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ABSTRACT 
Aerodynamic loss and endwall heat transfer for a turbine 

blade are influenced by complex vortical flows that are 

generated at the airfoil-endwall junction. In an engine, those 

flows interact with clearance gaps between stationary and 

rotating components, as well as with leakage flow that is 

designed to exhaust through the gaps. This paper describes 

experimental measurements of endwall heat transfer for a high-

pressure turbine blade with an endwall overlap geometry, as 

well as an upstream leakage feature that supplied swirled or 

unswirled leakage relative to the blade. For unswirled leakage, 

increasing its mass flow increased the magnitude and pitchwise 

uniformity of the heat transfer coefficient upstream of the 

blades although heat transfer further into the passage was 

unchanged. Leakage flow with swirl shifted the horseshoe 

vortex in the direction of swirl and increased heat transfer on 

the upstream blade endwall, as compared to unswirled leakage. 

For a nominal leakage mass flow ratio of 0.75%, swirled 

leakage did not increase area-averaged heat transfer relative to 

unswirled leakage. At a mass flow ratio of 1.0%, however, 

swirled leakage increased overall heat transfer by 4% due to an 

increase in the strength of the vortical flows.  

INTRODUCTION 
Heat transfer to gas turbine components is a critical issue at 

the high combustion gas temperatures typical of modern gas 

turbine engines. Rotor inlet temperatures are on the order of 

1500°C, and it is estimated that a metal temperature increase of 

only 25°C can reduce part life to half of its design value (Han, 

et al. [1]); therefore, advanced reliable cooling schemes are 

necessary. A particularly challenging region to cool is the hub 

region of a turbine blade, also known as an endwall. Complex 

vortical flows at the airfoil-endwall junction, necessary 

clearance gaps between stationary and rotating components, and 

leakage flows from those gaps all play an important role in the 

heat transfer to the endwall. 

Vortical flows at the airfoil-endwall junction, also termed 

secondary flows, arise from the roll-up of the inlet boundary 

layer at the blade leading edge into a horseshoe vortex. The 

vortex splits into pressure-side and suction-side legs around the 

airfoil. The pressure-side leg merges with a passage vortex that 

is drawn across the passage toward the aft suction side. A corner 

vortex develops at the suction side-endwall corner, downstream 

of the impingement of the passage vortex. Flow separation and 

reattachment, plus increased turbulence caused by secondary 

flows, results in high levels of endwall heat transfer.  

Clearance gaps are required between the stationary and 

rotating components in an engine. Hot combustion gases must 

be prevented from escaping into the gaps and causing durability 

issues for components under the platform. One method of 

limiting hot gas leakage is to design an overlap in the stator and 

rotor endwalls, known as a rim seal. Leakage air is designed to 

exhaust through the rim seal, and can develop a significant 

circumferential (swirl) velocity due to viscous drag on the rotor 

wheel, or due to the manner of its injection below the rim seal. 

Flow separation and reattachment around the overlap, as well as 

swirled leakage flow, can interact with the secondary flow to 

impact endwall heat transfer.  

The combined effect of the aforementioned influences on 

endwall heat transfer is not well understood. The intent of the 

work presented in this paper is to examine the effects of rim 

seal leakage flow with and without swirl for a blade endwall 

with a realistic overlap geometry. A scaled non-rotating cascade 

was used to obtain detailed heat transfer measurements on the 

endwall. 

NOMENCLATURE 
C true chord of blade 

Cax axial chord of blade 

CD discharge coefficient, ideal,cactual,cD mmC   

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

h heat transfer coefficient,  inw
"
w TTqh   
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H boundary layer shape factor 

HS horseshoe vortex 

I momentum flux ratio, 2
inin

2
cc UUI   

k thermal conductivity 

m  mass flow rate 

M blowing ratio, inincc UUM   

MFR mass flow ratio, inc mmMFR   

Nu Nusselt number, airax khCNu   

P blade pitch 

Ps static pressure 

PS pressure side 

q″w wall heat flux 

Reθ momentum thickness Reynolds number,  /URe in  

S blade span 

SS suction side 

T temperature 

Tu turbulence intensity 

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 

Vwh Circumferential speed of the blade wheel at the hub 
 

Greek 
β flow angle 

δ99 boundary layer thickness (99%) 

θ momentum thickness 

ν kinematic viscosity 

ρ density 

 

Subscripts/Superscripts 
c leakage coolant conditions 

exit exit conditions 

in inlet conditions 

w wall conditions 

   area-average,       YXYX  

REVIEW OF RELEVANT LITERATURE 
Cavities or steps on the endwall upstream of a turbine can 

significantly change endwall secondary flows and their impact 

on aerodynamics and heat transfer. de la Rosa Blanco, et al. [2] 

determined that the passage vortex was shifted upstream for 

flow over a backward-facing step located upstream of a low-

pressure turbine cascade, which reduced the interaction of the 

secondary flows with a pressure-side separation and resulted in 

lower losses than a flat endwall or forward-facing step. A 

subsequent study (de la Rosa Blanco, et al. [3]) demonstrated 

that a cavity located downstream of the backward-facing step 

increased losses relative to a step without a cavity, due to 

ingestion and mixing in the cavity. Abo El Ella, et al. [4] also 

found that losses and flow overturning increased for an endwall 

with an upstream cavity relative to a smooth wall due to a 

separation in the cavity that strengthened the passage vortex.  A 

loss breakdown scheme proposed by Gier, et al. [5] suggested 

that steps between turbine components were responsible for 

20% of the loss increase between a smooth-flowpath model and 

a more realistic model with leakage interfaces.  

In an endwall misalignment study by Piggush and Simon 

[6], a forward-facing step at the combustor-turbine interface slot 

in a nozzle guide vane cascade increased endwall heat transfer 

downstream of the step, relative to an aligned endwall. The 

increase for the forward-facing step was attributed to 

acceleration of the boundary layer over the step. The effect of 

steps at the combustor-turbine interface slot due to endwall 

misalignment was also studied by Cardwell, et al. [7]. A 

forward-facing step decreased slot coolant coverage 

downstream of the step due to increased mixing of slot coolant 

with the mainstream. A backward-facing step significantly 

increased coolant coverage due to reduced mixing, relative to 

an aligned endwall.  

Leakage flow that is designed to exhaust from the clearance 

gap between the stator and rotor can develop a circumferential 

velocity component due to relative movement between the rotor 

and stator. Generally, the leakage will have a lower 

circumferential velocity than the rotor wheel, which results in 

negative skew in the boundary layer approaching the blade. 

Walsh and Gregory-Smith [8] demonstrated that an inlet 

boundary layer with negative skew significantly increased loss 

and vorticity downstream of a blade cascade by promoting 

earlier growth of secondary vortices. Reid, et al. [9] found that 

at a fixed leakage circumferential velocity, turbine stage 

efficiency decreased for increasing leakage mass flow ratios 

through a rim seal due to increased mixing losses. At a fixed 

mass flow ratio, increasing the circumferential velocity relative 

to the rotor also reduced the stage efficiency due to a decrease 

in the near-wall incidence angle to the rotor. Increasing stator-

rotor leakage flow resulted in higher dissipation around the 

passage vortex and lower overall efficiency in rotating rig 

measurements by Schuepbach, et al. [10]. McLean, et al. [11] 

found that coolant injection into the stator-rotor wheelspace 

generally decreased total-to-total stage efficiency, although 

discrete-hole coolant injection on the stator hub improved stage 

efficiency by energizing the stator airfoil wake and the rotor hub 

boundary layer. 

A few studies have also considered the thermal impact of 

stator-rotor leakage flow. Popovic and Hodson [12] concluded 

that blade endwall film cooling increased with leakage mass 

flow through a rim seal, but at the expense of increased 

aerodynamic losses. Increasing the amount of leakage swirl 

relative to the blade had little impact at low leakage mass flow 

ratios, but significantly increased coolant coverage and loss at 

high mass flow ratios due to a stronger interaction with the 

horseshoe vortex. Increasing amounts of stator-rotor leakage 

flow in a transonic turbine decreased rotor platform heat 

transfer and improved stage efficiency by acting as a blockage 

for the vane trailing edge shocks, in the study by Pau, et al. 

[13]. Film effectiveness measurements on a rotating turbine 
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endwall by Suryanarayanan, et al. [14] showed that stator-rotor 

gap leakage spread more uniformly over the endwall as rotor 

speed increased due to reduced pitchwise static pressure 

variation arising from more negative incidence near the rotor 

hub. Schobeiri, et al. [15] found that rim seal leakage altered the 

endwall secondary flow so significantly that the application of 

endwall contouring (which generally reduces secondary flows) 

resulted in decreased film cooling coverage relative to the 

baseline. 

The previously referenced research suggests that backward-

facing steps or cavities can improve endwall film cooling, but 

generally negatively impact aerodynamic performance relative 

to a flat wall. Upstream leakage flow with swirl also reduces 

efficiency but increases platform cooling. However, there are 

few studies that have presented endwall heat transfer with the 

combined effects of an upstream cavity and leakage swirl.  

Certainly there are differences between an incompressible 

cascade setup and a real engine: lack of rotational effects; lack 

of upstream airfoil with its wake potential effect; and lower 

Mach numbers and pressure ratios. However, it is difficult to 

bridge the current level of understanding of endwall heat 

transfer for flat endwalls to an engine environment without 

some idea of which factors are first-order effects and which are 

second-order. Furthermore, the increased complexity of 

including all realistic factors often results in limited 

measurement resolution, which complicates the interpretation of 

the physics. The work presented in this paper attempts to 

understand the effect of an upstream cavity and leakage swirl 

through high-resolution measurements of endwall heat transfer 

for a high-pressure turbine blade cascade. 

EXPERIMENTAL METHODOLOGY 
A large-scale, low-speed linear cascade was used to obtain 

measurements of endwall heat transfer at matched engine 

Reynolds number conditions. The cascade was connected to a 

closed-loop wind tunnel, depicted in Figure 1. The tunnel had a 

heat exchanger to control the flow temperature, and several 

screens upstream of the test section to ensure flow uniformity. 

Some flow was diverted into an upper bypass channel far 

upstream of the test section and extracted by a blower so that it 

could be sent to cascade leakage features. 

The linear cascade contained six blades based on a high-

pressure turbine airfoil geometry. The same airfoil geometry has 

been previously studied by MacIsaac, et al. [16]. Table 1 lists 

the geometric details of the cascade. The blades were fixed at 

the design inlet angle. Sidewall flaps and tailboards in the test 

section allowed control of the inlet velocity uniformity and 

periodicity in the cascade. The blades were constructed using 

stereolithography to give a smooth surface finish. Static 

pressure taps were designed into the stereolithography model at 

midspan to measure blade loading. Figure 2 shows measured 

blade static pressures, non-dimensionalized as a static pressure 

coefficient. The measurements demonstrated good agreement to 

the design blade loading, as well as periodicity for the central 

blades in the cascade. 

The bottom endwall of the cascade was designed to 

simulate the platform (endwall) overlap between the stationary 

vane and rotating blade rows. The platform overlap geometry is 

depicted in Figure 3. The blade platform extended upstream of 

the blade leading edge below the nominal endwall height, 

resulting in a cavity in the endwall known as a rim cavity. A 

smooth curve was used to transition from the lower upstream 

blade platform to the nominal endwall height. Note that 

although the cascade was designed to simulate a rotor, no part 

of the test section, including the upstream (stator) platform, 

Figure 1. Depiction of the low-speed wind 

tunnel and large-scale test section. 
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Table 1 Cascade Geometry and Operating Conditions 

Conditions 
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moved relative to the blades. The upper endwall of the cascade 

was flat with access ports for instrumentation, but no interaction 

between the upper and lower endwalls was expected due to the 

high airfoil aspect ratio (see Table 1). 

Turbine rim flow, which is designed to prevent ingestion of 

hot gas into the wheelspace between the rotor and stator, was 

simulated by a leakage feature placed upstream of the cascade. 

Two interchangeable stereolithography geometries were 

manufactured to test the effect of swirl in the rim seal leakage 

flow. The first geometry contained internal vanes that directed 

the leakage flow onto the blade platform with no swirl 

component (Figure 4a), thus simulating leakage flow with a 

tangential velocity matched to the rotor hub speed in the engine. 

Although the cascade measurements were performed in the 

reference frame associated with the blades, the rim seal swirl 

velocity was described in the stationary reference frame of the 

engine. The case of no swirl relative to the blade will be 

denoted as “100% Vwh”. Figure 4c depicts resultant inlet 

velocity vectors 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 to scale in the figure). A representative 

value for Vwh was estimated assuming a stage degree of reaction 

of 0.5. Note that in the blade’s frame of reference, the stator 

would move with a velocity Vwh in the opposite direction 

indicated in Figure 4, 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 4c are instructive in understanding the 

general effect of varying leakage flow. Increasing leakage mass 

flow ratios from the rim seal tend to increase the magnitude of 

the incident velocity, but reduce its incidence angle relative to 

βin. 

The second rim seal geometry contained internal turning 

vanes that imparted 45° of swirl to the leakage flow (Figure 4b). 

For the nominal net mass flow ratio of 0.75% MFR, the 

tangential velocity relative to the blade was 10% of the 

estimated rotor hub speed. In the stationary frame 

nomenclature, this would be 90% of the hub speed, so this 

particular case is denoted as “90% Vwh”. Because the turning 

vanes in the stereolithography model were stationary, the 

tangential velocity of the leakage flow was not independent of 

net mass flow. Instead, the tangential velocity relative to the 

blade increased with increasing net mass flow through the seal. 

Table 2 shows the leakage tangential velocities as a percent of 

Vwh, along with other blowing parameters, for the various net 
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Figure 2. Static pressure coefficient measured at 

midspan for the central blades in the cascade. 

Figure 3. Depiction of the rim cavity and rim seal 

leakage geometry on the upstream endwall. 
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Figure 4. Depictions of the turning vanes inside the rim seal 

for (a) unswirled and (b) swirled leakage; and resultant inlet 

velocity vectors for the cascade with the addition of (c) 

unswirled and (d) swirled rim seal leakage. 
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mass flow cases tested. It must be emphasized again that the 

leakage tangential velocities are based on the stationary 

reference frame, such that low leakage tangential velocities in 

the stationary reference frame correspond to high tangential 

velocities in the reference frame of the blade. The velocity 

vectors in Figure 4d illustrate this, where the 86% Vwh case has 

a large tangential component in the blade reference frame. It is 

obvious in Figure 4d that the incidence angle of the resultant 

near-wall velocity is significantly decreased for swirled rim seal 

leakage, relative to the design inlet angle (βin). 

Net mass flow through the rim seal was measured by a 

laminar flow element and supplied to a plenum mounted below 

the test section. Static pressure taps installed in the 

stereolithography models were used to check periodicity. The 

temperature of the leakage coolant was kept to within 0.4°C of 

the mainstream temperature, resulting in a density ratio of 1.0. 

A turbulence grid was located 16Cax upstream of the center 

blade of the cascade, resulting in a freestream turbulence level 

of 6% as measured with a laser Doppler velocimeter at 5Cax 

upstream of the cascade. The turbulent boundary layer 

parameters are listed in Table 1. 

Spatially-resolved heat transfer coefficient measurements 

were obtained by imaging surface temperatures on a uniform 

heat flux surface attached to the bottom endwall. The heater 

consisted of an inconel circuit with a thickness of 25 µm, which 

was encapsulated in kapton for a total thickness of 75 µm. A 37 

µm layer of copper was attached to the flow surface of the 

heater to smooth out heat flux between the circuit gaps (Kang, 

et al. [17]). A thin layer of flat black paint was applied to the 

copper to increase emissivity for infrared measurements. Type-

E thermocouples were thermally bonded to the underside of the 

heater for infrared image calibration. 

A 3.2 mm thick stereolithography plate (k≈0.2 W/m-K) was 

constructed in the shape of the endwall shown in Figure 3 to 

ensure dimensional accuracy for the curved region upstream of 

the blade. Polyurethane foam (k≈0.032 W/m-K) was molded to 

the underside of the plate to minimize conduction losses for the 

heat transfer experiments. The minimum foam thickness was 20 

mm at the upstream edge of the blade endwall. The heater was 

attached to the plate with double-sided tape. 

Power supplied to the heater surface was calculated by 

measuring the circuit voltage and current. Circuit current was 

obtained by measuring the voltage across a precision resistor in 

series with the heater. The total heat flux of 900 W/m
2
 supplied 

to the endwall was determined by dividing the power by the 

heater area. To obtain convective heat flux, conductive and 

radiative losses were subtracted from the total heat flux. 

Conductive losses were estimated locally by a one-dimensional 

conduction analysis to be less than 1.5% of the total heat flux. 

Radiative losses were also estimated locally to be less than 

15%, assuming that the surroundings behaved as a blackbody at 

the freestream temperature of 295 K. Local loss corrections 

were highest in regions of high endwall temperatures. 

Infrared camera images were obtained at several locations 

throughout the cascade to provide a complete map of the 

endwall heat transfer. At each location, five images were 

captured to reduce measurement uncertainty. The averaged 

result was calibrated by adjusting surface emissivity and 

background temperature until the heater top surface temperature 

matched measurements from the underside-mounted 

thermocouples. A conduction bias of 0.8°C between the top 

surface and underside-mounted thermocouples was accounted 

for in the calibration. Typical emissivity and background 

temperature for the calibrated images was 0.96 and 16°C, 

respectively, which compared well to published emissivity for 

black paint (~0.96) and the cascade freestream temperature of 

21°C. Calibrated images generally agreed to within 0.5°C of the 

thermocouple measurements. The camera field of view was 320 

x 240 pixels, with a resolution of 1.4 pixels/mm. No correction 

was performed for perspective distortion of the images at the 

upstream cavity since the small variation in camera standoff 

distance did not affect its focus. 

Uncertainty was estimated using the partial derivative 

method (Moffat [18]). The largest source of error was the 

measurement of surface temperature with the infrared camera. 

Bias and precision uncertainties for that parameter were 0.8°C 

and 0.3°C, respectively. Total uncertainty in the heat transfer 

coefficient, based on a 95% confidence interval, was 5.0% at a 

high value of Nu=410. 

RESULTS AND DISCUSSION 
The oil flow pattern and heat transfer for a turbine blade 

endwall with a representative upstream cavity and rim seal 

leakage are discussed first. The effect of varying net leakage 

mass flow without leakage swirl is then considered, followed by 

a discussion of the effects of swirl in the rim seal leakage flow. 

 

Comparison of Endwall Oil Flow and Heat Transfer 
Oil flow visualization was performed on the endwall using 

a mixture of black paint, oil, and kerosene. The mixture was 

applied to removable white shelf paper placed over the endwall 

heaters. The final pattern was photographed after approximately 

two hours to achieve steady-state. Figure 5a shows a 

photograph of the oil flow pattern for rim seal leakage without 

swirl, at the nominal leakage mass flow ratio of 0.75%. Arrow-

tipped streaklines and dashed vortex path lines were drawn on 

the low-contrast image to elucidate the patterns. Note that 

streaklines were not drawn in regions where the flow pattern 

was not clear, such as very low velocity regions upstream of the 

blades where separated flow was likely recirculating in the rim 

cavity.  

Table 2 Flow Conditions Through the Two Rim Seal Geometries 
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The endwall oil flow pattern in Figure 5a exhibits features 

similar to classical secondary flow models; however, the 

complexity of the upstream cavity and rim seal leakage result in 

some important differences. A saddle point, indicating the roll-

up of the inlet boundary layer into the horseshoe vortex system, 

is seen far upstream of the blade leading edge, about midway 

across the pitch. Oil flow visualization results of Abo El Ella, et 

al. [4] for a similar upstream cavity geometry, and those of de la 

Rosa Blanco, et al. [3] for a backward-facing step upstream of 

the blade, indicated that the saddle point and the horseshoe 

vortex system moved away from the blade leading edge 

compared to a smooth endwall. Their results also suggested that 

the pressure side leg of the horseshoe vortex was strengthened 

by interaction with a recirculation vortex in the cavity. The 

recirculation vortex arises from the separation of the incoming 

cascade flow off the edge of the overlapping vane platform. 

Although the endwall flow pattern in Figure 5a was difficult to 

distinguish on the upstream platform, there appears to be a 

reattachment upstream of the blade leading edge due to the 

recirculation vortex. The vortex feeds into the saddle point (and 

thus into the PS horseshoe vortex) in an unsteady manner. 

Informal observations of the transient endwall temperature 

contour maps during testing suggested an unstable 

phenomenon.  

Just downstream of the saddle point in Figure 5a, a cleared 

region that sweeps through the passage is attributed to the three-

dimensional separation induced by the strong pressure side leg 

of the horseshoe vortex, which merges with the passage vortex. 

The suction side leg of the horseshoe vortex resides between the 

recirculation vortex reattachment line and the blade leading 

edge and thus is very close to the blade/endwall junction around 

the forward-most point of the airfoil, but appears to move away 

from the blade leading edge toward the saddle point before it 

turns sharply toward the blade suction side. It separates off of 

the endwall (as indicated by converging streaklines) at the 

lowest pitchwise point of the airfoil and climbs the airfoil 

suction side. The PS horseshoe vortex/passage vortex system 

impinges on the suction side of the airfoil further downstream, 

and the strong impingement generates a corner vortex that 

remains close to the airfoil-endwall corner. Downstream of the 

trailing edge, the corner vortex turns sharply due to flow 

separation behind the relatively thick trailing edge. Streaklines 

originating near the pressure side sweep toward the suction side 

due to the effect of the cross-passage pressure gradient on the 

new endwall boundary layer in this region. 

Contours of endwall heat transfer are shown in Figure 5b 

for the nominal case of 0.75% leakage mass flow ratio with no 

swirl relative to the blade (100% Vwh). Streaklines from Figure 

5a are overlaid to indicate the effects of the secondary flows on 

endwall heat transfer. Periodic islands of low heat transfer are 

seen on the upstream blade platform, where rim seal leakage 

flow and inlet boundary layer flow separate around the saddle 

point. The horseshoe vortex drives flow down the blade span, 

where it impinges on the endwall and results in high gradients 

of heat transfer around the blade leading edge. High Nusselt 

numbers are visible near the blade stagnation, as well as around 

the suction side where the suction side horseshoe vortex turns 

sharply toward the blade. Steep gradients in Nu are seen in the 

region between the blade suction side and the passage vortex 

separation line, which are attributed to the effect of that vortex. 

The impingement of the passage vortex on the suction side of 

the blade, and the corner vortex that is generated, both result in 

a region of high heat transfer near the throat, downstream of 

where the suction side horseshoe vortex separates from the 

endwall. Low heat transfer contours that sweep through the 

passage, along the path of the cleared region in the oil flow, 

correspond to separation induced by the pressure-side 

horseshoe vortex and passage vortex. Heat transfer levels are 

highest in the blade wake, where divergence of the streaklines 

indicates flow reattaching to the endwall due to the passage 

vortex and the counter-rotating corner vortex. 

Figure 6. Endwall oil flow visualization for rim seal net 

MFR of (a) 0% and (b) 0.75%, without swirl. 
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Figure 5. (a) Endwall oil flow visualization with 

streaklines and vortex paths indicated; (b) endwall heat 

transfer contours with streaklines overlaid. 
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Effect of Upstream Leakage without Swirl 
Oil flow visualization patterns for 0% and 0.75% MFR are 

shown in Figure 6. Note that for the 0% MFR case, no net flow 

was supplied to the plenum but mainstream flow could still be 

ingested and ejected through the rim seal into a closed plenum. 

The streaklines in Figure 6 show very similar patterns between 

the two cases, suggesting that 0.75% MFR rim seal leakage 

does not have a strong effect on the endwall flow relative to the 

rim cavity and horseshoe vortex effects. It appears that 0.75% 

MFR causes a slight upstream shift of the saddle point region 

(in the negative streamwise direction) compared to 0% MFR. 

Although the limited resolution of oil flow visualization makes 

it difficult to argue this conclusively, Paniagua, et al. [19] 

observed the same trend for increasing net leakage flow 

upstream of their transonic rotating turbine blade, and inferred 

that the leakage increases the size of the horseshoe vortex. 

Figure 7 shows contours of endwall heat transfer for 

varying net leakage mass flow ratio from the rim seal with 

unswirled flow (100% Vwh). In general, increasing the leakage 

mass flow ratio increases heat transfer on the upstream blade 

platform and around the blade leading edge, but has little effect 

further into the passage. The islands of low heat transfer on the 

upstream platform between the blades decrease in size between 

Figure 7a (0% MFR) and Figure 7d (1.0% MFR) due to 

increased near-wall velocity with leakage injection. A band of 

low heat transfer sweeps downstream of the islands of low heat 

transfer into the center of the passage for leakage above 0% 

MFR. The band of low heat transfer corresponds to separation 

induced by the cavity recirculation vortex, which feeds into the 

pressure-side horseshoe vortex and passage vortex. Heat 

transfer values around the blade leading edge-endwall-junction, 

particularly at the stagnation point and along the suction side, 

increase with increasing leakage mass flow ratios. The suction 

side leg of the horseshoe vortex appears to be pushed closer to 

the airfoil-endwall junction, resulting in high heat transfer 

around the suction side. This is due to the increasingly negative 

incidence near the endwall (refer to Figure 4c), which reduces 

the loading on the airfoil and the extent of the horseshoe vortex 

system. 

Nusselt number values shown in Figure 8 were extracted 

from the contours in Figure 7 along a pitchwise line located 

0.3Cax upstream of the blades. Figure 8 indicates the pitchwise 

variation in heat transfer on the upstream rim. For 0% MFR, 

peak Nu values are relatively low, but peak-to-peak variation in 

Nu is high. As the MFR increases to 0.35%, both the high and 

low peak Nu increase, indicating a higher average heat transfer, 

which is consistent with the increased magnitude of the resultant 

velocity vector in the blade velocity triangle in Figure 4c. This 

trend continues as leakage MFR increases to 0.75% and 1.0%, 

and peak-to-peak variation in Nu becomes smaller. Note that the 

maximum Nu values do not increase as fast as the minimum 

values when comparing 0.75% to 1.0% MFR. The blade 

potential field and the large secondary flow vortices cause 

significant pitchwise variation in the leakage flow, but flow 

becomes more evenly distributed along the rim seal for 

increasing mass flow ratios. 

Endwall heat transfer was also extracted from the contours 

in Figure 7 along the paths of inviscid streamlines obtained 

from a two-dimensional simulation of the cascade. The 

streamline paths were named according to their pitchwise 

location at the point where the paths passed through the inlet 

Figure 7. Contours of endwall Nu for net rim seal leakage mass flow ratios of (a) 0%, (b) 0.35%, (c) 0.75%, and (d) 

1.0%, with no leakage swirl relative to the blade. 

(a) 100% Vwh 

0% MFR 
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(d) 100% Vwh 
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Nu 
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plane of the cascade. Figure 9 shows Nu values along the 0.25P 

and 0.75P streamline paths, where small inset diagrams indicate 

the respective streamline paths relative to the blades. The 

abscissa of the figures is the x-coordinate along the streamline 

normalized by the blade axial chord, so that X/Cax=0 

corresponds to the inlet plane and X/Cax=1 corresponds to the 

exit plane of the cascade. At each streamwise location along a 

path, Nu values from each of the three passages seen in Figure 7 

were averaged to obtain a single value at that streamwise 

location. 

The 0.25P streamline path in Figure 9a passes close to the 

pressure side of the blade. Upstream of the blades, increasing 

leakage mass flow results in increased Nu values. Also, the 

minimum Nu around X/Cax=-0.3 appears to be pushed further 

downstream. A peak in heat transfer around X/Cax=0 is 

attributed to the effect of the downwash of the horseshoe vortex, 

and there appears to be no significant effect of leakage mass 

flow in this region. Further into the passage, heat transfer levels 

are similar between the various leakage MFR cases, suggesting 

that strong acceleration suppresses any effect of increasing 

leakage flow. Heat transfer levels rise toward the exit of the 

passage, peaking in the blade wake at X/Cax=1. 

Figure 9b shows Nu values along the 0.75P streamline path 

passing near the suction side of the blade. Again, the effect of 

increasing leakage MFR is visible as increasing Nu values 

upstream of the blades. Around X/Cax=0.1, the streamline path 

passes through a region of high Nu attributed to the suction side 

horseshoe vortex turning toward the blade-endwall junction. 

Another peak in heat transfer is seen around X/Cax=0.6, where 

the passage vortex impinges on the blade suction side. No 

significant difference (outside experimental uncertainty) is seen 

between the various net MFR cases at locations downstream of 

X/Cax=-0.1, due to the minimal effect of the rim seal leakage on 

the endwall secondary flows. 

 

Effect of Upstream Leakage with Swirl 
The effect of rim seal leakage flow with a tangential 

velocity of 90% Vwh can be seen by comparing the oil flow 

results in Figure 10. The most obvious difference is extension 

of the recirculation vortex attachment line and a shift in the 

saddle point in the direction of the swirl in Figure 10b. Leakage 

with a velocity component in the positive pitchwise direction 

Figure 8. Endwall heat transfer on the upstream 

blade platform for varying rim seal MFR and no 

swirl, extracted along a pitchwise line at X/Cax=-0.3. 
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Figure 9. Endwall heat transfer for varying rim seal MFR and no swirl, extracted along inviscid streamline paths 
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reduces the momentum of the near-wall flow and promotes 

earlier separation of the inlet boundary layer, resulting in 

displacement of the saddle point. As discussed earlier, the 

recirculation vortex feeds into the saddle point, and thus its 

extent across the leading edge of the cascade is increased. The 

path of the pressure side leg of the horseshoe vortex in Figure 

10b is also displaced in the direction of swirl for the forward 

part of the passage; however, strong acceleration further in the 

passage results in similar oil flow patterns for the two leakage 

flow cases. 

Figure 11 shows contours of endwall heat transfer for 

leakage at 0.75% MFR with and without swirl. Endwall heat 

transfer upstream of the blade is increased for 90% Vwh leakage 

due to the additional tangential component of leakage velocity. 

Also, the region of high heat transfer gradients around the blade 

stagnation in Figure 11b appears to be extended away from the 

leading edge, in the direction of the leakage swirl. This is 

consistent with the oil flow visualization in Figure 10 indicating 

an extension of the recirculation reattachment line and 

displacement of the horseshoe vortex away from the airfoil 

leading edge by swirled leakage flow.  

The displacement of the horseshoe vortex has a noticeable 

impact on several other regions of the endwall in the forward 

portion of the passage. The band of low Nu that extends into the 

center of the passage in Figure 11a appears to have been 

eliminated in Figure 11b. The shift of the pressure-side leg of 

the horseshoe vortex toward the suction-side leg on the adjacent 

airfoil reduces the size of the region of separating flow between 

those vortices. Near the pressure side of the endwall in Figure 

11b, Nu values are slightly lower for 90% Vwh leakage 

compared to 100% Vwh leakage (Figure 11a). The displacement 

of the pressure side horseshoe/passage vortex away from the 

blade pressure side reduces its downwash on the pressure side-

endwall junction. Further into the passage, the strong pressure 

gradients that drive secondary flows result in similar endwall 

heat transfer levels between the two cases. 

Endwall heat transfer with and without swirl is shown for a 

low net leakage mass flow ratio of 0.35% in Figure 12. Recall 

that the fixed turning vanes in the swirling rim seal geometry 

(Figure 4b) meant that the tangential velocity of the leakage 

Figure 11. Endwall heat transfer for 0.75% 

MFR leakage (a) without swirl (100% Vwh), 

and (b) with swirl (90% Vwh). 
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Figure 12. Endwall heat transfer for 0.35% 

MFR leakage (a) without swirl (100% Vwh), 

and (b) with swirl (95% Vwh). 
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Figure 13. Endwall heat transfer for 1.0% 

MFR leakage (a) without swirl (100% Vwh), 

and (b) with swirl (86% Vwh). 
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flow relative to the blade decreased with decreasing net mass 

flow, and that the convention of reporting tangential velocity in 

the stationary frame means that the swirl velocity in this case is 

characterized as 95% Vwh. In Figure 12, the upstream blade 

endwall heat transfer is slightly higher for rim seal leakage at 

95% Vwh, compared to 100% Vwh. Nu values elsewhere in the 

passage are similar between Figure 12a and b due to the strong 

effects of the passage vortex. 

The effect of rim seal leakage swirl at a high MFR of 1.0% 

is shown in Figure 13. Leakage with high swirl (86% Vwh) 

relative to the blade results in a significant increase in Nu 

values on the upstream blade platform due to the high tangential 

velocity. Heat transfer is also noticeably increased around the 

blade leading edge in Figure 13b relative to Figure 13a. The 

horseshoe vortex is significantly displaced in the direction of 

swirl, but it may also be increased in strength for this 

MFR/swirl velocity combination. This is supported by the 

observation that the endwall heat transfer near the pressure side 

has not generally been reduced, unlike the trend for 0.75% 

MFR (Figure 11). 

Figure 14 shows the pitchwise variation of Nu, without and 

with leakage swirl, on the upstream blade platform at X/Cax=-

0.3. Only the 0.75% MFR and 1.0% MFR cases are shown 

since the swirl had more of an effect at those MFR’s. At 0.75% 

MFR, the peaks and valleys of Nu have been shifted by about 

0.15P in the positive pitchwise direction and the magnitudes of 

those extrema are increased for 90% Vwh leakage compared to 

100% Vwh leakage. At 1.0% MFR and 86% Vwh, the valleys in 

Nu are shifted in the positive pitchwise direction, but the peaks 

are not, compared to 1.0% MFR at 100% Vwh. The peaks in Nu 

occur where the suction side horseshoe vortex sweeps around 

the blade leading edge, and at a high MFR of 1.0%, the increase 

in the horseshoe vortex size offsets its pitchwise displacement 

due to rim seal swirl. Increased heat transfer for 86% Vwh 

leakage versus 100% Vwh leakage is attributed to both a 

stronger suction side horseshoe vortex and increased tangential 

velocity of the leakage. 

Endwall heat transfer along the inviscid streamline paths is 

plotted in Figure 15. For the pressure-side streamline path 

(Figure 15a), swirled leakage flow (90% Vwh) at 0.75% MFR 

results in higher heat transfer upstream of the blade but a slight 

decrease in heat transfer from X/Cax=0.2 to 0.7, compared to 

unswirled leakage (100% Vwh). Swirled leakage (86% Vwh) at 
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Figure 14. Endwall heat transfer on the upstream 

blade platform for varying rim seal swirl, extracted 

along a pitchwise line at X/Cax=-0.3. 

Figure 15. Endwall heat transfer for varying rim seal swirl, extracted along inviscid streamline paths passing through 

(a) 0.25P and (b) 0.75P. 
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1.0% MFR also increases heat transfer upstream of the blade, 

but pressure side Nu levels are nominally the same between 

swirled and unswirled leakage along the 0.25P streamline.  

Suction-side heat transfer through the passage is nominally 

the same between the unswirled and swirled leakage at 0.75% 

MFR, except around X/Cax=0.5 to 0.8. At X/Cax=0.5, the 

passage vortex impinges on the suction side of the blade and a 

corner vortex is generated. The change in the trajectory of the 

pressure side horseshoe vortex causes it to approach the blade 

suction side at a slightly reduced angle for 90% Vwh leakage, 

compared to unswirled leakage (Figure 10b). Sieverding [20] 

indicates that this would reduce the strength of the corner 

vortex. This same effect of reduced corner vortex strength with 

swirled leakage flow is also seen by comparing Figure 15a and 

b for 1.0% MFR. 

The percent increase in area-averaged heat transfer, relative 

to the no net leakage case, is shown in Figure 16. The averaging 

area for a single blade passage (depicted in the inset in Figure 

16) extended upstream to the front end of the blade platform 

(X/Cax=-0.47) and downstream to X/Cax=1.3. Individual 

passage averages for each of the three blade passages were 

averaged to give an overall result for the cascade at that leakage 

condition. Figure 16 shows that average Nu increases with 

leakage MFR, regardless of rim seal swirl condition. At a low 

MFR of 0.35%, the effect of the swirl is to slightly decrease 

overall heat transfer compared to unswirled flow, although the 

percent difference between the two is small. At the nominal 

MFR of 0.75%, there is no difference in area-averaged endwall 

heat transfer between unswirled and swirled leakage, suggesting 

that the swirl does not significantly interact with the secondary 

flow. Only at the highest MFR of 1.0% does the swirled leakage 

result in higher heat transfer than unswirled leakage. Since the 

leakage tangential velocity is coupled to MFR, it is unclear 

from these results if area-averaged Nu would increase for high 

leakage swirl at the nominal MFR of 0.75%. 

In an engine, matching the tangential velocity of the rim 

seal leakage to the rotor hub speed may be difficult, or not 

possible. Also, a minimum amount of rim seal leakage flow may 

be necessary to prevent hot gas ingestion. The results presented 

here suggest that heat transfer coefficients increase with 

increasing swirl relative to the blade and with increasing 

leakage mass flow ratio, however, which presents an 

optimization challenge to the turbine designer. Fortunately there 

are a couple of mitigating factors: the effects of the leakage are 

largely confined to the forward portion of the platform, where 

heat transfer coefficients are nominally low; and the leakage 

flow is cooler than the mainstream gases and will provide some 

cooling to the endwall, although it is likely that the large 

horseshoe vortex system shown in Figure 5 will limit its 

coverage. It does appear from these results that a designer 

should attempt to avoid high leakage MFR with high levels of 

swirl relative to the blade. 

CONCLUSIONS 
Oil flow visualization and endwall heat transfer 

measurements were made for a turbine cascade containing high-

pressure blades and an endwall with a representative upstream 

cavity and rim seal. The effect of leakage flow through the rim 

seal was determined by varying the net mass flow, as well as its 

tangential velocity (swirl) relative to the blades.  

Secondary flow structures and their effect on the endwall 

heat transfer were clearly visible when the oil flow visualization 

streaklines were overlaid on measured heat transfer contours. 

Flow separation due to a recirculation vortex in the upstream 

cavity resulted in low heat transfer on the platform upstream of 

the blades, but the attachment of the vortex resulted in high heat 

transfer around the blade leading edge. The suction side leg of 

the horseshoe vortex was located away from the leading edge of 

the blade, and a cleared region in the passage correlated with 

the path of the passage vortex. 

For rim seal leakage with no swirl relative to the blades, 

increasing the net leakage mass flow strengthened the horseshoe 

vortex and shifted the saddle point slightly upstream. Heat 

transfer on the endwall upstream of the blades increased in 

magnitude but the pitchwise variation in heat transfer decreased 

with increasing mass flow. The suction side horseshoe vortex 

was pushed closer to the airfoil leading edge-endwall junction 

for increasing mass flow ratios, but heat transfer levels in the 

passage did not show any significant variation. Area-averaged 

heat transfer increased for high leakage flows, relative to no net 

leakage. 

Comparison of the endwall oil flow patterns with and 

without swirl indicated that the saddle point upstream of the 

blades was shifted in the direction of swirl (toward the suction 

side), although the secondary flow pattern was not significantly 

different further into the passage. Endwall heat transfer contours 

indicated that the displacement of the horseshoe vortex reduced 

heat transfer near the pressure side, but increased it around the 

suction side leading edge for swirled leakage versus unswirled 
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leakage. Area-averaged heat transfer, however, was unchanged 

between swirled and unswirled leakage at low mass flow ratios.  

At the highest leakage mass flow ratio, the large tangential 

velocity of the rim seal leakage significantly increased Nu 

values on the upstream endwall and near the blade pressure 

side, suggesting that this leakage flowrate and swirl 

combination strengthened the horseshoe vortex. Area-averaged 

heat transfer increased by nearly 4% for swirled leakage versus 

unswirled leakage. 

Note that in an engine, some amount of leakage flow is 

required to prevent hot gas ingestion, and swirl (relative to the 

blade) will be present in the leakage due to the rotational 

velocity of the blade wheel. It may be difficult to achieve zero 

relative leakage swirl in practice, but our results indicate that it 

is generally beneficial for endwall heat transfer to reduce the 

amount of relative swirl; certainly for high cooling flow levels, 

but also to minimize the variation in heat transfer augmentation 

over a range of cooling flow levels (see Figure 16). A large 

change in endwall heat transfer would not be desirable from a 

durability standpoint as the engine goes through operational 

points. 
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