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Effect of Inlet Conditions on Endwall Secondary Flows

Kristina S. Hermanson ¤ and Karen A. Thole†

University of Wisconsin, Madison, Wisconsin 53706-1572

Exit combustor � ow and thermal � elds entering downstream stator vane passages in a gas turbine engine are
highly nonuniform. These � ow and thermal � elds can signi� cantly affect the development of the secondary � ows
in the turbine passages attributing to high platform heat transfer and large aerodynamic losses. An analysis
is presented of the effects of both the temperature and velocity pro� les on the secondary � ows in the endwall
region of a � rst-stage stator vane geometry. These effects were assessed using the predicted � ow� eld results from
computational � uid dynamics (CFD) simulations. Prior to using the predictions, these CFD simulations were
benchmarked against � ow� eld data measured in a large-scale, linear, turbine vane cascade. Good agreement
occurred between the computational predictions and experimentally measured secondary � ows. Analyses of the
results for several different cases indicate the stagnation pressure gradient is a key parameter in determining the
character of the secondary � ows.

Nomenclature
C = true chord of stator vane
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Cx = axial chord of stator vane
k = turbulent kinetic energy
Ma = U / ( c Rg T )0.5

Çm = mass � ow through passage
n = coordinate normal to inviscid streamline
P = pitch
P0 = total pressure
p = static pressure
q = velocity vector
R = radius of curvature of an inviscid streamline
Rg = gas constant
Reex = Reynolds number, CUex / m
Rein = Reynolds number, CUin / m
S = span of stator vane
s = coordinate aligned with inviscid streamline
TS = static temperature
U = freestream velocity
U, V , W = absolute velocity components
u, v, w = secondary � ow plane, transformed velocity

components
Vn = normal velocity, ¡ u sin w ms + v cos w ms

VS = streamwise velocity, u cos w ms + v sin w ms

Vz = spanwise velocity, w
X, Y, Z = absolute, stationary coordinate system
x = distance normal to the secondary � ow plane
YS = pressure loss coef� cient,
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y = distance tangent to the secondary � ow plane
z = radial or spanwise distance
z+ = inner coordinates spanwise distance, z

p
( s w / q ) / m

c = speci� c heat ratio
D P = normalized total pressure, 1 ¡ [( p0max ¡ p0) / ( p0max ¡

pin)]
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d = boundary-layer thickness
d th = thermal boundary-layer thickness
e = dissipation
m = viscosity
q = density
s w = wall shear stress
w ms = midspan turning angle, tan ¡ 1(vms /ums)
X s = streamwise vorticity, X x cos( w ms) + X y sin( w ms )
X x = x vorticity, (@W / @Y ) ¡ (@V / @Z )
X y = y vorticity, (@U / @Z) ¡ (@W / @X)

Subscripts

av = mass averaged value
ex = value at vane exit
in = value at 0.7C upstream of vane
mid = value at vane midspan
wall = value at vane endwall

Introduction

T URBINE inlet conditions in a gas turbine engine generally
consist of temperature and velocity pro� les that vary in the

spanwise and pitchwise directions resulting from combustor exit
conditions.Depending on the conditions, these nonuniformpro� les
can have a strong in� uence on the nature of the secondary � ows in
the turbine platform region, also referred to as the endwall region.
Secondary� ows cause aerodynamiclossesand high convectiveheat
transfer and make it dif� cult to � lm cool the endwall region.

The primarycomponentsof these secondary� ow patternsinclude
a leading-edgehorseshoevortex and a passagevortex. The leading-
edge horseshoe vortex is formed as the incoming boundary layer
approaches the stagnation region of the vane. This horseshoe vor-
tex separates into pressure-side and suction-side horseshoe vortex
legs. The passage vortex, having the same sense of rotation as the
pressure-side horseshoe vortex, develops as the � ow is turned by
the turbine vane or rotor blade.

The computational � uid dynamics (CFD) simulations presented
show the effects of temperature and velocity inlet pro� les on these
secondary � ows in a linear vane cascade. The temperature and ve-
locity pro� les are considered to vary in the spanwise direction. The
simulations have been done for a turbine vane geometry whereby
the engine exit Reynolds number has been matched at low-speed
conditions. Low-speed conditions were computed to allow direct
comparison with measured velocities in a large-scale wind-tunnel
simulation. The following sections present a brief discussion of
past studies, the CFD methodologyand validation, the inlet pro� les
studied, the results of the study, and a relationshipwith a previously
given theoretical analysis.
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Relevant Past Studies
An understanding of endwall secondary � ows has been the sub-

ject of research in the gas turbine industry for many years. As early
as 1951, Hawthorne1 used the vorticity equation in what is com-
monly referred to as the Helmholtz equation to describe secondary
vorticity in an inviscid, incompressible � ow. This equation relates
the secondary streamwise vorticity to a total pressure gradient.

To relate high regions of endwall heat transfer to secondary-�ow
patterns and to provide a visual representation of � ow through the
turbine passage, a number of � ow models have been proposed and
are summarized by Sieverding.2 In one model by Langston,3 the
horseshoe vortex is split into two legs with the pressure gradient
generated across the pitch of the blades transforming the pressure-
side leg into the passagevortex. The suction-sideleg exits the blade
row as a counter rotating vortex inside the passage vortex. Sharma
and Butler4 showed a similar representationwith the primary differ-
ence being that the suction-side horseshoe vortex begins to lift off
the endwall at the minimum pressurealong the blade and orbit about
the passage vortex. This behavior was also noted by Wang et al.5

In general, there are some slight disagreements in the different � ow
models that have been proposed but, for the most part, the models
agree on the existence of the leading-edge and passage vortices.
Some of these disagreements may be related to the differing inlet
conditions and airfoil geometries.

Two different boundary-layer thicknesses of 1 and 12% of the
blade span were investigated by Graziani et al.6 Flow visualization
revealed that the saddle point associated with the vortex system
moved closer to the pressure surface and farther into the passage for
the thinnerboundarylayer. There was also less cross� ow associated
with the thinner boundary layer.

Although there has been relatively little work published regard-
ing secondary � ows with the presence of temperature gradients,
combustor exit pro� les (� rst-stage turbine stator vane inlet pro� les)
are far from uniform in temperature, pressure, and velocity. Some
typical pro� les are given by Suo7 and Halls8 and are computed by
Crocker et al.9 The effects of inlet temperature pro� les were � rst
considered by Lakshminarayana,10 who used a steady, inviscid the-
oretical analysis. A generalized expression for secondary vorticity
of � ows having gradients of temperature, pressure, or velocity was
developed for compressible, inviscid � ow, as will be discussed in
the results section. Lakshminarayana also developed a relation for
minimizing secondary � ows and pointed out that, in the case of a
constant Mach number, resulting in a constant total pressure pro-
� le, no secondaryvorticity develops. By balancing the velocity and
temperature gradients normal to the endwall surface, there are no
sources for generating secondary vorticity. Analyses of combustor
hot streak simulationsthroughturbine stageshave shown that, when
a temperature pro� le does not alter the total pressure pro� le, there
is no impact on the resultingsecondary� ows in the � rst-stage stator
vane.11 ¡ 13 SimulationsbyDorneyandSchwab,14 which includeboth
temperatureand total pressuregradients,show an affect on vane and
rotor secondary � ows with signi� cant temperature redistributionat
the rotor exit.

There is relatively little literature, both experimentally and nu-
merically, that examines the effects of the temperature gradient
typically found at the combustor exit on the secondary � ows in
the turbine vane passage. Although it has been theoretically shown
that the temperature gradients in the absence of velocity gradients
can actually reverse the rotational direction of the secondary � ows
in the passage, it has not been shown computationally or experi-
mentally.

Stator Vane Geometry and CFD Approach
The airfoil geometry used for these studies was a commercial

� rst-stage stator vane, previously described by Kang et al.15 The
characteristics of the vane geometry and � ow conditions are sum-
marized in Table 1. The vane is two dimensional with the midspan
cross-sectionalgeometry modeled along the entire span of the vane.
The effectivediameterfor thisvanewas determinedby doinga curve
� t to the inviscidvelocitiesalong the suctionside of the turbinevane.
The CFD simulations were computed for incompressible, viscous,

low-speed conditions, thereby matching the Reynolds number but
not the Mach number distribution. The effect of not matching the
Mach number is that the loading on the blade differs between the
simulated and engine conditions. Whereas the low-speed case has
more of a fore-loaded condition, the engine case has more of an
aft-loadedcondition.Although these differencesdo occur, the basic
principles illustrated by these computations are still valid. These
computations allowed direct comparison with experimental data
taken for the scaled-up vane experiments in the low-speed wind-
tunnel simulations.15 The normalized static pressure distribution at
low-speed conditions from a two-dimensional inviscid CFD calcu-
lation for the vane geometry is given in Fig. 1. For both the CFD
analysis and wind-tunnel experiments, the exit Reynolds number
based on chord and exit velocity was Reex = 1.2 £ 106 . The inlet
and exit � ow angles result in a smaller turning angle than many of
the past studies.

The CFD simulations were completed with a commercial soft-
ware package by Fluent, Inc.16 FLUENT/UNS is a pressure-based
incompressible � ow solver for unstructured meshes. Second-order
discretization was used for the Reynolds averaged Navier–Stokes
equationsas well as the energyand turbulenceequations.FLUENT/
UNS is especially applicable to three-dimensional endwall � ows
because the unstructured mesh capabilities allow the complex ge-
ometry of the statorvane to be modeled and because the code allows
for solution-adaptivegrids based on � ow gradients to achieve grid-
independent results.

The computationaldomainused for theCFD simulationsis shown
in Fig. 2a, whereas Fig. 2b shows locations where the � ow� eld
predictions of the secondary � ows will be compared. A symmetry
boundaryconditionwas used at thevanemidplane,whereasperiodic
conditions were assumed for the vane pitch. The inlet boundary
condition was placed three-fourths of a true vane chord (0.75C )
upstream of the vane row. Two-dimensional simulations showed
that the inlet boundary condition should be placed at least 0.7C
upstream of the vane to ensure the inlet is not in� uenced by the
presence of the vane. Along the endwall at the inlet to the CFD
domain, a turbulent boundary-layer pro� le was applied as a part

Table 1 Geometrical and � ow conditions for the stator vane geometry

Geometry and Condition Value

Scaling factor 9
Scaled-up true chord length C , cm 59.4
Axial chord/true chord Cx / C 0.48
Pitch/true chord P / C 0.77
Span/true chord S / C 0.93
Rein 2.44 £ 105

Reex 1.2 £ 106

Inlet and exit angles, deg 0 and 78
Effective leading-edge diameter/true chord D / C 0.28

Fig. 1 Low-speed two-dimensional inviscid CFD static pressure dis-
tribution for vane geometry.
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Fig. 2a Schematic of the computational domain.

Fig. 2b Coordinates and secondary � ow plane positions.

of the velocity boundary condition. A two-dimensional boundary-
layer codeTEXSTAN,17 was used to generatethe velocity, turbulent
kinetic energy, and turbulent dissipationpro� les for the various test
cases. These pro� les were applied as the inlet boundary condition
rather than allowing a boundary layer to grow inside the domain to
conserve cells. With the boundary condition placed 0.7C upstream
of thevanestagnation,the two-dimensional(spanwise)pro� leswere
constant across the pitch.

An out� ow boundary condition was placed one and one-half
chord lengths downstream of the vane along a line directed with
the exit angle of the vane. Again, two-dimensional CFD studies
indicated that there was no in� uence on the solution when plac-
ing the out� ow condition at this location. Upstream of the out� ow
boundary and downstream of the vane, a periodic boundary con-
dition was applied along the exit angle of the vane for one and
one-half chord lengths. In addition, 1

10 th of a chord was added to
this periodicboundaryalong the direction of the blade inlet angle to

Fig. 3 Comparisons of mass averaged total pressure loss for grid-
insensitive study.

avoidhighlyskewedcellsat theout� owboundarywhilemaintaining
periodicity.

Prior to performing the simulations, grid independencewas ver-
i� ed through a study using three different mesh sizes. For this � rst
mesh, consisting of 4.6 £ 105 cells, the number of cells were con-
served by placing the inlet and out� ow boundary conditions closer
to the vane (at one-half chord upstream and one-half chord down-
stream) with a more course node spacing at the midplane. Two
more re� ned grids were used in this study, with the inlet and outlet
boundaryconditionsdescribedearlier and consistingof 8 £ 105 and
1.3 £ 106 cells.As a check on the grid independence,the averageto-
tal pressure losses at several differentpositions through the cascade
passage were calculated.

Figure 3 compares the total pressure loss coef� cients for all three
mesh sizes. Note that to compare the loss on each of the cases
the loss was calculated based on mass averaged values at the inlet.
This differs from calculations present in the relevant past studies;
however, it is necessary with the combination of velocity and tem-
perature pro� les used that do not result in a maximum total pres-
sure at the midspan. The total pressure loss results indicate that
there are almost no differences between the two largest mesh sizes
and an underprediction for the smallest mesh size. (There is only
a 0.66% differencebetween the two largest meshes at X / C =0.4.)
For these studies the 8 £ 105 cell mesh size was consideredto be grid
insensitive.

Prior to simulating various temperature and velocity pro� les,
the � ow� eld predictions along the leading-edge stagnation plane
were validated using laser Doppler velocimeter (LDV) measure-
ments from a large scaled-up rig.15 The standard k– e (Launder and
Spalding18 ) and RenormalizationGroup(RNG)k– e (Yakhotet al.19 )
turbulencemodels were used to provide closure.Note that the node
spacing near the endwall was set to achieve 30 < z + < 60 in the
passage to ensure proper usage of the wall functions. Figures 4a–

4c present the comparison of the two turbulence model predictions
with the measured � ow� eld in the leading-edge stagnation plane.
The standard k– e model predicted the location of this vortex too
close to the endwall and vane stagnation, while the shape of the
vortex was also not captured. The RNG k– e model most closely
matched the � ow pattern as well as the vorticity magnitudes. For
this reason the parametric study was performed using the RNG k– e
model. Figures 5a and 5b present the close agreement in the Y -
vorticity magnitudes of the RNG k– e model and the experimental
measurements.The RNG k– e model was expected to provide more
accurate results because it containsadditional terms in the transport
equationsfor k and e that are more suitable for stagnation � ows and
� ows with high streamline curvature. The computational results of
the RNG k– e model were also compared to experimentaldata on six
additional planes along the vane. The most notable difference seen
in each of the planes is that the vortex is located slightly higher off
the endwall, 1–3% of the span farther off the endwall, in the CFD
analysis as compared with the experiments.
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a) k–" Turbulence model

b) k–" RNG turbulence model

c) Experimental LDV measurements

Fig. 4 Comparison of turbulence models and experimental LDV mea-
surements at the leading-edge stagnation plane.

The primary interest of this study was to discern the horseshoe
vortex legs and the passage vortex convecting through the turbine
vanepassage.The vectorsof thesevortices,which will be referredto
as the secondary � ow vectors,were determinedby transformingthe
local velocities (u, v , and w in Fig. 2b) into the mean � ow direction
(Vs , Vn , and Vz ) based on that occurring at the midspan using the
relations de� ned in the Nomenclature. The secondary � ow vectors
are plotted using the components normal to the mean � ow direction
(Vn and Vz ).

Parametric Study Description
Several different cases were studied to include variations in the

boundary-layerthicknessand inlet temperaturepro� les, with a sum-
mary given in Table 2. For all of the computed cases, the static pres-
sure is constant at the inlet, and the static temperature is speci� ed.
The � rst case shown in Table 2 shows what will be referred to as the

Table 2 Summary of baseline and CFD Test Matrix

Case Velocity pro� le
number characteristics Twall / Tmax Twall / Tav

1 (baseline) d / S = 9.1% 1 1
2 d / S = 1.8% 1 1
3 d / S = 9.1% 0.89 0.92
4 d / S = 9.1% 0.63 0.73
5 U = const 0.63 0.73
6 Mach = const 0.63 0.73

a) k–" RNG turbulence model

b) Experimental LDV measurements

Fig. 5 Comparison of X Y at the leading-edge stagnation plane, plane
SP.

baselinecase.Results from the baselineboundary-layerthickness,a
thin boundary layer (1.8% span), and four cases with various radial
temperature gradients will be compared.

The baseline case was computed to compare with experimental
data that had a constant inlet static temperature pro� le and a turbu-
lent boundary layer that was 9.1% of the full vane span. Case 2 also
has a turbulentboundary-layerpro� le calculatedby TEXSTAN that
is smaller than the baseline case (1.8% span). Cases 3 and 4 apply
two different temperature gradients at the inlet in addition to the
baseline boundary-layer thickness. The constant velocity pro� le of
case 5 with a temperaturegradient is important in understandingthe
effects of a temperature pro� le alone at the inlet. Similarly, a linear
velocity and linear temperature pro� le in case 6 are used in an inlet
condition representing a constant inlet Mach number and constant
total pressure.

The total temperaturepro� les used in cases 4–6 are similar to that
used by Boyle and Giel.20 This pro� le has a maximum to minimum
total temperature ratio (Tmax / Twall) of 1.6, which is still less than
measurable factors up to 2.0 in an actual gas turbine.13 The nor-
malized inlet temperature pro� les used for these simulations are
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Fig. 6a Normalized total temperature pro� les for CFD cases.

Fig. 6b Normalized velocity pro� les for CFD cases.

shown in Fig. 6a. For the constant Mach number case the mass av-
eraged static temperature is equal to the uniform temperatureof the
baseline.Because the Mach number is low, there are only slightvari-
ations of total temperature between cases 4–6 due to the differences
in velocity pro� les. The normalized velocity pro� les used for these
cases are shown in Fig. 6b. For the cases of the constant velocity
and constant inlet Mach number (cases 5 and 6), there is only a thin
boundary layer that forms as the � ow approaches the vanes.

Because of the relevance to the � ow� eld results, the resulting
total pressure pro� les for each combination of velocity and tem-
perature should be addressed. For all cases, the static pressure at
the inlet is constant, and the inlet � ow is incompressible. There-
fore, for cases 1 and 2, because there is no gradient in temperature
(density), the total pressure varies according to the turbulent inlet
boundary-layer pro� le. For cases 3 and 4, the density is highest at
the endwall and lowest at the midspandue to the temperaturepro� le
applied. This reduces the total pressure gradient across the bound-
ary layer and results in the maximum total pressure occurring away
from the midspan. For case 5, the total pressure decreases from
endwall to midspan, and the constant inlet Mach number combined
with the constant static pressure in case 6 results in a constant total
pressure.

Flow� eld Results
The CFD results were analyzed by � ow visualization with par-

ticle pathlines, secondary � ow velocities, normalized total pres-

sure contours, D P , and normalized streamwise vorticity contours
( X sC / Uin ) in the planes shown in Fig. 2b for the cases described
in Table 1. Note that the coordinate system is such that y / P = 0
is always located at the vane surface and the observation direction
is looking downstream for planes on both the suction and pressure
surfaces. First, the effect of different boundary-layer thicknesses
will be addressed followed by a discussionon the effect of different
temperature pro� les, and � nally a comparison with the theoretical
analyses is presented.

Effect of Inlet Boundary-Layer Thickness

Tracing the pathlinesof particles at strategicallyplaced locations
upstream of the vanes showed � ow patterns through the passage for
the baselinecase that are similar to those describedearlier. Figure 7
shows pathlines for the baseline case released from a region that
includes0–13% of the span at X / C = ¡ 0.17 and at 0.9 < Y / P < 1.
The shading of the pathlines indicate the magnitude and direc-
tion of the spanwise velocity component Vz . As the pathlines ap-
proach the vane stagnation,a horseshoevortex forms and splits into
a suction-side and pressure-side leg. Pathlines released above the
boundary layer (9.1% span) are pulled down toward the endwall
with the strongest spanwisevelocitiesoccurringon the suction side.
The pathlines along the suction surface are swept into the suction-
side horseshoevortex, whereas the pathlinesalong the pressure side
moveacrossthepassageat theendwall.The � owvisualizationshows
how areasof high heat transferare producedas the horseshoeor pas-
sage vortex brings hot mainstream gas onto the endwall region. The
strong spanwise velocity componentat the leading edge is in agree-
ment with a high Stanton number region in the endwall heat transfer
experiments of Graziani et al.6 and Kang et al.15 In agreement with
Ho and Lakshminarayana,21 Gregory-Smith et al.,22 and Kang and
Thole23 is that the suction side horseshoe vortex begins to diffuse
and dissipateas it is encounteredby the passagevortexbeyondplane
SS-1.

Pathlines for the thinner boundary layer (case 2) in Fig. 8 show a
� ow pattern similar to the baseline case in the development of the
horseshoe and passage vorticies. One of the differences between
these two cases is that the leading-edge horseshoe vortex forms
much closer to the leading edge of the vane for the thinnerboundary
layer. Pathlines just outside of the boundary layer also � ow down
the vane surface, whereas pathlines farther from the endwall � ow
along the curvature of the blade as those pathlines are now in the
inviscid region. For the thinner boundary layer, the vortices show a
smaller magnitude in spanwise velocity and a smaller region of the
endwall being affected by the secondary� ows. Once again this is in
agreement with the results of Graziani et al.,6 where they compared
different inlet boundary-layer thicknesses on endwall heat transfer
measurements.

Secondary � ow patterns and streamwise vorticity contours on
plane PS-2 are shown in Figs. 9a and 9b for cases 1 and 2. This
plane shows the passage vortex, which is still close to the pressure
surface at this location, and the relative magnitudes of secondary
streamwise vorticity for each case. From the velocity vectors it is
evident that the passage vortex occupies a much larger region of
the endwall for the thicker boundary layer, and the core is farther
removed from the pressure surface. Similar to the results reported
by Gregory-Smith et al.,22 the streamwise vorticity contours peak
near the endwall surface. The primary difference between cases 1
and 2 is that the thicker boundary layer (case 1) has signi� cantly
larger contour levels than the thinner boundary-layercase (case 2).
Another difference is that the peak level for the thinner bound-
ary layer occurs closer to the vane than the thicker boundary-layer
case.

Effect of Spanwise Temperature Pro� les

Each of the caseswith a nonuniforminlet temperature,cases 3–6,
had a thermal boundary-layer thickness that was 32% of the vane
span and varied linearly from the wall temperature to the freestream
temperature (as seen in Fig. 6a). Results from each of these cases
were evaluated to determine the effect of temperature gradients on
secondary� ow. Plots of total pressureat the leadingedge stagnation
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Fig. 7 Particle pathlines for case 1, ±/S = 0.091.

Fig. 8 Particle pathlines for case 2, ±/S = 0.018.

plane as well as the secondary velocity vectors superimposed with
streamwise vorticity contours for plane SS-1 are given for several
cases in Figs. 10–13. The total pressure normalization D P used
in these plots is based on the maximum inlet total pressure p0in,max

and the average inlet static pressure pin . The normalization allows
comparisons in total pressure gradients in cases 1–6.

Figure 10b presents the secondary � ow vectors and streamwise
vorticity for the baseline case in a plane normal to the suction sur-
face, SS-1. Figure 10b shows that while the suction side horseshoe
vortex occupies only 12% of the span, the passage vortex from the

neighboring vane extends as high as 25% of the span. To show the
effect of the smaller temperature gradient, the secondary � ow pat-
terns and streamwise vorticity results from case 3, given in Fig. 11b,
varied only slightly from the baselinecase (Fig. 10b). The spanwise
component of velocity along the vane surface was reduced outside
the boundary layer, but the overall secondary � ow pattern did not
change.

When a larger temperature gradient was applied, as in case 4, the
� ow patterns showed a signi� cant difference from the baselinecase
as seenwhencomparingFigs. 10band 12b.For case 4, the secondary
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a) Case 1 b) Case 2

Fig. 9 Secondary � ows and streamwise vorticity on plane PS-2.

a) b)

Fig. 10 Plane SS-1 for case 1: a) pressure contours at stagnation and b) secondary � ow vectors and streamwise vorticity.

a) b)

Fig. 11 Plane SS-1 for case 3: a) pressure contours at stagnation and b) secondary � ow vectors and streamwise vorticity.
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a) b)

Fig. 12 Plane SS-1 for case 4: a) pressure contours at stagnation and b) secondary � ow vectors and streamwise vorticity.

a) b)

Fig. 13 Plane SS-1 for case 5: a) pressure contours at stagnation and b) secondary � ow vectors and streamwise vorticity.

� ow pattern indicates that the center of the passage vortex moved
closer to the pressure side/endwall corner.The temperaturegradient
caused the � ow to actuallysplit with � ow turningtoward the endwall
region in the bottom 14% of the span and � ow turning toward the
midspan above the 14% span location. The � ow turning toward the
endwall formed the passagevortex whereas the � ow turning toward
the midspan formed a weaker counter rotating vortex that extended
to the midspan.

The � ow pattern was completely changed in case 5, shown in
Fig. 13b, with the combination of a constant velocity pro� le and

large temperature gradient. Here, the � ow at the leading edge and
throughout the passage moved up the pressure-side vane surface
from endwall to midspan rather than impinging on the endwall sur-
face as was seen by the pathlines in Figs. 7 and 8. The magnitudeof
these reversedsecondary� ows are slightly less than that of the base-
line case, and the streamwise vorticity is smaller and concentrated
near the endwall, but nevertheless the � ow pattern has signi� cantly
changed.The existenceof these strongpro� les shows the largeeffect
that the combustor exit pro� le can have on turbine vane secondary
� ows and endwall heat transfer.
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With a constant Mach number inlet condition, case 6, no horse-
shoe or passage vorticeswere formed. Whereas there is still a slight
cross-pitch velocity due to the pressure gradient, the pathlines in
Fig. 14 most distinctlyshow that the � ow is not pulled onto the end-
wall for the constant inlet Mach number. Any vorticity present at
the leading edge is due only to the thin boundary layer that develops
along the endwall.

The total pressureloss Ys for each of the cases is plotted in Fig. 15
as a percent difference to the baseline case, case 1, which was plot-
ted in Fig. 3. Because case 1 had the largest total pressure loss of
all of the cases, the largest percent difference indicates the largest
reduction in total pressure loss. Case 6, which was shown to have no
secondaryvortex structures,has the most reduction in total pressure
loss, whereas cases 2 and 5 have the least reduction in total pressure
loss relative to the baseline case.

Fig. 14 Particle pathlines for constant inlet Mach number, case 6.

Fig. 15 Total pressure loss comparison to case 1.

Theoretical Analysis

Because the combustor exit plane has very large spanwise and
pitchwise gradients in velocity and temperature, it is important to
understandhow to predict what combinationsof the two parameters
minimize secondary � ows. Through this parametric study and in
agreement with the theoretical analysis by Lakshminarayana,10 it
has been concludedthat the drivingfactor is the totalpressurepro� le
at the leading-edgestagnationplane.The computedresultsshowthat
the streamwise component of vorticity through the passage scales
with the gradient of the total pressure. For the stagnation plane at
the leading edge of the turbine vane, a simpli� ed description of
the developingstreamwise vorticitycan be given using the absolute
components XY Z , U V W , and X X X Y X Z . The Helmholtz equation
(equation of motion for rotational � ow) for incompressible � ow
using the absolute components of vorticity can be written as
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q £ X = (1/ q ) r p0 (1)

By the taking of the spanwise component of this equation, the re-
lationship between inlet vorticity components and spanwise total
pressure gradients is given. Spanwise total pressuregradients are of
concern in this paper. The spanwise component is given as:

u X Y ¡ v X X =
1
q

@p0

@Z
(2)

The preceding equations can be simpli� ed to obtain a prediction
of streamwise vorticity at the leading edge based on several as-
sumptions. For the cases analyzed with a temperature gradient use
of the incompressible equation of motion can be justi� ed because
the Mach number is low. At the inlet and the upstream portion of
the leading- edge plane, plane SP, the � ow is completely aligned
with the X direction; thus, the gradients associated with the V and
W components of velocity are small relative to the boundary layer
or temperature spanwise gradients.Using the equation given in the
Nomenclature at the leading edge, the streamwise vorticity is de-
termined from the midspan � ow angle measured with respect to the
leading-edgestagnationplane. This results in the following predic-
tion for streamwise vorticity at the leading edge:

X S =
1

U q

@p0

@Z
sin w ms (3)

Because the streamlines are curved at the vane stagnation(up
to » 25 deg) and there is a large component of X Y due to total
pressure gradients in the incoming boundary layer (at least for the
baseline case), the streamwise vorticity will develop at the leading
edge in the form of the horseshoe vortex. Although the streamwise
vorticity is small in this region because the turning angle is small,
each of the cases analyzed shows that the measure of streamwise
vorticity at the leading edge dictates the level of secondary � ows
throughout the passage. The passage vortex also forms as the turn-
ing angle increases on the pressure surface. The normal component
of vorticity (X Y at the leading-edge plane and X n throughout) is
assumed constant in inviscid � ow theory. True viscous effects tend
to dissipate and diffuse the vorticity component somewhat. As the
turning of the � ow becomes signi� cant, however, the streamwise
vorticity also increases. This effect is apparent in the suction-side
leg of the horseshoe vortex (Fig. 7). The large spanwise velocity
components on the leading-edge suction surface can be attributed
to the large turning of the streamlines in this region. Similarly, the
vorticity tends to decrease farther back along the suction surface,
where the suction-side horseshoe vortex dissipates due to both the
viscous actions decreasing the normal component of vorticity and
the reduced turning.

Beyond the leading edge, as the three-dimensional� ow develops,
similar argumentscan be made usingan intrinsiccoordinatesystem,
as discussedby Lakshminarayana.10 For the constant Mach number
case, which gives a constant total pressure along the span because
the static pressure is constant, the results indicated that no vortex
structure formed at the leading edge or within the passage. Only
small levels of streamwise vorticity were present in the passage as
a shear layer forms on the endwall. This streamwise vorticity is
distinctly different than a vortex structure. This is not to say that
with no leading-edge vortex there can be no passage vortex, but
rather to say that with no leading-edge vortex, a passage vortex
would still form independentlyif a spanwise total pressure gradient
was present in the passage. For the constant Mach number case,
there were no total pressure gradients to form either the leading-
edge or the passage vortices. This concept was introduced in early
work by Hawthorne1 stating: “secondary circulation remains un-
changed if streamlines are geodesics on surfaces of constant total
pressure.”

Normalized total pressure contours at the leading edge, plane
SP (Figs. 10a,11a,12a, and 13a), graphically show the relationship
between stagnation pressure gradients and secondary � ows farther
in the passage, plane SS-1 (Figs. 10b, 11b, 12b, and 13b). The
presence of total pressure gradients approaching the leading edge

drive � ow in the direction of decreasing pressure. This results in
the formation of the horseshoe/passage vortex for all of the cases
presentedexcept for case 5 in which the gradientscaused a reversed,
large vortex extendingfrom the endwall to midspan. In the case of a
constant inlet Mach number (case 6), the total pressure is uniform,
which results in no secondary � ows, as was shown in Fig. 14.

In comparing cases 3 and 4 it is clear that the secondary � ows
near the endwall (Figs. 11a and 11b, and 12a and 12b) show only
a slight difference between these cases and the baseline case even
though there is a variation in the total temperature pro� les. The real
difference that occurs between these cases is farther away from the
endwall and toward the midspan, where the � ow actually forms an-
othervortexas shown in Fig. 12b. This effect directlycorrespondsto
the total pressurecontours,but cannot be detected in the streamwise
vorticity.

Conclusions
These resultsindicatethe importanceof knowing theexitingcom-

bustor conditions to predict the secondary � ows that occur in the
endwall region of a stator vane. Prior to using CFD to simulate the
effects of different velocity and temperature pro� les, a benchmark
was done between the secondary-�ow predictions and those mea-
sured in a low-speed wind-tunnel simulation. Good agreement was
found between the predictions and measurements.

The � ow� eld results indicated the importance that the stagnation
pressuregradientsat the inlet to the turbinevane cascadehaveon the
secondary � ows. In fact, the � ow� eld results indicated that when a
strong enough temperaturegradientoccurs, such that the stagnation
pressure decreases from endwall to the midspan, it is possible to
have counter rotating vortices in the passage. One of these counter
rotating vortices is the passage vortex while the other vortex drives
the � ow away from the endwall toward the midspan. These results
also showed that when no stagnationpressure gradientwas present,
as simulated by a constant Mach number with a constant static
pressure,no leading-edgeor passagevortexdevelopedin the turbine
vanepassage.The resultspresentedare in agreementwith previously
reported theoretical analyses.
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