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Overall Effectiveness
and Flowfield Measurements
for an Endwall With
Nonaxisymmetric Contouring
Endwall contouring is a technique used to reduce the strength and development of
three-dimensional secondary flows in a turbine vane or blade passage in a gas turbine.
The secondary flows locally affect the external heat transfer, particularly on the endwall
surface. The combination of external and internal convective heat transfer, along with
solid conduction, determines component temperatures, which affect the service life of tur-
bine components. A conjugate heat transfer model is used to measure the nondimensional
external surface temperature, known as overall effectiveness, of an endwall with nonaxi-
symmetric contouring. The endwall cooling methods include internal impingement cool-
ing and external film cooling. Measured values of overall effectiveness show that endwall
contouring reduces the effectiveness of impingement alone, but increases the effective-
ness of film cooling alone. Given the combined case of both impingement and film cool-
ing, the laterally averaged overall effectiveness is not significantly changed between the
flat and the contoured endwalls. Flowfield measurements indicate that the size and loca-
tion of the passage vortex changes as film cooling is added and as the blowing ratio
increases. Because endwall contouring can produce local effects on internal cooling and
film cooling performance, the implications for heat transfer should be considered in
endwall contour designs. [DOI: 10.1115/1.4031962]

Introduction

The gas turbine industry continues to require higher overall
engine efficiency, and therefore more effective and efficient tur-
bine component designs. Turbine cooling performance continues
to be important in order to maintain component life and reliability
as well. It may be possible to improve both efficiency and cooling
performance with three-dimensional endwall contouring. Endwall
contouring can reduce the strength of the passage vortex and other
secondary flows, which causes increased heat transfer on the end-
wall surface. Although contouring reduces secondary flows, the
impact of contouring on the heat transfer and cooling performance
is not straightforward.

The overall cooling performance of a contoured endwall rela-
tive to a flat endwall depends on the local change of heat transfer
coefficients as well as the changes in film coolant distribution. It
is important to understand how traditional cooling methods will
perform when applied to contoured endwalls. In the case of film
cooling jets, the changing gradient of the surface may increase or
decrease film cooling attachment and effectiveness. For internal
impingement cooling, the impingement plate to target spacing
will vary, leading to a range of impingement cooling effects.

The current study examines the thermal performance of a con-
toured endwall with a typical endwall cooling configuration that
includes impingement cooling and angled film cooling holes.
Both surface thermal measurements and flowfield measurements
are used to learn how the passage secondary flows and film cool-
ing interact to influence the cooling performance of contoured
endwalls. These types of data will allow turbine designers to

generate cooling arrangements and methods that are optimized for
contoured endwalls.

Relevant Literature

A conjugate heat transfer approach can be applied in
experiments and computational simulations to determine the non-
dimensional external metal temperature, also known as overall
effectiveness. Overall effectiveness, /, is defined as the difference
between the mainstream temperature and the external metal tem-
perature, divided by the overall mainstream-to-coolant tempera-
ture difference. The / definition along with its relationship to the
important nondimensional parameters will be described in the
next section. Albert et al. [1] were the first to derive an equation
for / by considering one-dimensional heat transfer. The equation
demonstrated that it is necessary to match the Biot number, Bi, as
well as the ratio of internal-to-external heat transfer coefficients,
h1/hi, to acquire relevant scaled data in a conjugate simulation or
experiment.

The practice of reporting the values of these nondimensional
parameters only exists for more recent studies. However, conju-
gate studies without matched Bi and h1/hi still provide conjugate
results to compare to computational predictions for model valida-
tion. The first conjugate heat transfer experiments for turbine
applications, by Hylton et al. [2,3] and Turner et al. [4], provided
a benchmark for computational work and improved understanding
of the thermal fields of a conducting vane. Papanicolaou et al. [5]
and Panda and Prasad [6] compared computational predictions to
experimental measurements of conjugate heat transfer for a film-
cooled flat plate. Panda and Prasad [6] also studied a configuration
that included internal impingement cooling. The qualitative
effects of heat conduction within the wall were apparent in both
studies, but quantitatively the temperature distribution and gra-
dients require a matched Bi and h1/hi configuration.

Properly scaled conjugate heat transfer models have been used
to determine the relative importance of impingement and film
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cooling to overall effectiveness. The first experiments to use
an engine-matched Bi experimental model were completed by
Sweeney and Rhodes [7] for a three-dimensional flat plate with in-
ternal impingement and film cooling. Between the impingement
plate and the wall were heat transfer enhancement features in a
Lamilloy

VR

snowflake design. Their results showed that impinge-
ment cooling dominated over film cooling in the distribution of
external wall temperatures. A series of matched Bi experiments
and simulations studied a vane leading edge model with internal
jet impingement and external film cooling [8–11]. There was
slight difference between the cases with and without impingement
due to the high effectiveness of the showerhead film cooling.
Another series of engine-matched Bi studies [12–14] measured
the effectiveness and thermal fields above a vane suction side with
film cooling and impingement. Williams et al. [12] showed that
for this part of the vane, the impingement cooling contributed sig-
nificantly to the overall effectiveness, even more than the contri-
bution from film cooling. They concluded that as the blowing
ratio increased, the improvement in impingement cooling com-
pensated for the reduction in film cooling effectiveness. As with
the flat plate and the vane, the importance of impingement
cooling for the endwall of an airfoil was observed by Mensch and
Thole [15].

Unlike a flat plate or vane surface, endwall external heat trans-
fer coefficients are influenced by three-dimensional secondary
flow structures, including the horseshoe and passage vortices
[16–19]. Endwall heat transfer increases near the leading edge,
pressure side, and wake of the Pack-B blade used in the present
study, as shown in Fig. 1(a) with contours of Nusselt number, Nu,
for a flat endwall [16]. Figure 1(b) gives the heat transfer augmen-
tation due to nonaxisymmetric endwall contouring designed by
Praisner et al. [20] to minimize passage aerodynamic losses [16].

Endwall contouring can reduce aerodynamic losses by reducing
the cross-passage pressure gradient and the strength of the passage
vortex compared to a flat endwall [21]. The effect of endwall con-
touring on the Pack-B passage vortex was measured by Lynch
[22] using laser Doppler velocimetry. From the three-dimensional
average flow measurements, it was found that contouring slightly
reduced the strength of the passage vortex and delayed its progres-
sion to the suction side of the passage. Although Lynch [22] and
others have measured the passage flowfield in detail with and
without endwall contouring, the effects of film cooling on the
passage vortex development and strength have not been measured.
Considering that the film cooling jets at high blowing ratios
detach from the endwall, the interactions between the passage
vortex and film cooling are investigated in the current study.

Contouring can also reduce overall endwall heat transfer by the
same mechanism as the reduction in losses [16,23]. Figure 1(b)
shows that the Pack-B endwall contouring increased heat transfer

at the leading edge and upstream portions of the passage. How-
ever, the overall area-averaged heat transfer coefficient across the
entire passage was reduced by 3% [16]. Also, contouring was able
to reduce heat transfer in the regions with the highest heat transfer
near the pressure side. Although the metric of heat transfer aug-
mentation conveys the heat transfer performance due to endwall
contouring, the primary metric for cooling performance is the
overall effectiveness, which is obtained with a conjugate model in
the current study.

Conjugate Endwall Model

The conjugate heat transfer in the contoured endwall is approxi-
mated as one-dimensional using the conjugate endwall model, as
depicted in Fig. 2. The endwall model includes the combined
effects of the internal and external convective heat transfer as well
as the solid heat conduction to obtain the scaled endwall tempera-
tures. The data are engine relevant if the appropriate physical
parameters are matched between the experimental model and
engine conditions.

The relevant nondimensional parameters can be found from the
following equation:

/ ¼ T1 � Tw

T1 � Tc;in
¼ 1� vg

1þ Biþ h1=hi

þ vg (1)

which is derived from a one-dimensional heat transfer circuit using
Fig. 2. Equation (1) reveals that the endwall overall effectiveness is
a function of the Bi, h1/hi, and the product, vg, which represents
an estimate for the nondimensional film temperature [12]. The
dimensionless film temperature is approximated by the adiabatic
effectiveness, g, and a scale factor, v, which is defined as

v ¼ T1 � Tc;exit

T1 � Tc;in
(2)

The coolant warming factor, v, corrects g for the warming of the
coolant during impingement and flow through the film cooling
holes [12]. Adiabatic effectiveness and the coolant warming factor
are assumed to be functions of the geometry, the mainstream flow
parameters, and the film cooling flow parameters, such as the film
cooling blowing ratio, M.

Table 1 lists the nondimensional parameters matched to an
engine for both the experiments and simulations in this study.
Engine-matched Bi is achieved by thermoforming the contoured
endwall from Corian

VR

. The contoured endwall heat transfer, h1,

is obtained from heat transfer measurements by Lynch et al. [16].

Fig. 1 Heat transfer measurements for the Pack-B cascade at
Reexit of 2 3 105 (Ref. [16]): (a) Nusselt number contours for the
flat endwall and (b) heat transfer augmentation contours due to
endwall contouring with box for area-averaging

Fig. 2 One-dimensional conjugate model of a conducting end-
wall with impingement and film cooling
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A Nu correlation for an impingement array with staggered coolant
extraction [24] is used to estimate the range of hi for each blowing
ratio. The blowing ratio, Mavg, affects vg and defines the average
ratio of coolant to mainstream mass flux.

Experimental and Computational Methods

Experimental Methods. Experiments to measure the con-
toured endwall overall effectiveness and the passage flowfield
were completed using a large-scale, low-speed, closed-loop wind
tunnel, as shown in Fig. 3(a). In this facility, the flow was split
upstream of the test section into a mainstream section in the
center, and into coolant streams above and below the mainstream
section. The mainstream flow passed through a heater bank and
flow conditioning elements, including a turbulence grid �11Cax

upstream of the test section. More details about the wind tunnel
and flow conditioning can be found in Ref. [16].

The corner test section contained seven blades in a linear
cascade, as shown in Fig. 3(b). The low-pressure turbine Pack-B
airfoil was used in the cascade because it has been used in several
other studies, particularly studies of contoured endwall perform-
ance [15,16,20,21,25–27]. The nonaxisymmetric contouring
designed by Praisner et al. [20] was implemented for the endwall.
The darker portion of the endwall in Fig. 3(b) was conducting and

contained the contoured geometry. The rest of the endwall outside
of the passages was made from insulating medium density fiber-
board. Passages 3 and 4 were cooled by both internal impinge-
ment cooling and film cooling. Passages 1 and 2 had film cooling
but no impingement cooling. Passages 5 and 6 had only impinge-
ment cooling, and the coolant was exhausted laterally from the
side of the impingement channel. There was good periodicity
between the blades in the cascade as shown in Fig. 4, which gives
the pressure distribution measured at the midspan of each blade as
a function of axial distance. The computational prediction of pres-
sure distribution from two previous studies [25,26] is shown for
comparison.

The inlet conditions to the passage were measured at multiple
spanwise and pitchwise locations at 0.52Cax upstream of the
blades in the axial direction. A thermocouple rake was used to
measure the incoming flow temperature. The variation in tempera-
ture at different locations was less than 60.6 �C from the average
T1. The incoming flow velocity was measured using a Pitot probe
at midspan of the test section. The mainstream inlet velocity,
U1,in, had a standard deviation of less than 1%. Table 2 provides
a summary of the blade geometry and mainstream flow condi-
tions. Additionally, the inlet boundary layer was characterized at
2.85Cax upstream of the center blade to have d/S¼ 0.061 and 6%
freestream turbulence [16].

The coolant stream was extracted by a blower at the top of the
wind tunnel, as shown in Fig. 3(a). The coolant was dried to
remove any humidity, cooled, and then diverted to separate ple-
nums below the endwall, as shown in Fig. 3(c). The coolant flow
rate was adjusted to achieve the required blowing ratio and meas-
ured using a laminar flow element. The blowing ratio reported
was an average of the local blowing ratio for each film cooling
hole. The coolant flow rate uncertainty was estimated with
sequential perturbation [28] to be 63% for a 95% confidence
interval. The coolant temperature, Tc,in, was measured with two
thermocouples suspended in each plenum 8.7D below the
cooling holes in the impingement plate, or 87D below the endwall
when no impingement plate is used. The mainstream-to-coolant

Table 1 Conjugate contoured endwall parameters

Parameter Model Typical engine

Mavg 0.6, 1.0, 2.0 1.0–2.0
kw (W/m K) 0.99–1.06 22
tw (cm) 1.27 0.20
Bi¼ h1tw/kw 0.3–0.7 [16] 0.27
h1/hi M¼ 0.6 1.0–2.3 [16,24] 1.0

M¼ 1.0 0.6–1.4 [16,24]
M¼ 2.0 0.4–1.0 [16,24]

Fig. 3 Depiction of (a) the large-scale low-speed wind tunnel,
(b) the test section containing the Pack-B linear blade cascade
and conjugate endwall, and (c) the side view of the plenum and
impingement channel for the flat endwall

Fig. 4 Pack-B cascade static pressure distribution at the blade
midspan compared to CFD predictions

Table 2 Flow conditions and blade geometry

Scale factor 8.6 Inlet U1,in 10.5 m/s

Cax 0.218 m Inlet flow angle 35 deg
p/Cax 0.826 Exit flow angle 60 deg
S/Cax 2.50 Inlet Ma 0.029
Inlet Re 1.22� 105 Exit Ma 0.047
Exit Re 1.98� 105
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temperature difference was typically 40 �C, which yielded a
coolant-to-mainstream density ratio of about 1.15.

The contoured endwall was cooled by an impingement and film
cooling configuration designed for comparison to the impinge-
ment and film-cooled flat endwall used by Mensch et al.
[15,25,29]. A flat impingement plate with an array of 28 staggered
holes was located below the endwall, as shown in Fig. 3(c). The
coolant exited the impingement channel through ten film cooling
holes angled at 30 deg to the endwall surface at the hole exit. As
mentioned previously, the coolant exited through a slot on the
side of the impingement channel when film cooling was not used.
The impingement holes and film cooling holes all had a diameter
of D¼ 4.4 mm. The spacing between the impingement holes was
4.65D.

Special attention was given to the location of the film cooling
holes for both the flat and the contoured endwall designs. For the
flat endwall, the inlets to the film cooling holes were located
between the rows of impingement holes. The 30 deg angled film
cooling holes were aligned in the x–y plane to match the direction
of the qualitative endwall streaklines. The endwall streaklines and
film cooling hole locations for both flat and contoured endwalls
are shown in Figs. 5(a) and 5(b) [16]. In the contoured endwall,
the film cooling exit locations were at the same location as the flat
endwall configuration in order to compare the film cooling behav-
ior at the same location. Since the endwall streaklines differ
between the flat and the contoured endwalls, the orientation of the
film cooling holes changed between the two designs especially in
the row that extended downstream across the passage. Because of
the changing hole orientation as well as the contour itself, the size
and location of the film cooling hole inlets are different between
the flat and the contoured endwalls. For the case of the contoured
endwall, a few of the film cooling hole inlets are larger and closer
to the impingement hole locations than the flat endwall film cool-
ing holes. The length of the film cooling holes, L, also varies
between 4.2D and 8.0D for the contoured endwall, while all of the
flat endwall film cooling holes have L¼ 5.8D.

A qualitative representation of the hills and valleys of the end-
wall contouring is given in Fig. 5(c). The design incorporated a
hill on the pressure side and a valley on the suction side in the
upstream half of the passage to reduce cross-passage pressure
gradients [20]. A ridge and valley in the downstream half of the
passage helped displace the passage vortex and reduce exit flow
angle deviation, as shown by the streaklines in Fig. 5(b) compared
to Fig. 5(a). The contoured endwall in this study was constructed
with a constant thickness to retain a relatively uniform Bi across
the passage, which was similar to the flat endwall. A consequence
of the constant thickness endwall was a varying distance between
the flat impingement plate and the endwall, H. The nominal H at

the inlet and exit of the passage was the same H used for the flat
endwall, 2.9D. For the contoured endwall, however, H varied
between 0.6D and 3.4D.

Temperatures on the surface were measured with infrared (IR)
thermography using an FLIR P20 IR camera. The ceiling of the
test section contained removable viewing ports to allow direct
optical access and achieve an image resolution of 5.7 pixels/D. At
least two thermocouples per image area were embedded in the
endwall with the bead at the surface. When the thermocouples
indicated that steady-state was achieved, five images were
acquired from each port. The images at each location were cali-
brated for emissivity and reflected temperature by minimizing the
difference between the thermocouple measurements and the
image temperatures at the thermocouple locations. The emissivity
was typically 0.92 from the flat black paint on the surface. The
calibrated images at each location were averaged together and
assembled into a complete endwall temperature map. The uncer-
tainty in the external effectiveness was estimated as 60.02 for a
95% confidence interval [15].

Computational Methods. Conjugate RANS simulations for
the contoured endwall were performed using the commercial
software FLUENT [30], which uses the segregated pressure-based
SIMPLE algorithm. The SST k–x turbulence model [31] was
used for closure with second-order spatial discretization schemes.
The computational grid is depicted in Fig. 6(a), which shows the
boundary conditions. Periodic boundaries extending through the
domain were used to simulate a single blade passage. The speci-
fied velocity and boundary layer profile at the inlet were bench-
marked to the measurements by Lynch et al. [16]. An outflow
boundary condition was applied at the outlet, and a symmetry
boundary condition was applied at the top of the domain. A mass
flow inlet boundary condition was applied at the bottom of the
plenum to correspond to the flow and temperature conditions asso-
ciated with each blowing ratio. Conjugate interfaces were ther-
mally coupled, and all other surfaces were adiabatic. Convergence
of a simulation was achieved when the normalized residuals were
less than 1� 10�4 and the area-averaged endwall / changed by
less than 0.0015 over 500 iterations. Additional details regarding
the solution methods and boundary conditions can be found in
Ref. [25].

Unstructured grids were generated for the endwall and flow
domains using Pointwise [32]. The flow domain grid contained
wall-normal prism layers to resolve the boundary layers such that
the yþ of the first grid point was less than one. Figure 6(b) shows
a slice of the grid in the impingement channel, impingement hole,
and film cooling hole. The grid size was 10.6� 106 cells for the

Fig. 5 Comparison of oil flow visualization of endwall streaklines [16] with film cooling hole
inlet and outlet locations for the (a) flat and (b) contoured endwalls, and (c) qualitative repre-
sentation of the contoured endwall height

031007-4 / Vol. 138, MARCH 2016 Transactions of the ASME

Downloaded From: http://turbomachinery.asmedigitalcollection.asme.org/ on 12/22/2015 Terms of Use: http://www.asme.org/about-asme/terms-of-use



flow domain and 1.8� 106 cells for the endwall domain. A grid
sensitivity study was conducted for the case of the flat endwall
mesh generated in the same manner as the contoured endwall
mesh [25].

Flowfield Measurement Methods. Time-resolved particle
image velocimetry (PIV) was used to measure the flowfield in
three two-dimensional planes near the trailing edge of the passage
suction side, as shown in Fig. 7. Planes A and B were parallel to
the exit flow direction, 5D and 3D from the center of the center-
line of the blade trailing edge, respectively. Plane C was parallel
to the trailing edge of the passage at an axial location of 1.08Cax

from the leading edge. Plane C was at an angle of 30 deg from
planes A and B and crossed the other planes near the trailing
edge, as shown in Fig. 7(a). Figure 7(b) shows the approximate
locations where planes A and B cross plane C while viewing the
flat endwall predicted contours of turbulent kinetic energy in
plane C. Figure 7(a) also shows the relative locations of the film
and impingement holes in the endwall.

During the PIV measurements, the flow was seeded with atom-
ized liquid di-ethyl-hexyl-sebacat, resulting in an average Stokes

number much less than one. The particles in the measurement
planes were illuminated with an Nd:YLF laser sheet and imaged
with a high-speed CMOS camera oriented normal to each mea-
surement plane. Images at planes A and B were taken for a win-
dow size of 1024� 1024 at 1 kHz and a resolution of 22 pixels/D.
Images at plane C were taken for a window size of 1024� 512 at
2 kHz and a resolution of 16 pixels/D. The total number of image
pairs recorded was 3000 at planes A and B and 6000 at plane C.
The total data acquisition time for all three planes was 3 s. The
flow crossed the domain at least 90 times in the data acquisition
period. The time delay between laser pulses was chosen based on
an estimated bulk movement of 10 pixels, about 1/6 the initial
interrogation window size.

Image processing and vector calculation were performed with
LAVISION software [33]. To increase the contrast of the raw images,
the sliding minimum of the surrounding three images was sub-
tracted from each image prior to vector calculation. The vector
calculation was performed using a cross-correlation over four
passes, with a decreasing interrogation window at each pass. Vec-
tor postprocessing evaluated possible spurious vectors through
two passes of a median filter using universal outlier detection for
a 3� 3 pixel region [33]. Empty spaces surrounded by at least two
calculated vectors were filled by interpolating between the
surrounding vectors.

Results and Discussion

Effects of Contouring on Overall Effectiveness. Measurements
and computational predictions of the contoured endwall overall
effectiveness / are shown in Fig. 8 for blowing ratios of M¼ 1.0
and 2.0. Overlaid on the contour plots are the locations of the film
cooling holes, impingement holes, and plenum boundaries as well
as an elevation map for the height of the contoured endwall. Dot-
ted lines indicate negative height values where there is a valley.
The measured results are shown for passage 4. The area used for
averaging is shown by the box in Fig. 1(b).

In general, there is good agreement between the predictions and
the measurements of contoured endwall effectiveness except for
the common failure of RANS to accurately predict film cooling

Fig. 6 Depiction of (a) the computational domain and bound-
ary conditions and (b) the prism layer volume grid in the holes
and impingement channel

Fig. 7 Planes measured with PIV (a) shown from above and (b)
shown from the view of plane C overlaid with flat endwall CFD
tke contours for Mavg 5 2.0

Fig. 8 Contoured endwall overall effectiveness for (a)
Mavg 5 1.0 measured, (b) Mavg 5 1.0 predicted, (c) Mavg 5 2.0
measured, and (d) Mavg 5 2.0 predicted
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jet mixing and attachment [13,14,34]. A similar overprediction of
film jet attachment was found for the flat endwall simulation by
Mensch et al. [25]. Downstream in the passage, the predicted / is
about 0.05 less than the measurements. This difference between
the measured and predicted / downstream was also observed
for the flat endwall and was attributed to heat losses in the
experiments from boundaries assigned as adiabatic in the simula-
tions [25].

Figure 9 compares the overall effectiveness with film and
impingement cooling of the flat endwall to the contoured endwall.
The locations of the cooling holes and plenum boundaries are
shown for all cases. The change in height of the contoured end-
wall is also shown with elevation lines in Figs. 9(d)–9(f). Figure
10 shows the laterally averaged effectiveness as a function of the
axial distance across the passage for both flat and contoured end-
walls. The data in Fig. 10(a), for the cases with film and impinge-
ment cooling, correspond to the contour plots in Fig. 9. Figures
10(b) and 10(c) compare the effectiveness for the cases with film
cooling only and impingement only, respectively. The overall

effectiveness peaks around the first row of film cooling holes and
increases with blowing ratio as discussed in Ref. [15].

Generally, the results for the contoured endwall are similar to
those for the flat endwall, as shown in Figs. 9 and 10. One differ-
ence seen in Fig. 9 is that there is slightly increased effectiveness
due to film cooling with contouring, especially for the upstream
row of film cooling holes at Mavg¼ 1.0. Improved film cooling
effectiveness can also been seen in Fig. 10(b), where the peak
effectiveness is higher for the contoured endwall than for the flat
endwall.

Endwall contouring reduces the effect of the passage vortex on
the endwall flow, as can be seen in the oil flow visualization of the
endwall streaklines in Figs. 5(a) and 5(b). With a contoured end-
wall, the film cooling jets are less disturbed by the weaker passage
vortex. Additionally, it is observed in Fig. 9 that the holes in the
first row are near a valley of the contour and may experience a
more favorable pressure distribution coming out of the valley,
which promotes jet attachment.

When comparing the contoured endwall to the flat endwall in a
conjugate analysis, one must consider both the change in film
cooling (local fluid driving temperature) and the change in the
external heat transfer coefficient. For the case in which the exter-
nal heat transfer coefficient increases due to endwall contouring
and the film coolant stays along the surface, one would expect a
lower wall temperature (higher effectiveness value). For the case
in which the external heat transfer coefficient increases but the
film coolant is separated from the surface, one would expect a
higher wall temperature (lower effectiveness value). There are
also possibilities in between that give competing effects.

In reviewing the effectiveness results in Figs. 9 and 10, it can
be seen that the film cooling effectiveness improves with contour-
ing. Because the external h1 is higher with contouring in the
upstream half of the passage (Fig. 1(b)), there is an overall reduc-
tion of the wall temperature (higher effectiveness value). The
boxed area in Fig. 1(b) surrounds the region containing the
impingement and film cooling holes. Within this area, the average
heat transfer augmentation isþ 4% with contouring. Along the
pressure side of the blade, there is a 20–30% reduction in h1.
Although this area has no external cooling, the contoured endwall
increases the / by 0.1–0.12 for Mavg¼ 2.0 in Fig. 9(f), which
results in lower wall temperatures.

Although contouring improves the effectiveness of the external
cooling, the internal cooling appears to be less effective with con-
touring. The contoured endwall laterally averaged effectiveness

with impingement only, �/o , in Fig. 10(c) is similar qualitatively
to the flat endwall, but the level of effectiveness is considerably
less for the contoured endwall compared to the flat endwall. Since
the endwall thickness is uniform and the same as the flat endwall,

Fig. 9 Measured endwall overall effectiveness for the flat
endwall [15] at (a) Mavg 5 0.6, (b) 1.0, and (c) 2.0, and for the con-
toured endwall at (d) Mavg 5 0.6, (e) 1.0, and (f) 2.0

Fig. 10 Laterally averaged overall effectiveness for (a) film and impingement, (b) film cooling only, and (c) impingement
only, measured for the flat and contoured endwalls
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the differences arise from the changes that the contoured endwall
has on the internal and external heat transfer coefficients. The in-
ternal hi is affected by the contouring because the H/D varies
across the passage, which locally reduces hi from its peak per-
formance at H/D� 3 [29]. Although the variation in H/D contrib-

utes to lower �/o , the H/D effect does not fully account for the
reduction because the area-averaged /o with contouring is less
than the area-averaged /o for a flat endwall with nonoptimal H/D,

which was measured by Mensch and Thole [29]. Reduced �/o is
also caused by the 4% increase in external h1 for the area sur-
rounding the cooling features. For impingement cooling only, the
external driving temperature is T1, and a higher h1 results in
higher wall temperatures. In the other configurations with film
cooling, the presence of cooler fluid in the film jets reduces the
external driving temperature. Therefore, with film cooling the
increase in h1 does not result in lower effectiveness.

Effects of Film Cooling on Contoured Flowfield. The aver-
age velocity vector field and turbulent kinetic energy (tke) fields
are obtained with time-resolved PIV for the planes in Fig. 7. The
three trailing edge planes are of interest because the passage vor-
tex causes an increase in endwall heat transfer in this region [16].
The time-averaged in-plane streamlines are given in Fig. 11 for no
film cooling and for two blowing ratios, Mavg¼ 1.0 and 2.0. The
main component of velocity is in-plane for planes A and B,
whereas plane C has a significant out-of-plane component.

The line of sight location of the blade trailing edge is shown in
each image for reference. The background of each image is colored
by the measured velocity magnitude normalized by the inlet U1,in.

The low-velocity region in planes A and B in Fig. 11 is
assumed to be the location of the top of the passage vortex as it
circulates through the measurement planes, which are approxi-
mately aligned with the inviscid flow direction. The streamlines
within the low-velocity region converge downstream of the trail-
ing edge line, indicating a significant out-of-plane velocity com-
ponent associated with the rotating vortex. The top of the vortex is
moving away from the endwall as the streamlines below the top
of the vortex are turned upward. The passage vortex appears to be
very close to the blade, since the velocities in plane B are much
lower than in plane A. In plane C, the passage vortex appears
slightly to the right of the line of sight location of the trailing edge
because the flow is exiting the passage at a 30 deg angle to plane
C and the flow exiting the passage is 6.9D to the right of its loca-
tion at the blade trailing edge (see Fig. 7(a)).

The approximate z (spanwise) location of the top of the
passage vortex, or the center of the low-velocity area, is labeled
in Fig. 10(a) as Zp. As film cooling is introduced in
Figs. 11(d)–11(i), Zp increases. Table 3 reports the nondimen-
sional Zp/S for all nine images in Fig. 11. The endwall film cool-
ing not only increases the height of the passage vortex but also
appears to fill some of the velocity deficit, especially with the
highest blowing ratio. The low-velocity region shrinks in plane A
with each increase in blowing ratio. In planes B and C, the

Fig. 11 In-plane time-averaged streamlines measured with PIV, with contours of magnitude for the contoured endwall for
(a)–(c) no film cooling, (d)–(f) Mavg 5 1.0, and (g)–(i) Mavg 5 2.0
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velocity increase is more significant for the change from
Mavg¼ 1.0–2.0. There are other small changes in the shape of the
low-velocity region with film cooling for all three planes. In plane
C, although the height of the passage vortex from the endwall is
not significantly changed with blowing ratio, the width of the pas-
sage vortex grows as blowing ratio increases.

Contours of normalized turbulent kinetic energy (tke) are given
in Fig. 12 for no film cooling (a)–(c), for Mavg¼ 1.0 (d)–(f), and
for Mavg¼ 2.0 (g)–(i). The line of sight location of the blade trail-
ing edge is shown in each image for reference. For a two-

dimensional velocity field, tke is defined as 3=4ð �u02 þ �v02Þ, which
assumes the root mean square of the out-of-plane velocity fluctua-
tions is an average of the other two components [33]. The tke is
nondimensionalized by the inlet velocity, U1,in

2 .
The contours of tke characterize the turbulence generated by

shear layers as well as the unsteadiness of large flow structures
such as the passage vortex and film cooling jets. In the mainstream

flow outside of the boundary layer, tke/U1,in
2 is quite low and

only reflects the level entering from the upstream grid as expected.
Consistent with the average velocity data, the shear layer at the
top of the passage vortex clearly rises moving downstream. In
Fig. 12(c), without film cooling, there are two distinct regions of
maximum tke, indicating there is a counter-rotating vortex located
above the passage vortex. Figure 12(b) indicates the presence of
another vortex, with two bands of maximum tke on top of one
another. With the addition of film cooling, these bands become
clearer in the upstream half of Figs. 12(e) and 12(h). The presence
of a second vortex also explains the elongated region of low ve-
locity observed in the average velocity contours of Figs. 11(c),
11(f), and 11(i). This vortex originates from the suction-side leg
of the horseshoe vortex [35], or the second vortex could be a vor-
tex induced by the passage vortex [36]. Goldstein and Spores [35]
noted that both this second vortex and the passage vortex move
away from the endwall along the blade on the suction side of the
passage because the pressure is lower away from the endwall.

Film cooling has a significant impact on the tke at the upstream
side of the images in Figs. 12(d) and 12(g). The levels of tke at
the upstream side of plane A approximately double with each
increase in blowing ratio. The peak level of tke in Fig. 12(g) is
0.19. For both blowing ratios tested, the film cooling jets are not
well attached and mix into the passage vortex. Although the last
film cooling hole in the diagonal row exits at approximately 40D
upstream of the plane A images, film cooling has a significant
impact on the turbulence levels downstream. Film cooling also

Table 3 Distance from the endwall of the center of the low-
velocity region, Zp/S

Plane A Plane B Plane C

No film cooling 0.13 0.13 0.16
Mavg¼ 1.0 0.15 0.15 0.16
Mavg¼ 2.0 0.16 0.16 0.16

Fig. 12 Turbulent kinetic energy measured with PIV for the contoured endwall for (a)–(c) no film cooling, (d)–(f) Mavg 5 1.0,
and (g)–(i) Mavg 5 2.0
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increases the tke levels of the passage vortex in the upstream half
of plane B. The other vortex is weakened with film cooling, as
seen on the downstream half of plane B and at the trailing edge
line in plane C. With film cooling, plane C also has a third peak in
tke, located to the left of the trailing edge line and below the peaks
associated with the vortices. This peak appears for Mavg¼ 1.0 and
becomes more pronounced at Mavg¼ 2.0. This region is also just
below the extended region of low velocity in Fig. 11(i).

Under the regions of peak tke in Fig. 12, the tke levels increase
as the blowing ratio increases in all three measurement planes.
Film cooling causes increased mixing near the wall, which pro-
motes heat transfer. The thermal effect of this mixing can be seen
in the nondimensional wall temperature contours of Fig. 9. As the
secondary flows cross the passage, they entrain cooler flow from
the film cooling as well as from the endwall thermal boundary
layer. The cooler secondary flow cools the endwall along the
suction-side trailing edge of the passage in Fig. 9. The cooling
effect increases as the blowing ratio increases because there is
more coolant injected into the mainstream, having two effects. As
the blowing ratio increases, the temperature of the secondary flow
is cooler, and there is increased near-wall mixing downstream
from the film cooling, as demonstrated in Fig. 12.

Conclusions

The current study examines the effects of endwall contouring
on the overall effectiveness. Previous research has shown that
endwall contouring reduces the area-averaged heat transfer coeffi-
cient by delaying the development of the passage vortex and other
passage secondary flows. However, the effects of contouring on
thermal performance are more complicated than the effect on the
average heat transfer coefficient. The overall cooling effectiveness
depends on the local heat transfer coefficients and on the sur-
rounding thermal fields, which are determined by the effective-
ness of the cooling methods with endwall contouring.

Film cooling effectiveness improves with endwall contouring
because the weakened passage vortex has less effect on the near
endwall flow and on cooling jet mixing with contouring. The
flowfield measurements of the passage vortex show that the pas-
sage vortex convects away from the endwall toward the midspan.
Film cooling significantly affects the trajectory of the passage vor-
tex by increasing the convective motion toward the midspan.
From the overall effectiveness measurements, it can also be seen
that the influence of the passage vortex on the cooling of the end-
wall near the trailing edge is diminished for the contoured endwall
compared to the flat endwall. Another reason for improved film
cooling effectiveness with contouring is that the film cooling jets
can have better attachment to the surface compared to a flat end-
wall if there is a local favorable pressure gradient due to the local
surface gradient in the contouring. Although the conjugate heat
transfer simulations can satisfactorily predict area-averaged over-
all effectiveness, their failure to accurately predict local film cool-
ing effectiveness limits the benefit of RANS predictions for when
film cooling is important. Although film cooling effectiveness
improves with contouring, the internal impingement effectiveness
worsens with contouring because the varying H/D for the
contoured endwall causes a reduction in the impingement
performance.

Local changes in the external heat transfer coefficient with end-
wall contouring can either increase or decrease the local cooling
performance depending on the presence or lack of film coolant
above the endwall. Increased h1 improves the overall effective-
ness when film cooling is present, but decreases the overall effec-
tiveness (raises the wall temperature) when there is no film
cooling. The increased h1 in the upstream half of the contoured
passage, relative to the flat endwall, can improve cooling because
the presence of the film coolant lowers the effective external driv-
ing temperature. However, an endwall with only impingement
cooling and no film cooling has worse performance with contour-
ing due to increased h1. Conversely, decreased h1 improves the

overall effectiveness when film cooling is not present but internal
cooling is present. An example is the improved overall effective-
ness along the pressure side where there is no film cooling and h1
is reduced with contouring.

For the current contoured endwall cooling geometry, the per-
formance for the flat and contoured endwalls is mostly the same
when comparing the laterally averaged results, although local var-
iations are present. In general, the cooling performance with con-
touring could increase or decrease depending on the local effects.
In order to optimize contoured endwall performance, film cooling
and internal cooling should be fully integrated into the design for
contoured endwalls.

Acknowledgment

The authors would like to acknowledge the support from the
U.S. Department of Energy (DOE), National Energy Technology
Laboratory (NETL) through the University Turbine Systems
Research (UTSR) program. The authors also would like to thank
Dr. Brent Craven, currently with the F.D.A., Mark Zelesky of
Pratt & Whitney, Dr. David Bogard of the University of Texas,
and Robin Ames of DOE-NETL for their communication and
support regarding this research.

Nomenclature

Bi ¼ Biot number (h1t/kw)
Cax ¼ axial chord length
Cp ¼ pressure coefficient
D ¼ hole diameter
h ¼ convective heat transfer coefficient
H ¼ impingement gap height
k ¼ turbulent kinetic energy or thermal conductivity
L ¼ length

M ¼ blowing ratio (qcUc/q1U1)
Ma ¼ Mach number
Nu ¼ Nusselt number (hD/kfluid)

p ¼ pitch length
P ¼ pressure

PIV ¼ particle image velocimetry
q ¼ heat flux

Re ¼ Reynolds number (q1U1,inCax/l1)
s ¼ streamwise coordinate for flow measurements
S ¼ blade span
t ¼ thickness

T ¼ temperature
tke ¼ turbulent kinetic energy (3/4[(u0)2þ (v0)2])

U ¼ velocity
u0 ¼ fluctuating velocity

x, y, z ¼ global coordinates, where x is blade axial direction

Greek Symbols

d99 ¼ boundary layer thickness (99%)
g ¼ adiabatic effectiveness (T1� Taw)/(T1�Tc,exit)
h ¼ momentum thickness
l ¼ dynamic viscosity
q ¼ density
/ ¼ overall effectiveness (T1�Tw)/(T1� Tc,in)
v ¼ internal coolant warming factor for g(T1�Tc,exit)/

(T1� Tc,in)

Subscripts and Accents

avg ¼ average
aw ¼ adiabatic wall

c,exit ¼ coolant at film cooling hole exit
c,in ¼ coolant upstream of impingement plate

f ¼ film cooling only
i ¼ internal

meas ¼ measured
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o ¼ impingement cooling only
s ¼ static

w ¼ wall or external wall surface
1¼ external

1,in ¼ mainstream conditions at the cascade inlet
ð�Þ ¼ laterally averaged
ð��Þ ¼ area-averaged
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