orientations, distributions, and strengths. The film-cooling case-1 with the four



slots delivers more jet on the suction side along the passage than the film-cooling case-2 because of the leading
edge slots.

The momentum of the film-jet adds with the boundary layer flow causing the endwall region streamlines to deviate
less from the freestream streamlines towards the suction side. Such deviations of the endwall streamlines are
further reduced as the blowing ratio or mass-flux of the film-flow increases. The smaller deviations of the endwall
streamlines relative to the freestream streamlines help the film-jet travel along the passage and cover the pitchwise

distance.

The local distributions of the total pressure losses at the cascade exit are reduced in the region of secondary flow
with the film-cooling flow. The total pressure losses are also smaller adjacent to the TE vortex region for the film-
cooling case-2 than for the case-1. The film-jet from the leading edge slots in case-1 introduces additional
vorticities in the boundary layer region to increase the total pressure losses. The mass-average of the total-pressure
losses at the cascade exit show the average losses are always lower with the film-cooling flow than without
(Baseline). The overall mass-average losses are also smaller at the small blowing ratios, but higher at the high
blowing ratios for the film-cooling case-1 than for the case-2. The mass-averaged pressure losses per unit mass

fraction of the film-flow is always lower for the case-1 compared to the case-2 for the blowing ratios tested.

The endwall film-cooling flows are primarily employed to provide the film protection of blade passage endwall
from the hot mainstream gas. However, the results from the present investigation indicate the coolant flow also
influences the endwall region boundary layer and secondary flows along the passage. The consequences of the
affected endwall flows are then reflected back to the film coverage on the endwalll and show up in the
aerodynamic losses. The results are beneficial to the understanding of the behaviour and the optimal design of the

full coverage film-cooling through the validations of numerical models.
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Table 1 Geometric parameters of vane cascade

Scale factor Cax (m) C(m) C/S C/P Incidence

6 0.203 0355 1479 1328 0°

Table 2 Reference flow parameters

Freestream velocity, U (m/s) 10.0
Psr (kPa), (-gage) 60
Boundary layer thickness, 8/S 10 %
Streamwise turbulence intensity 3%
Air temperature (K) 298
Air density, p (kg/m?) 1.02
Reynolds Number, Re 2.0E+05

Table 3 Film-cooling MFR(%)

Min Case-1 Case-2
(4 slots open) (2 middle slots open,

82 mm slots closed)

1.1 0.8 0.72
1.4 2.53 1.6
1.8 5.12 24

23 8 3.71
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Figure 1: Experimental setup: (a) Wind tunnel and vane cascade; (b) Secondary flow circuit

for film-cooling flow.
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Figure 2: (a) Coordinate systems and measurement planes with film-cooling slot configuration;

(b) Film-cooling slot geometry.
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Figure 3: Static pressure coefficients, Cp,siade along blade profile measured on blades 3 to 5 at

mid-span (Ya/S = 0.5) location.
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Figure 4: Normalised axial vorticity (oxC/U) distributions near endwall in plane-1 for: (a)

Baseline; (b) Film-cooling case-1 (Min = 1.8); (¢) Film-cooling case-2 (Min = 1.8).
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Figure 5: Normalised axial vorticity (oxC/U) distributions near endwall in plane-2 for: (a)

Baseline; (b) Film-cooling case-1 (Min = 1.8); (¢) Film-cooling case-2 (Min = 1.8).



(a) 0 0.1 0.2 0.3 0.4 0.5

ZIP
0.15 - s
0.1- < é
0.05 4 P j s
b s s (@’%&&
T 1 T 1
02 03 04

0 +—————— ===
(b) gs 0.1 2 0 | ogs

Figure 6: Normalised axial vorticity (wxC/U) distributions near endwall in plane-2 for: (a) Film-

cooling case-1 (Min = 2.3); (b) Film-cooling case-2 (Min = 2.3).
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Figure 7: Local mass-flux ratio, (pu)/(pU) along pitchline at Y/S = 0.05 in plane-2 for

Baseline and two film-cooling cases at Min = 2.3.



Figure 8: Yaw angle deviations (AYaw) in plane-2 for: (a) Baseline; (b) Film-cooling case-1

(Min = 1.8); (¢) Film-cooling case-2 (Min = 1.8).
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Figure 9: Yaw angle deviations (AYaw) in plane-3 for: (a) Baseline; (b) Film-cooling case-1

(Min = 1.8); (¢) Film-cooling case-2 (Min = 1.8).
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Figure 11: Total pressure loss coefficients, Cptloss in plane-3 for: (a) Baseline; (b) Film-cooling

case-1 (Min = 1.8); (¢) Film-cooling case-2 (Min = 1.8).



Figure 12: Total pressure loss coefficients, Cptloss in plane-3 for: (a) Film-cooling case-1 (Min

= 2.3); (b) Film-cooling case-2 (Min = 2.3).



@ Film-cooling case-1
OFilm-cooling case-2
091 _os7(aselne) ________________|
o 2 ®
z 0.8 -
@
£
2 0.7 -
3 o ®
9“ 0.6 ° O
] O
0-5 | ] 1
1 1.4 1.8 2.2
(a) M.,
100 - -
o ® Film-cooling case-1
OFilm-cooling case-2
80 A
®
X 60 -
= o)
2
S 40 A
o
O PY o)
20 A o
¢ ®
0 I L] L
1 1.4 1.8 2.2
(b) M,

Figure 13: (a) Mass-averaged global (Cpt,Loss)mass-ave and (b) Mass-averaged global CrtLoss per

mass fraction ratio (MFR) of film flow for different Min in plane-3.



