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ABSTRACT 
Secondary flows near the endwall of a turbine blade 

contribute to a loss in aerodynamic performance in the engine. 

Further reductions in performance occur when the secondary 

flows interact with leakage flow from necessary clearance 

features, such as the clearance gap between the blade rotor and 

an upstream stator or gaps between adjacent blade platforms. 

Non-axisymmetric endwall contouring has been shown to 

reduce the strength of secondary flows near the endwall, but 

relatively little research has been done to test the sensitivity of 

the contouring to the endwall leakage features. This paper 

describes aerodynamic measurements taken downstream of a 

cascade with representative leakage features. In general, 

upstream leakage flow with swirl relative to the blade increased 

aerodynamic loss, relative to leakage that was matched to the 

blade wheelspeed. Non-axisymmetric contouring for an endwall 

without a platform gap reduced underturning of the flow but 

had no effect on overall loss, relative to a flat endwall without a 

gap. A contoured endwall with a platform gap had 12% higher 

mixed-out loss than a contoured endwall without a gap.  

INTRODUCTION 
Modern turbines are able to achieve high levels of 

aerodynamic efficiency at high loading due to advanced 

component design; however, further improvements are possible 

by manipulating the complex vortical flows generated at the hub 

and shroud of turbine airfoils. Mixing and diffusion of these 

secondary flows generates aerodynamic loss that is detrimental 

to component efficiency. This loss is generally termed 

secondary loss.  

In an engine, losses can be exacerbated by interaction of 

the secondary flows with clearance features between the 

stationary and rotating parts of the turbine. One such feature is 

known as the rim seal, where the downstream edge of a stator 

platform overlaps the upstream rim of the rotor platform. Purge 

flow is designed to exhaust through the rim seal to prevent hot 

gas ingestion into the wheelspace. The purge flow is typically 

non-uniform due to circumferential static pressure variation 

imposed by stator wakes or the blade potential field (bow-wave) 

effects. Furthermore, the purge flow can have a significant 

circumferential velocity depending on how it is injected into the 

wheelspace and how much it is spun up by the rotating blade 

wheel. 

Another clearance feature present in turbines is a gap 

between adjacent blade platforms. This gap occurs because 

turbine components are generally manufactured as single or 

double-airfoil units that are individually assembled on the 

wheel. Purge flow is also designed to exhaust from this gap, 

where it influences the development and progression of 

secondary flows in the passage.  

A successful method of reducing aerodynamic loss 

resulting from secondary flows is the application of non-

axisymmetric contouring of the endwall. Complex curved 

endwall shapes are typically designed via computational 

optimization to reduce the strength of the secondary flows. 

However, the complexity of the simulations is generally 

restricted for the short turnaround design cycle, and it is not 

clear how sensitive the designs are to realistic turbine leakage 

features or off-design conditions. The intent of the work 

presented in this paper was to understand the effect of 

interactions between realistic leakage features and non-

axisymmetric contouring. Flowfield measurements were 

obtained at the exit of a non-rotating cascade for various 

combinations of leakage flow and contouring. 

NOMENCLATURE 
C true chord of blade 

Cax axial chord of blade 

Cp static pressure coefficient,   2
inin,ssp U5.0PPC   

CPtot total pressure loss coefficient based on inlet dynamic 

pressure, Eq. (1) 

Cωs streamwise vorticity coefficient, Eq. (4) 

H boundary layer shape factor 

HS horseshoe vortex 
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MFR mass flow ratio, inleak m/mMFR   

P blade pitch 

Ps static pressure 

PS pressure side 

Ptot total pressure 

Reθ momentum thickness Reynolds number,  /URe in  

S blade span 

SS suction side 

X, Y, Z global coordinates, where X is blade axial direction 

U, V, W velocity components aligned with global coordinates 

Uin magnitude of inlet streamwise velocity 

Uexit magnitude of exit streamwise velocity 

Vleak magnitude of upstream rim leakage velocity 

Yo Total pressure loss based on exit dynamic pressure, 

Eq. (2) 
 

Greek 

exit  mass-averaged measured exit yaw angle 

β design flow yaw angle 

δ99 boundary layer thickness (99%) 

θ momentum thickness 

ν kinematic viscosity 

ρ density 

ωs streamwise vorticity, Eq. (3) 

ωx axial vorticity, 
z

V

y

W
x









  

ωy pitchwise vorticity, 
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Subscripts/Superscripts 
exit exit conditions 

in inlet conditions 

ms local midspan conditions 

net net mass-averaged total pressure loss across cascade 

profile profile loss consisting of airfoil boundary layer loss 

only (i.e., midspan) 

secondary secondary loss comprised of all losses other than 

profile loss 

x aligned with axial direction 

 ...  pitchwise-mass-averaged quantity, 
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RELEVANT PAST STUDIES 
Aerodynamic performance of axial flow turbines has been 

shown to be significantly impacted by the presence of steps or 

cavities around rotor-stator leakage features. Flow visualization 

by Abo El Ella, et al. [1] indicated a significant endwall flow 

separation induced by a cavity upstream of a blade cascade, 

which strengthened the pressure side leg of the leading edge 

horseshoe vortex and resulted in higher total pressure loss and 

flow overturning relative to a smooth wall. Computational 

simulations by Marini and Girgis [2] indicated that eliminating 

a recessed cavity on the platform upstream of the blade 

increased stage efficiency and reduced its sensitivity to varying 

leakage mass flow. de la Rosa Blanco, et al. [3] found that a 

backward-facing step upstream of a low-pressure turbine blade 

resulted in lower losses relative to a forward-facing step for any 

leakage mass flow or swirl condition, due to reduced interaction 

of the secondary flows with a pressure-surface separation. 

Several recent studies have examined the physics of loss 

generation that occurs when leakage flow from an upstream 

cavity interacts with the mainstream. A study by Hunter and 

Manwaring [4] concluded that the primary source of loss from 

shroud leakage flow was the mixing of leakage tangential 

velocity with the mainstream tangential velocity. In the study of 

Paniagua, et al. [5], an increase in leakage mass flow reduced 

leakage tangential velocity and decreased both the mean flow 

incidence angle and its time-resolved variation near the blade 

hub. This reduced the rotor loading in that region, although 

flow overturning and loss downstream of the rotor were not 

reduced. Popovic and Hodson [6] studied several industry-

relevant rim seal configurations and found that the best design 

incorporated both internal recirculation zones for sealing 

effectiveness, and smooth blending of the seal with the rotor 

platform to reduce aerodynamic losses in the main gaspath.  

Several researchers have found that aerodynamic 

performance appears to be relatively independent of leakage 

conditions at low leakage mass flow rates or low relative 

tangential velocity. de la Rosa Blanco, et al. [3] found that 

increasing the leakage mass flow or relative tangential velocity 

from an upstream slot resulted in increased aerodynamic loss; 

however, at a given massflow, losses did not vary for relative 

velocities below 60% of the wheelspeed. Popovic and Hodson 

[7] concluded that coolant coverage and loss were not 

significantly affected by variation in relative tangential velocity 

for low to moderate leakage mass flows. Reid, et al. [8] found 

for a single-stage turbine that efficiency was nearly independent 

of leakage flow tangential velocity at low leakage mass flow. 

Another turbine leakage feature known to contribute 

significantly to aerodynamic loss is the inter-platform gap 

between airfoil segments in a wheel. Reid, et al. [9] found that 

turbine efficiency was decreased significantly by the presence 

of a platform gap in the endwall, but efficiency was not 

sensitive to platform gap leakage flowrate. A later study by 

Reid, et al. [10] varied the location and angle of the platform 

gap and determined an improvement in stage efficiency for a 

gap located in a region of relatively constant static pressure. 
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Piggush and Simon [11] found that gap leakage flow was the 

most significant factor in the generation of loss in their study of 

various leakage feature effects. The complexity of mainstream 

flow interaction with the platform gap was indicated by Lynch 

and Thole [12], where flow was ingested in the forward part of 

the gap and ejected at the passage throat resulting in high 

endwall heat transfer. 

For idealized endwalls without leakage features, non-

axisymmetric endwall contouring has been shown to be an 

effective method to control secondary flows. Local hills and 

valleys in the endwall are computationally optimized to weaken 

secondary flows. Detailed measurements by Knezevici, et al. 

[13] indicated that one of the fundamental mechanisms of 

contouring is to inhibit the merger of the pressure side leg of the 

horseshoe vortex with the passage vortex. Poehler, et al. [14] 

also concluded that endwall contouring decoupled the pressure-

side horseshoe vortex and passage vortex, which contributed to 

reduced total pressure unsteadiness and improved efficiency in 

a 1½ stage turbine. Abraham, et al. [15] studied separate 

contours optimized for aerodynamic loss reduction and endwall 

heat transfer reduction at transonic conditions and noted that the 

contours had noticeably different effects on the passage 

secondary flow. Both contours, however, resulted in reductions 

in aerodynamic loss and endwall heat transfer. 

Contours are generally designed for a single operating 

point, and it might be expected that the effectiveness of a non-

axisymmetric contour could be a strong function of operating 

condition. Snedden, et al. [16] considered off-design operating 

conditions of a 1 ½ stage turbine by varying the rotor speed. 

Efficiency was slightly improved with endwall contouring for 

low and design-level loading, but was decreased for high 

loading. In a study by Vazquez and Fidalgo [17], the 

performance benefit of a non-axisymmetric contoured endwall 

did not vary with Reynolds number, but for increasing Mach 

number, the contoured endwall exhibited higher losses than the 

baseline as the airfoil became more aft-loaded. Schuepbach, et 

al. [18] considered the combination of rim seal purge flow and 

endwall contouring and found that the contour resulted in a 

larger rate of performance degradation with increasing purge 

flow, relative to a baseline flat endwall. 

The previously referenced research suggests that leakage 

cavities and flow from those cavities generally reduces 

aerodynamic performance, but endwall contouring generally 

improves performance. It is not clear how these factors interact. 

This study attempts to understand some of the flow physics 

through measurements of flow and aerodynamic loss at the exit 

of a high-pressure turbine blade cascade. This study is unique in 

the literature due to the combination of multiple endwall 

leakage features (rim seal, platform gap), varying leakage swirl, 

and non-axisymmetric endwall contouring.  

EXPERIMENTAL METHODOLOGY 
Total pressure loss measurements were obtained 

downstream of a large-scale low-speed linear cascade matched 

to engine Reynolds numbers. Flow through the cascade was 

supplied by a closed-loop wind tunnel. Figure 1 shows the 

tunnel and the cascade. A blower on the top of the tunnel 

extracted flow to be sent to cascade leakage features. 

The linear cascade consisted of six blades based on the 

near-hub geometry for a high-pressure turbine airfoil. The same 

airfoil geometry was also studied by MacIsaac, et al. [19]. Table 

1 lists the geometric details of the cascade in this study. 

Figure 1. Depiction of the low-speed wind tunnel 

and large-scale test section. 
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Blade 6 
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Table 1 Cascade Geometry and Operating Conditions 
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Sidewall flaps and tailboards in the test section allowed control 

of the inlet velocity uniformity and periodicity in the cascade. 

The blades were constructed via stereolithography and given a 

smooth surface finish. The design of the blades included static 

pressure taps at midspan to measure blade loading.  

The bottom endwall of the cascade was designed to 

simulate the platform overlap in a real engine between the 

stationary vane and the rotating blade rows. Figure 2 depicts the 

platform overlap geometry, also known as a rim seal. The blade 

platform extended upstream of the blade leading edge, below 

the nominal endwall height. A smooth curve was used to 

transition from the lowered upstream blade platform to the 

nominal endwall height. Note that although the cascade 

simulated a rotor, no parts of the cascade, including the 

upstream (stator) platform, moved relative to the blades. 

A leakage feature was placed upstream of the blade 

platform to simulate the rim seal leakage flow that prevents 

ingestion of hot gas into the wheelspace. Two different 

stereolithography models were constructed to funnel leakage 

flow onto the blade platform. The first geometry contained 

small vanes that directed the leakage flow onto the blade 

platform with no swirl component (Figure 3a), thus simulating 

leakage flow with tangential velocity that was matched to the 

rotor wheel speed. This case will be denoted as unswirled. 

Figure 3c depicts the resultant incoming velocity vector for 

near-wall flow influenced by the rim seal leakage. Uin is the 

magnitude of the freestream velocity at the design inlet flow 

angle of βin, and Vwh is the speed of the rotor at the hub radius 

(not drawn to scale). The average velocity magnitude of the 

leakage flow exiting the seal (Vleak) was calculated using the net 

mass flow of 0.75% of the mainstream and the metering area of 

the rim seal slot. Note that in the blade’s frame of reference, the 

stator would move with a velocity Vwh in the opposite direction 

indicated in Figure 3c, although all parts of the test section were 

fixed in this cascade. The actual near-wall resultant flow vectors 

are complicated due to the cavity and endwall secondary flows, 

but the vectors in Figure 3c are instructive in understanding the 

general effect of the leakage flow. The resultant velocity near 

the endwall due to leakage, depicted in red, indicates a larger 

magnitude but a slightly reduced incidence angle compared to 

the freestream velocity. 

The second leakage geometry contained small vanes that 

imparted 45° of swirl to the leakage flow (Figure 3b). This case 

is denoted as swirled, and would be more typical of engine 

conditions. The resultant near-wall vector in Figure 3d indicates 

that the magnitude of the near-wall velocity is slightly reduced 

compared to Figure 3c, but the incidence angle has been 

significantly reduced by 17° relative to the freestream velocity. 

A negative incidence angle would be expected to reduce the 

airfoil loading (reduce the cross-passage pressure gradient) near 

the endwall. 

Flow to the rim seal was supplied by a plenum mounted 

below the test section. The ends of the cavity were blocked so 

that all flow was ultimately directed out of the rim seal. This did 

result in some non-uniformity at the ends of the cavity 

particularly for swirled leakage, since it could not have a 

tangential component at the ends of the cavity. However, the 

cavity extended across the entire pitch of the cascade, and the 

non-periodic leakage at the ends was dumped into the flow into 

the extreme upper and lower blade passages where no 

measurements were taken. Static pressure taps installed in the 

stereolithography models were used to check periodicity of the 

rim seal flow in the passages of interest (between blades 2-5 in 

Figure 1). Endwall heat transfer measurements (Lynch, et al. 

[20]) provided an even more sensitive determination of rim seal 

periodicity. The net mass flow supplied to the plenum was 
Figure 2. Depiction of the endwall rim cavity and rim seal 

upstream of the cascade. 
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Figure 3. Depictions of the internal turning vanes for (a) 

unswirled and (b) swirled rim seal leakage relative to the 

blade; and inlet resultant velocity (in red) near the endwall 

for (c) unswirled and (d) swirled leakage.  
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measured by a laminar flow element, and was kept constant in 

this study at 0.75% of the mainstream flow. The temperature of 

the mainstream and coolant were maintained at 295 K, resulting 

in a density ratio of 1.0. The blowing ratio and momentum flux 

ratio were 0.3 and 0.08, respectively.  

Two types of endwalls were tested in the cascade passage: a 

flat endwall depicted in Figure 2; and a non-axisymmetric 

contoured endwall depicted in Figure 4a. Both endwalls had the 

same upstream blade platform geometry described above. The 

non-axisymmetric endwall was designed using the methodology 

described by Praisner, et al. [21], which incorporates splines in 

the passage to describe the endwall shape. The airfoil and 

endwall were designed for incompressible cascade conditions, 

so no aerodynamic scaling was employed. The upstream blade 

platform shape was included in the contour optimization, but 

leakage flow from the rim seal was not considered. However, 

subsequent studies indicated that swirled leakage flow from the 

rim seal did not result in a significant change to the contoured 

endwall shape. Non-axisymmetric contouring began at 0.1Cax 

upstream of the leading edge and merged to the nominal 

endwall level at the exit of the blade passage. Maximum and 

minimum heights of the contouring were +0.04Cax near the 

leading edge suction side, and -0.04Cax near the center of the 

passage, respectively. It is interesting to note that the endwall 

contour in this study differs from typical designs in the literature 

in that there is a hill near the leading edge suction side. 

Knezevici, et al. [22] and Lynch, et al. [23] studied a contour 

for a low-pressure turbine airfoil (Pack-B) that was produced by 

the same design methodology as in this study, although 

upstream leakage features were not considered in the Pack-B 

contour design. The Pack-B contour had a depression (“valley”) 

near the suction side leading edge, instead of a hill. The 

upstream rim cavity appears to play a significant role in the 

generation of optimal endwall contour shapes. 

The effect of a gap between adjacent blade platforms was 

only investigated for the non-axisymmetric contoured endwall. 

Note that the gap geometry was not included in the contour 

design optimization. The geometry of the platform gap is 

depicted in Figure 4, and gaps were located in every passage 

except between blades 1 and 2, where the gap would pass below 

the outer airfoil tailboard. The gaps were taped over for the 

studies without gap leakage flow, and are indicated as “no gap” 

in the figure legends in this paper. A thin strip seal was attached 

to the underside of the platform gap (see Figure 4b-c) to 

simulate the effect of a similar component in the engine which 

limits leakage flow into and out of the gap. Flow to each of the 

four platform gaps was supplied to individual plenums mounted 

on the underside of the test section, and net flowrates were 

measured with a laminar flow element. Net flow from the 

platform gaps was fixed at 0.3% of the mainstream mass flow in 

this study.  

Measurements of flow angles, velocity magnitude, and total 

and static pressures were obtained with a five-hole cobra-type 

probe both upstream and downstream of the cascade. The probe 

had a diameter of 2.1 mm and was inserted from the top 

endwall. It was operated in non-nulling mode by post-

processing measured pressures with a calibration map for 

recovery of total pressure, static pressure, yaw, and pitch. The 

calibration was performed over ±50° in pitch and yaw, in 

increments of 3° outside of ±20°, and increments of 0.5° within 

±20°. When taking measurements, the probe was oriented in the 

flow such that the maximum flow angle relative to the probe 

head was less than ±20°.  

Cascade exit measurements were obtained at 1.3Cax 

downstream of the leading edge by traversing the five-hole 

probe pitchwise across the center passage in the cascade, and 

spanwise from Z/S=0.016 to Z/S=0.5 (see Figure 1). Over 1400 

measurements were obtained in the flowfield, concentrated in 

regions of high gradients near the endwall and in the blade 

wake. Approximately 38 points per passage were obtained in 

the pitchwise direction, and were concentrated in the blade 

wake at intervals of 6% of the wake thickness. There were also 

approximately 38 points in the spanwise direction, with spacing 

near the endwall of less than 1% of the span (8% of the inlet BL 

thickness).  

Pressures from each of the five probe ports were captured 

with individual differential transducers ranging from ±125 Pa to 

0-1250 Pa, such that the maximum range of measured pressures 

from a given port were just within the range of the transducer. 

At each measurement point, 20,000 samples were acquired at a 

sampling rate of 500 Hz and averaged to produce a single 

measurement. The sampling rate of 500 Hz was considered 

sufficiently high, given the length and diameter of tubing 

between the five-hole probe tip and the transducers. The 

number of samples was also considered sufficiently high, but 

the standard deviation of the measurements in a highly unsteady 

region of the flow was also compared to a previous estimation 

Seal strip  

with  

stiffening  

rib 

Cross-section view 

(c) 

(a) 

SS 

PS 

(b) Seal strip  

with  

stiffening rib 

Figure 4. Depictions of the (a) non-axisymmetric endwall 

contour with platform gap; (b) side view of gap with seal 

strip; and (c) cross-section view of gap. 
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of experimental uncertainty. Transducer bias uncertainty due to 

calibration, linearity, and hysteresis was ±0.25% full-scale, 

while probe calibration bias uncertainty was estimated at ±0.3% 

of the measured dynamic pressure. Maximum precision 

uncertainty in any of the five measured pressures was 1% of the 

exit midspan dynamic pressure, and it occurred in the highly 

turbulent region between the passage and suction side horseshoe 

vortex cores (Y/P≈0.17, Z/S≈0.11). Estimated total 

uncertainties at a 95% confidence interval for dynamic and total 

pressures were ±1.4% and ±1.2% of midspan dynamic pressure 

at the measurement plane (X/Cax=1.3), respectively. The 

sequential perturbation analysis described by Moffat [24] was 

used to estimate uncertainties for derived quantities, which are 

listed in Table 2. 

A turbulence grid was located 16Cax upstream of the center 

blade of the cascade, resulting in a freestream turbulence level 

of 6% that was measured with a laser Doppler velocimeter at 

5Cax upstream of the cascade. The inlet turbulent boundary 

layer was characterized at 1.1Cax upstream of the cascade with 

the five-hole probe, at a pitchwise location directly upstream of 

the leading edge of blade 3. Table 1 lists the measured boundary 

layer parameters. 

Blade surface static pressure at midspan, non-

dimensionalized as a pressure coefficient, is shown in Figure 5. 

The measurements demonstrated good agreement to the 

predicted blade loading and periodicity for the central blades in 

the cascade. 

 

Data Analysis 
Several derived quantities were obtained by post-

processing the five-hole probe pressure and velocity data. A 

total pressure loss coefficient (CPtot) was computed by using the 

inlet total pressure at midspan, measured 1.1Cax upstream of the 

cascade, as a reference pressure: 

  2
inin,tottotPtot U5.0PPC   (1) 

This pressure loss coefficient was used in contour plots and 

pitchwise mass-averaged plots. For mass-averaged and mixed-

out results, a loss coefficient normalized by the midspan mass-

averaged exit dynamic pressure (Yo) was used: 

   ms,exit,sms,exit,totin,tottoto PPPPY   (2) 

Inlet loss to the cascade was determined as the mass-

average of the total pressure loss across the inlet boundary layer 

with the total pressure gains in the leakage plenums, similar to 

the method of Friedrichs, et al. [25]. The net loss generated in 

the cascade was calculated as the difference between the mass-

averaged total pressure loss at the measurement plane and the 

inlet loss. Net loss was further broken down into loss due to the 

boundary layer on the airfoil, termed profile loss, and all other 

remaining losses associated with the secondary flow generated 

at the endwall, termed secondary loss. Profile loss was 

determined by mass-averaging from Z/S=0.36 to midspan, 

outside of the region influenced by secondary flow. Subtraction 

of the profile loss from the net loss produced the secondary 

loss.  

Streamwise vorticity was determined by the method 

described by Gregory-Smith, et al. [26], in which the pitchwise 

component of vorticity (ωy) is calculated with the 

incompressible Helmholtz equation, and the angle of the 

streamwise direction ( exit ) is the mass-averaged midspan exit 

yaw angle: 

exityexitxs cossin   (3) 

Gradients were computed from the measured data using 

second-order-accurate finite difference approximations. 

Streamwise vorticity was non-dimensionalized into a coefficient 

(Cωs) by using the blade true chord and inlet freestream velocity 

magnitude: 

in

s
s

U

C
C


  (4) 

RESULTS AND DISCUSSION 
The effect of swirl in the upstream rim cavity leakage flow 

for the nominal flat wall is discussed first, followed by a 

comparison of the flat endwall to the non-axisymmetric endwall 

contour without a platform gap. The effect of a platform gap 

with leakage flow is considered for the non-axisymmetric 

contour, and the overall plane-mass-averaged and mixed-out 

loss results for all configurations are discussed.  

Variable  Value Absolute 

Uncertainty 

Percent 

Uncertainty 

Yaw 64.8° 0.7° 1% 

Pitch 5.9° 0.3° 4.5% 

Vn -2.7 m/s 0.25 m/s 9.3% 

Vz 2.1 m/s 0.10 m/s 4.4% 

Cωs -9.09 0.080 1.7% 

CPtot 1.7 0.11 6.4% 

Yloss 0.19 0.012 6.4% 

 

Table 2 Uncertainties for Derived Variables in a Highly 

Turbulent Region at Y/P=0.17, Z/S=0.11 
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Figure 4. Depictions of the (a) non-axisymmetric endwall 

contour with platform gap; (b) side view of gap with seal 

strip; and (c) cross-section view of gap. 

-14

-12

-10

-8

-6

-4

-2

0

2

0 0.2 0.4 0.6 0.8 1

Predicted
Blade 2, flat
Blade 3, flat
Blade 4, flat
Blade 5, flat

C
p

s/s
tot

Figure 5. Midspan static pressure coefficient for 

various blades in the cascade. 



 7 Copyright © 2013 by ASME 

 

Effect of Upstream Leakage Swirl for a Flat Endwall 
Figure 6 presents oil flow visualization for the flat endwall 

for unswirled and swirled leakage at 0.75% MFR. To perform 

the flow visualization, a mixture of black paint, kerosene, and 

oil was painted on white shelf paper covering the endwall. The 

flow pattern was photographed after running the cascade at the 

design Reynolds number for approximately two hours. Due to 

the low contrast of the image, arrows have been drawn to 

indicate the pattern. Dashed lines have also been drawn on the 

figure to indicate separation lines associated with the secondary 

flow vortices. Arrows were not drawn on the flat portion of the 

platform upstream of the blades, since the flow pattern was not 

discernable in this low-velocity region.  

Some features of classical endwall secondary flow are 

visible in the endwall streakline patterns for the unswirled 

leakage case in Figure 6a, but the complexity of the rim cavity 

and the leakage flow result in important differences. Although 

the upstream platform oil flow is difficult to interpret, there 

appears to be a large recirculation vortex in the cavity, with an 

attachment line near the blade as indicated in the figure. 

Informal observations of transient endwall temperature maps 

during heat transfer tests on this same geometry suggested an 

unstable phenomenon. Rim seal leakage flow is swept up in this 

vortex, but it will be shown that it has some small influence 

when swirled relative to the blade.  

A saddle point region is visible upstream of the blade 

leading edge, where the incoming flow separates into a 

horseshoe vortex. Flow visualization by Abo El Ella, et al. [1] 

for a similar upstream cavity shape indicated that the cavity 

recirculation vortex was directed into the saddle point and 

progressed into the passage as a strong pressure side horseshoe 

vortex leg. Its development into the passage vortex and the 

associated separation of the endwall flow is visible as a cleared 

region sweeping through the cascade (illustrated by the black 

dashed line in Figure 6a). Near the pressure side of the blade in 

the passage, the cross-passage pressure gradient drives low-

momentum endwall boundary layer fluid toward the suction 

side of the passage, into the passage vortex. The impingement 

of the passage vortex on the blade suction side results in a 

corner vortex near the blade-endwall junction (yellow dashed 

line), which turns sharply downstream of the trailing edge due 

to a separation directly behind the relatively thick trailing edge.  

The primary difference between unswirled leakage flow in 

Figure 6a and the swirled case in Figure 6b is a displacement of 

the saddle point region, and extension of the recirculation 

vortex attachment, in the direction of the swirl. Rim seal 

leakage flow entering the cascade is swept up in the 

recirculation vortex, but there is some additional momentum 

near the endwall in the direction of swirl. The resultant inlet 

velocity vectors in Figures 3c-d indicate that the additional 

tangential component of leakage velocity for swirled leakage 

significantly impacts the incidence angle relative to unswirled 

leakage.  

Although it is less clear than the saddle point effect, the oil 

flow pattern also suggests that the suction side leg of the 

horseshoe vortex impinges on the blade slightly farther 

upstream for swirled leakage (Figure 6b) than for unswirled 

leakage (Figure 6a). Classical secondary flow theory indicates 

that the vortex migrates up the airfoil span downstream of that 

point. No oil flow visualization was done on the airfoil, but 

flowfield results presented later confirm that the loss cores 

associated with the endwall vortical structures are displaced 

slightly further from the endwall for 50% Vwh leakage. Strong 

pressure gradients further in the passage constrain the path of 

secondary flows, which appear similar between the two leakage 

swirl cases. 

Flowfield measurements at X/Cax=1.3 for the six cases in 

this study are presented in Figure 7. The six cases considered 

included three endwall configurations (flat, contoured without a 

platform gap, and contoured with a platform gap), each with the 

two upstream rim seal leakage swirl conditions (unswirled, 

swirled). In this figure and all subsequent figures, the cases for 

the contoured endwall without a platform gap are indicated in 

the legend as “no gap”. Also note that the net mass flow from 

the upstream rim seal was kept constant at 0.75% of the 

mainstream mass flow for all cases. Figure 7 shows color 

contours of streamwise vorticity coefficient (Cωs) overlaid with 

line contours of total pressure loss coefficient (CPtot). The 

figures are oriented such that the viewer is looking upstream at 

the oncoming flow, with the suction side toward the left and the 

pressure side toward the right (see Figure 7a).  

In Figure 7a, the vertical band of total pressure loss around 

Y/P=0.25 is associated with the wake of the airfoil. Secondary 

flow structures generated at the endwall are visible as cores of 

total pressure loss and streamwise vorticity. Features with 

negative streamwise vorticity, located around Y/P=0.18, 

Z/S=0.12, are traditionally associated with the trailing shed 

vorticity, which is generated by the spanwise difference in 
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circulation between the pressure and suction sides of the airfoil. 

However, there is some question in the literature about the true 

origin of the vorticity and losses in that region. Detailed passage 

measurements by Knezevici, et al. [22] suggest that it may 

include inlet boundary layer fluid convected along the suction 

side of the airfoil between the separation lines associated with 

the suction side horseshoe vortex leg and the passage vortex. 

We will refer to that region as “suction side vorticity”. 

The features with positive streamwise vorticity in Figure 7a 

are associated with the passage vortex, which sweeps up inlet 

boundary layer fluid and endwall boundary layer fluid in the 

passage to create the large lobe of total pressure loss from 

Y/P=0 to 0.1, and 0.6 to 1.0. A thin region of negative 

streamwise vorticity near the endwall consists of the corner 

sCω

(b) Flat, swirled 

(d) Contour, swirled, no gap (c) Contour, unswirled, no gap 

(e) Contour, unswirled, 0.3% gap 

 

(f) Contour, swirled, 0.3% gap 

(a) Flat, unswirled 

PtotC

PS SS 

Suction 

side 

vorticity 

Passage 

vortex 

Corner 

vortex 

Figure 7. Line contours of total pressure coefficient (CPtot), with color contours of streamwise vorticity 

coefficient (Cωs) at X/Cax=1.3, for the (a) flat endwall, unswirled leakage (relative to the blade); (b) flat endwall, 

swirled; (c) contoured endwall without a gap, unswirled; (d) contoured endwall without a gap, swirled; (e) 

contoured endwall with a gap at 0.3% MFR, unswirled; and (f) contoured endwall, gap at 0.3% MFR, swirled. 
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vortex and the skewed endwall boundary layer. The corner 

vortex is small and very close to the endwall, making it difficult 

to discern from the endwall boundary layer, but its likely 

position is indicated in Figure 7a. Note that the five-hole probe 

diameter was too large to obtain measurements within the thin 

endwall boundary layer.  

Comparison of Figure 7a to Figure 7b indicates that only 

subtle differences are visible between the secondary flow 

structures for rim seal flow without and with swirl. The center 

of the loss core associated with negative streamwise vorticity in 

Figure 7b is slightly farther from the endwall (Z/S=0.14) 

compared to the loss core in Figure 7a (Z/S=0.12). Also, the 

loss core associated with the passage vortex (positive 

streamwise vorticity) appears to have shifted slightly further off 

the endwall in Figure 7b, compared to Figure 7a, although the 

magnitudes of the loss cores are not significantly different.  

 

Effect of Non-Axisymmetric Contouring 
In Figure 7c and d, the non-axisymmetric endwall contour 

does not display significant differences in magnitude or 

structure of total pressure loss or streamwise vorticity around 

the suction side vorticity region or the passage vortex core, 

relative to a flat endwall. Recall that both endwalls had the 

same upstream cavity geometry. It is likely that the dominating 

factor in the development of the endwall secondary flow is the 

upstream cavity geometry. Abo El Ella, et al. [1] showed that 

the presence of a similar upstream cavity geometry significantly 

increased the size and strength of the passage vortex, even 

without leakage flow. Computational studies by our sponsor for 

this geometry indicated a nearly negligible benefit of 

contouring; however, this was not unexpected since the HPT 

airfoil in this study is relatively lightly loaded (Zweifel 

coefficient less than 1). 

The only significant impact of contouring occurs near the 

endwall around Y/P=0.45, Z/S=0.02 for unswirled leakage 

(Figure 7c), where the contour appears to increase loss 

associated with the corner vortex. Knezevici, et al. [22] found 

that losses very near the wall (Z/S<0.02) increased with endwall 

contouring for their cascade without upstream leakage features. 

The corner vortex losses, however, are relatively unchanged 

(within the uncertainty of the measurements) for swirled 

leakage. Swirled upstream leakage flow changes the trajectory 

of the passage vortex in the forward portion of the passage in 

Figure 6b and may slightly reduce the angle at which it 

impinges on the suction side of the airfoil.  

Total pressure loss coefficients were pitchwise mass-

averaged and plotted versus the normalized span direction in 

Figure 8. Two peaks are distinguishable, corresponding to the 

suction side vorticity away from the endwall and the passage 

vortex nearer to the endwall. High levels of loss below 

Z/S=0.03 are due to the endwall boundary layer as well as the 

corner vortex. For either endwall geometry, swirled leakage 

shifts the peak losses away from the endwall and increases loss 

between Z/S=0.10 to 0.20 compared to unswirled leakage. 

Losses are higher between Z/S=0.12 to 0.16 for the contoured 

endwall versus the flat endwall, for swirled leakage. This may 

be due to a stronger suction side horseshoe vortex caused by the 

contour hill near the suction side leading edge in Figure 4a. A 

hill in a contour is intended to locally accelerate the flow, which 

would increase the strength of the suction side horseshoe vortex 

and its ability to entrain airfoil boundary layer fluid. Below 

Z/S=0.1, the contour shows a slight reduction in losses relative 

to the flat endwall with swirled leakage. The same trend of 

increased loss around the suction side horseshoe vortex 

(Z/S=0.10 to 0.14) occurs with contouring and unswirled 

leakage, compared to a flat endwall; however, the contour also 
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Figure 9. Pitchwise-mass-averaged yaw angle 
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endwall without a platform gap. 
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increases loss below Z/S=0.04. This is tied to the increased 

corner vortex losses mentioned earlier. 

Figure 9 shows pitchwise-mass-averaged yaw angle 

deviation for the flat and contoured endwalls at the two leakage 

swirl conditions. Note that the reference yaw angle is the mass-

averaged yaw at midspan. The contour reduces underturning at 

a given span location by up to 2 degrees between Z/S=0.08 to 

0.12 for either leakage swirl condition. The passage vortex is 

the dominating feature in this region of the span. The 

application of endwall contouring in this cascade appears to 

reduce the effect of the passage vortex on the exit yaw angle.  

 

Effect of a Platform Gap on a Contoured Endwall 
Measurements of total pressure loss coefficient and 

streamwise vorticity coefficient are presented in Figure 7e-f for 

the contoured endwall with a platform gap. A net leakage 

flowrate of 0.3% of the passage mainstream flow was provided 

to the gap plenums in each blade passage. The presence of the 

gap and its net leakage flow results in a large increase in total 

pressure loss and streamwise vorticity in the passage, compared 

to a contour without a gap in Figure 7c-d. Note that the non-

axisymmetric contour design was not optimized with a gap, 

although the results shown here indicate that the effect of the 

gap is more significant than the effect of contouring. For either 

of the leakage swirl conditions, the gap (Figure 7e-f) increases 

the peak total pressure loss by almost 30% in the loss core 

associated with negative streamwise vorticity, and the size of 

the vortical structure has increased. The region of positive 

streamwise vorticity associated with the passage vortex has 

increased in intensity, and the peak loss is also higher. In Figure 

10, pitchwise-mass-averaged total pressure loss clearly 

indicates the increased loss for an endwall with a gap compared 

to a continuous contoured endwall. The ejection of flow from 

the gap appears to displace the peak loss from Z/S=0.11 to 0.14 

for the unswirled leakage case, such that the peak is located at 

the same spanwise location as for swirled leakage.  

Pitchwise-mass-averaged yaw angle deviation is presented 

in Figure 11 for the contoured endwall with and without a gap. 

In general, the gap results in increased over- and under-turning 

for a given upstream leakage swirl condition. The amount of 

increase appears to be slightly less for swirled leakage than for 

unswirled leakage, due to reduced interaction of the gap leakage 

flow with the cascade secondary flow. 

OVERALL MASS-AVERAGED LOSSES 
Figure 12 presents mass-averaged results over a single 

passage for the measurement plane located at X/Cax=1.3. 

Definitions for the various loss terms were given in the 

Experimental Methodology section. For the flat endwall, net 

total pressure loss across the cascade was increased by about 

10% for swirled rim seal leakage, compared to unswirled 

leakage. This is consistent with previous studies indicating a 

modest loss increase with increasing relative tangential velocity 

for small to moderate amounts of leakage mass flow (<1%). In 

terms of secondary loss, however, the swirled leakage case 

resulted in a 30% increase.  

For swirled upstream leakage, the contoured endwall 

without a gap resulted in a small improvement for both net loss 

(-4%) and secondary loss (-7%) over the flat endwall in Figure 

12. Unswirled leakage resulted in a small increase in net loss 

(+3%) with contouring and a modest increase of +16% in 

secondary loss, relative to a flat endwall. Figure 3 suggests that 

swirled leakage may help to reduce incidence (loading) near the 

endwall and boost the effectiveness of contouring. 

Figure 12 also shows that a platform gap in the contoured 

endwall resulted in large increases in loss relative to a 
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continuous contoured endwall. For upstream leakage without 

swirl, net loss increased by 16% and secondary loss increased 

by 58% for the endwall with a gap. Upstream leakage with swirl 

relative to the blade resulted in a net loss increase of 12% and a 

secondary loss increase of 38% for the endwall with a gap, 

relative to a continuous contour. When comparing losses 

between the two upstream swirl cases with an endwall gap, 

however, the effect of swirl was negligible. It appears that the 

mechanism of ingestion of near-wall flow into the forward 

portion of the gap and ejection from the gap downstream tends 

to negate any differences in loss generation caused by upstream 

leakage swirl. 

Mixed-out losses are compared to the net mass-averaged 

losses at the measurement plane (X/Cax=1.3) in Figure 13. The 

mixed-out analysis was performed using constant-area mixing 

with no frictional losses, and was done to account for additional 

losses that would be generated due to mixing out of the 

secondary flow. Mixed-out net losses indicate no significant 

improvement of endwall contouring over a flat endwall for a 

given upstream swirl condition. This could be due to increased 

overturning very near the wall for the contour, which is a 

consequence of the merging of the contour back to a nominal 

endwall height. MacIsaac, et al. [19], however, noted for the 

same airfoil as in this study, that secondary kinetic energy 

contributed to only about half of the difference between plane 

mass-averaged and mixed-out losses, with the remainder being 

static pressure recovery and mixing of primary kinetic energy. 

Figure 13 also indicates that when comparing a contour 

with a platform gap to a continuous contour, mixed-out losses 

increase by about the same percentage (~12% for swirled, and 

~16% for unswirled) as mass-averaged losses. This implies that 

additional secondary kinetic energy generated by the gap (not 

shown, but approximately 15% higher for the gap) is not a 

significant contribution to mixing loss in this cascade, and 

supports the hypothesis of MacIsaac, et al. [19] that pressure 

recovery and primary kinetic energy mixing are significant 

factors for this airfoil geometry. 

CONCLUSIONS 
Endwall oil flow visualization and exit flowfield 

measurements were presented for a high-pressure turbine blade 

with an upstream rim cavity and purge flow through 

representative leakage features. Both unswirled and swirled rim 

seal leakage relative to the blade were considered. Two types of 

endwalls were also investigated in the passage downstream of 

the rim seal cavity: an endwall with a flat profile; and a non-

axisymmetric contoured endwall. The effect of a platform gap 

through the passage was considered for the non-axisymmetric 

contoured endwall. 

While the results presented here were obtained at 

incompressible conditions, the large scale of the cascade was 

important to be able to obtain detailed measurements. A study 

by Hermanson and Thole [27] for a flat endwall indicated that 

the endwall secondary flow patterns were similar between 

incompressible and compressible conditions up to the shock 

location in the passage, but differed downstream of the passage. 

Perdichizzi [28] noted that secondary losses (referenced to exit 

dynamic pressure) decreased for a flat endwall cascade as the 

isentropic exit Mach number increased from low subsonic to 

supersonic conditions. Our expectation would be that loss levels 

are overestimated for our incompressible conditions relative to 

engine Mach numbers. With regards to the conclusions about 

the contouring and leakage features, the airfoil would be more 

aft-loaded at matched Mach number conditions than in our 

incompressible study, and thus the benefit of contouring would 

be reduced. 
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Oil flow visualization for the flat endwall indicated that rim 

seal leakage flow with tangential velocity relative to the blade 

(swirl) shifted the saddle point region in the direction of the 

tangential velocity. Contours of the flowfield downstream of the 

cascade showed a slight shift toward midspan for the loss cores 

for swirled leakage, but no significant difference in magnitudes 

of those features compared to unswirled leakage. Mass-

averaged and mixed-out losses over the measurement plane 

were higher for swirled leakage relative to the no-swirl case.  

Contour plots of the exit flowfield did not indicate a 

significant effect of non-axisymmetric endwall contouring on 

total pressure loss or streamwise vorticity features relative to a 

flat endwall. A strong passage vortex due to separated upstream 

cavity flow, as well as the relatively low loading of the airfoil in 

this study, limited the effect of the contouring on the primary 

flowfield features. A hill near the suction side leading edge of 

the endwall contour was conjectured to strengthen the suction 

side horseshoe vortex and related loss associated with the 

suction side vorticity (trailing shed vorticity). Underturning of 

the exit flow associated with the passage vortex was reduced 

with contouring, however, which would provide some benefit to 

downstream airfoils. For swirled leakage, mass-averaged losses 

showed a nearly insignificant improvement for non-

axisymmetric contoured endwalls, but for unswirled leakage, 

the contour resulted in slightly higher losses. 

The presence of a platform gap with leakage in a contoured 

endwall significantly increased peak total pressure loss relative 

to a continuous contoured endwall. Mass-averaged losses for 

the endwall with a gap were nearly the same regardless of 

upstream leakage swirl condition, indicating that the gap was 

the most significant factor in the generation of loss. It is unclear 

at present how a contour optimization might be affected by 

inclusion of a platform gap, but it seems to be a necessary 

consideration to achieve improved component efficiency. 
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