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Abstract

Exit combustor flow and thermal fields entering down-
stream stator vane passages in a gas turbine engine are
highly non-uniform. These flow and thermal fields can
significantly affect the development of the secondary
flows in the turbine passages attributing to high plat-
form heat transfer and large aerodynamic losses. This
paper presents an analysis of the effects of both the tem-
perature and velocity profiles on the secondary flows in
the endwall region of a first stage stator vane geometry.
These effects were assessed using the predicted flow field
results from computational fluid dynamics (CFD) simu-
lations. Prior to using the predictions, these CFD simu-
lations were benchmarked against flow field data mea-
sured in a large scale, linear, turbine vane cascade. Good
agreement occurred between the computational predic-
tions and experimentally measured secondary flows.
Analyses of the results for several different cases indi-
cate the stagnation pressure gradient is a key parameter
in determining the character of the secondary flows.

Introduction

Turbine inlet conditions in a gas turbine engine gen-
erally consist of temperature and velocity profiles that vary
in the radial and pitchwise directions resulting from com-
bustor exit conditions. Depending on the conditions, these
non-uniform profiles can have a strong influence on the
nature of the secondary flows in the turbine platform re-
gion, also referred to as the endwall region. Secondary
flows cause aerodynamic losses, high convective heat trans-
fer, and make it difficult to film-cool the endwall region.

The primary components of these secondary flow pat-
terns include a leading edge horseshoe vortex and a pas-
sage vortex. The leading edge horseshoe vortex is formed
as the incoming boundary layer approaches the stagna-
tion region of the vane. This horseshoe vortex 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
flow is turned by the turbine vane or rotor blade.

The CFD simulations presented in this paper show the

Copyright © American Institute of Aeronautics and Astronautics
Inc., 1999. All rights reserved.

effects of temperature and velocity inlet profiles on these
secondary flows in a linear vane cascade. The tempera-
ture and velocity profiles are considered to vary in the
radial (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 al-
low direct comparison with measured velocities in a large-
scale wind tunnel simulation. The following sections
present a brief discussion of past studies, the CFD meth-
odology and validation, the inlet profiles studied, results
of the study, and a relationship with a previously given theo-
retical analysis.

Relevant Past Studies

An understanding of endwall secondary flows has
been the subject of research in the gas turbine industry
for many years. As early as 1951, Hawthorne' used the
vorticity equation in what is commonly referred to as
the Helmholtz equation to describe secondary vorticity in
an inviscid, incompressible flow. This equation relates the
secondary streamwise vorticity to a total pressure gradient.

In order to relate high regions of endwall heat trans-
fer to secondary flow patterns and to provide a visual
representation of flow through the turbine passage, a
number of flow models have been proposed and are sum-
marized by Sieverding’. In one model by Langston’,
the horseshoe vortex is split into two legs with the pres-
sure gradient generated across the pitch of the blades
transforming the pressure side leg into the passage vor-
tex. The suction side leg exits the blade row as a counter
rotating vortex inside the passage vortex. Sharma &
Butler* showed a similar representation with the primary
difference being that the suction side horseshoe vortex
begins to lift off the endwall at the minimum pressure
along the blade and orbit about the passage vortex. This
behavior was also noted by Wang, et al.’ In general,
there are some slight disagreements in the different flow
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.* Flow visualization revealed that the saddle point as-
sociated with the vortex system moved closer to the pres-
sure surface and further into the passage for the thinner
boundary layer. There was also less crossflow associated
with the thinner boundary layer.

Although there has been relatively little work published
regarding secondary flow with the presence of tempera-
ture gradients, combustor exit profiles (first stage tur-
bine stator vane inlet profiles) are far from uniform in
temperature, pressure, and velocity. Some typical pro-
files are given in the literature by Suo’, Halls®, and com-
puted by Crocker, et al.” The effects of inlet temperature
profiles were first considered by Lakshminarayana" who
used a steady, inviscid theoretical analysis. A general-
ized expression for secondary vorticity of flows having
gradients of temperature, pressure or velocity was de-
veloped for compressible, inviscid flow, as will be dis-
cussed in the results section. Lakshminarayana also de-
veloped a relation for minimizing secondary flows and
pointed out that in the case of a constant Mach number,
resulting in a constant total pressure profile, no secondary
vorticity develops. By balancing the velocity and tempera-
ture gradients normal to the endwall surface, there are no
sources for generating secondary vorticity.

There is relatively little literature, both experimentally

and numerically, that examines the effects of the tempera-
ture gradient typically found at the combustor exit on the
secondary flows in the turbine vane passage. Although it
has been theoretically shown that the temperature gradi-
ents in the absence of velocity gradients can actually re-
verse the rotational direction of the secondary flows in
the passage, it has not been shown computationally or
experimentally.

Stator Vane Geometry and CFD Approach

The airfoil geometry used for these studies was a com-
mercial first stage stator vane, previously described by
Kang, et al." The vane is two-dimensional with the
midspan cross-sectional geometry modeled along the en-
tire span of the vane. The CFD simulations were com-
puted 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. While the low-speed
case has more of a fore-loaded condition, which causes
stronger secondary flows, the engine case has more of an
aft-loaded condition. Although these differences do oc-
cur, the basic principles illustrated by these computations
are still valid. These computations allowed direct com-
parison with experimental data taken for the scaled-up
vane experiments in the low-speed wind tunnel simula-
tions (Kang, et al."). For both the CFD analysis and wind

Nomenclature
C true chord of stator vane
k turbulent kinetic energy
Ma Uinter [\ReT;
M mass flow through passage
n coordinate normal to inviscid streamline
P static pressure
P pitch
P, total pressure
P, inter total pressure at inlet
P, i total pressure at the midspan
q velocity vector
R radius of curvature of an inviscid streamline
R, gas constant
Re,, Reynolds number, CU, /v
s coordinate aligned with inviscid streamline
S span of stator vane
T, static temperature
T temperature at vane endwall
T, maximum total temperature
T,. mass averaged total temperature
Uiiee inlet freestream velocity
U,, exit freestream velocity
uyvw absolute velocity components
ITRAY) secondary flow plane transformed velocity
Vi streamwise velocity, ucosy/,,. + vsiny/,

v, norma! velocity‘, -usiny/_ .+ veosy,, .
v, spanwise velocity, w
XYZ absolute, stationary, coordinate system
x distance normal to the secondary flow plane
y distance tangent to the secondary flow plane
R - )
. PU| — =
Y, pressure loss coefficient, PUinter®
, M
z radial or spanwise distance
z inner coordinates spanwise distance, z/™/, /v
Greek
é boundary layer thickness
' thermal boundary layer thickness
AP normalized total pressure, 1_(_’?)'.-:4&:_@
£ dissipation (Fomas = P)
Y specific heat ratio
v viscosity
p density
£ streamwise vorticity, £, cos(¥,,,) + Qsin(,,)
L. oW
Q. x-vorticity, =2 -—
Q, y-vorticity, %—%
7, wall shear stress

midspan turning angle, tan''(v,,/4,,.)

=
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tunnel experiments, the exit Reynolds number based on
chord and exit velocity was Re,, = 1.2x10°. The inlet and
exit flow angles are 0° and 78° respectively, resulting in a
smaller turning angle than many of the past studies.

The CFD simulations were completed with a com-
mercial software package by Fluent, Inc.” FLUENT/
UNS is a pressure-based incompressible flow solver for
unstructured meshes. Second-order discretization was
used for the Reynolds Averaged Navier Stokes (RANS)
equations as well as the energy and turbulence equa-
tions. FLUENT/UNS is especially applicable to three-
dimensional endwall flows because the unstructured
mesh capabilities allow the complex geometry of the
stator vane to be modeled; and because the code allows
for solution-adaptive grids based on flow gradients to
achieve grid-independent results.

The computational domain used for the CFD simula-
tions is illustrated in Figure 1a while Figure 1b shows
locations where the flow field predictions of the sec-
ondary flows will be compared in this paper. A symme-
try boundary condition was used at the vane mid-plane
while periodic conditions were assumed for the vane
pitch. The inlet boundary condition was placed three-
fourths of a true vane chord lengths (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 insure the inlet is not in-
fluenced by the presence of the vane. Along the endwall
at the inlet to the CFD domain, a turbulent boundary
layer profile was applied as a part of the velocity bound-

Outflow
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Fig. 1a Schematic of the computational domain.

ary condition. A two-dimensional boundary layer code
TEXSTAN (Crawford"), was used to generate the ve-
locity, turbulent kinetic energy, and turbulent dissipa-
tion profiles for the various test cases.

_An outflow boundary condition was placed one chord
length 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 influence on the so-
lution when placing the outflow condition at one chord
length downstream. An additional one-tenth of a chord
was added to the periodic boundary along the direction
of the blade inlet angle to avoid highly skewed cells at
the outflow boundary.

Prior to performing the simulations, grid-indepen-
dence was verified through a study using three different
mesh sizes. For this first mesh, consisting of 4.6x10°
cells, the number of cells were conserved by placing the
inlet and outflow 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 mid-
plane. Two more refined grids were used in this study,
with the inlet and outlet boundary conditions described
above, consisting of 8x10° cells and 1.3x10°. As acheck
on the grid-independence, the average total pressure
losses at several different positions through the cascade
passage were calculated. Figure 2 compares the total
pressure loss coefficients for all three mesh sizes as well
as the other parametric cases studied. These results in-
dicate that there are no differences between the two larg-
est mesh sizes and an underprediction for the smallest
mesh size. For these studies the 8x10° cell mesh size
was considered to be grid-independent.

Prior to simulating various temperature and velocity
profiles, the flow field predictions along the leading edge
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Fig. 1b Coordinates and secondary flow plane positions.
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stagnation plane were validated using laser Doppler ve-
locimeter (LDV) measurements from a large scaled-up
rig (Kang, et al."). The standard k-¢ (Launder and
Spalding™) and RNG k-¢ (Yakhot, et al.”) turbulence
models were used to provide closure. Note that the node
spacing near the endwall was set to achieve 30 < z'< 60
in the passage to insure proper usage of the wall func-
tions. Figures 3a - 3¢ present the comparison of the two
turbulence model predictions with the measured flow field
in the leading edge stagnation plane. The standard k-¢
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-€ model most
closely matched the flow pattern as well as the vorticity
magnitudes. For this reason the parametric study was

tex is located slightly higher off the endwall, 1-3% of the
span, in the CFD analysis than the experiments.

The primary interest of this study was to discern the
horseshoe vortex legs and the passage vortex convecting
through the turbine vane passage. The vectors of these
vortices, which will be referred to as the secondary flow
vectors, were determined by transforming the local ve-
locities (u, v, and w in Figure 1b) into the mean flow di-
rection (V,, V,, and V) based on that occurring at the
midspan using the relations defined in the nomenclature.
The secondary flow vectors are plotted using the compo-
nents normal to the mean flow direction (V,, V).

P ‘¢ Study Descrinti

Several different cases were studied to include varia-
tions in the boundary layer thickness and inlet tempera-
ture profiles with a summary given in Table 1. For all of
the computed cases the static pressure is constant at the
inlet, and the static temperature is specified. The first
case shown in Table 1 illustrates what will be referred to
as the baseline case. This case was computed to compare
with experimental data that had a constant inlet static tem-
perature profile and a turbulent boundary layer that was
9.1% of the full vane span. Results from the baseline
boundary layer thickness, a thin boundary layer (1.8%
span), and four cases with various radial temperature gra-
dients will be compared in this paper.

The total temperature profiles used in Cases 4, 5, and 6
are similar to that used by Boyle and Giel®. This profile

Table 1. Summary of Baseline and CFD Test Matrix

performed using the RNG k-emodel. The RNG k-£model Case Velocity Profile | - T, T /T
was expected to provide more accurate results since it Number | Charactersitics max oz
contains additional terms in the transport equations fork |} (Bascline)| 6/5=9.1% 1 1
and ¢ that are more suitable for stagnation flows and flows 2 5/S=18% 1 1
with high streamline curvature. The computational results 3 5/5=9.1% 0.89 092
of the RNG k-¢£ model were also compared to experimental 4 §5=9.1% 063 073
data on two additional planes along the vane. The most 5 U = Constant 0.63 073
notable difference seen in each of the planes is that the vor- 6 Ma = Constant 0.63 0.73
0. 14-——-—%: Vo4, ilet =1 v o4 Uinger = ! v
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a) k-¢ turbulence mode! b) k-€ RNG turbulence model c) Experimental LDV measurements

Fig.3 a-<c Comparison of turbulence models and experimental LDV measurements at the leading edge stagnation plane.
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has a maximum to minimum total temperature ratio (7, /
T, of 1.6, which is still less than measurable factors up
to 2.0 in an actual gas turbine (Butler et al'”). The nor-
malized inlet temperature profiles used for these simu-
lations are shown in Figure 4. For the constant Mach
number case the mass averaged static temperature is
equal to the uniform temperature of the baseline. Since
the Mach number is low, there are only slight variations
of total temperature between Cases 4, 5, and 6 due to the
differences in velocity profiles. The normalized veloc-
ity profiles used for these cases are shown in Figure 5.
For the cases of the constant velocity and constant inlet
Mach number (Cases 5 and 6) there is only a thin bound-
ary layer that forms as the flow approaches the vanes.

Flow Field Results

The CFD results were analyzed by flow visualization
with particle pathlines, secondary flow velocities, nor-
malized total pressure contours (AP, see nomenclature),
and normalized streamwise vorticity (€2,C/U, ) contours
in the planes illustrated in Figure 1b for the cases de-
scribed 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 discussion on the effect of dif-
ferent temperature profiles, and finally a comparison with

the theoretical analyses is presented.
—©6—Cae 1,2 —&—Case 3

:

~—r— Casc 4.5.6

L R e % . 12
L .

Fig.4 Normalized total temperature profiles for CFD cases.
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Fig.5 Normalized velocity profiles for CFD cases.

Tracing the pathlines of particles at strategically placed
locations upstream of the vanes showed flow patterns
through the passage for the baseline case that are similar
to those described earlier. Figure 6 shows pathlines for
the baseline case released from a region that includes 0 -
13% of the span at X/C = -0.17. The shading of the
pathlines indicate the magnitude and direction of the
spanwise velocity component (V). As the pathlines ap-
proach the vane stagnation, a horseshoe vortex 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 spanwise
velocities occurring on the suction side. The pathlines
along the suction surface are swept into the suction side
horseshoe vortex, while the pathlines along the pressure
side move across the passage at the endwall. The flow
visualization shows how areas of high heat transfer are
produced as the horseshoe or passage vortex brings hot
mainstream gas onto the endwall region. The strong
spanwise velocity component at the leading edge is in
agreement with a high Stanton number region in the
endwall heat transfer experiments of Graziani, et al.’ and

Panticles relessnd (rom
 B-1% epam, 2IC w817

Fig.7  Particle pathlines for Case 2, #5=0.018.
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Kang, etal.” In agreement with Ho and Lakshminarayana”,
Gregory-Smith, et al.”, and Kang * is that the suction side
horseshoe vortex begins to diffuse and dissipate as it is en-
countered by the passage vortex beyond Plane SS-1.

Pathlines for the thinner boundary layer (Case 2) in Fig-
ure 7 show a flow 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 thinner boundary layer.
Pathlines just outside of the boundary layer also flow down
the vane surface, while pathlines further from the endwall
flow 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 flows. Once again this is in agreement
with the results of Graziani, et al.’ where they compared
different inlet boundary layer thicknesses on endwall heat
transfer measurements.

Secondary flow patterns and streamwise vorticity con-
tours on plane PS-2 are illustrated in Figures 8a and 8b
for Cases 1 and 2. This plane shows the passage vortex,
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Fig.8 Secondary flow vectors and streamwise vorticity
for Case 1 (8a) and Case 2(8b) on Plane PS-2.

which is still close to the pressure surface at this location,
and the relative magnitudes of secondary streamwise vor-
ticity for each case. From the velocity vectors it is evi-
dent that the passage vortex occupies a much larger re-
gion of the endwall for the thicker boundary layer and the
core is further removed from the pressure surface. Simi-
lar to the results reported by Gregory-Smith, et al.”, the
streamwise vorticity contours peak near the endwall sur-
face. The primary difference between Cases 1 and 2 is

- that the thicker boundary layer (Case 1) has significantly

larger contour levels than the thinner boundary layer case
(Case 2). Another difference is that the peak level for the
thinner boundary layer occurs closer to the vane than the
thicker boundary layer case.

Effect of wise Tk r

Each of the cases with a non-uniform inlet tempera-
ture, Cases 3 through 6, had a thermal boundary layer
thickness that was 32% of the vane span and varied lin-
early from the wall temperature to the freestream tem-
perature (as seen in Figure 4). Results from each of these
cases were evaluated to determine the effect of tempera-
ture gradients on secondary flow. Plots of total pressure
at the leading edge stagnation plane as well as the sec-
ondary velocity vectors superimposed with streamwise
vorticity contours for Plane SS-1 are given for several
cases in Figures 9a-b, Fig 10a-b, Fig. 11a-b, and Fig. 12a-b.

Figure 9b presents the secondary flow vectors and
streamwise vorticity for the baseline case in a plane nor-
mal to the suction surface, SS-1. This plot illustrates 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 flow pat-
terns and streamwise vorticity results from Case 3, given
in Figure 10b, varied only slightly from the baseline case
(Figure 9a). The spanwise component of velocity along
the vane surface was reduced outside the boundary layer,
but the overall secondary flow pattern did not change.

When a larger temperature gradient was applied, as in
Case 4, the flow patterns showed a significant difference
from the baseline case as seen when comparing Figures
9b and 11b. For Case 4, the secondary flow pattern indi-
cates that the center of the passage vortex moved closer
to the pressure side/endwall corner. The temperature gra-
dient caused the flow to actually split with flow turning
toward the endwall region in the bottom 14% of the span
and flow turning toward the mid-span above the 14% span
location. The flow turning toward the endwall formed
the passage vortex while the flow turning toward the mid-
span formed a weaker counter-rotating vortex that ex-
tended to the midspan.

The flow pattern was completely changed in Case 5,
illustrated in Figure 12b, with the combination of a con-
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stant velocity profile and large temperature gradient. Here,
the flow 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 surface as
was seen by the pathlines in Figure 5 and Figure 6. The
magnitude of these reversed secondary flows are slightly
less than that of the baseline case and the streamwise vor-
ticity is smaller and concentrated near the endwall but,
never-the-less the flow pattern has significantly changed.
The existence of these strong profiles shows the large ef-
fect which the combustor exit profile can have on turbine
vane secondary flows and endwall heat transfer.

With a constant Mach number inlet condition, Case 6,
no horseshoe or passage vortices were formed. While
there is still a slight cross-pitch velocity due to the pres-
sure gradient, the pathlines in Figure 13 most distinctly
show that the flow is not pulled onto the endwall 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.
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Fig. 9 Pressure contours at stagnation (9a), and secondary
vectors and streamwise vorticity (9b) on SS-1 for Case 1.
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Fig. 11 Pressure contours at stagnation (11a) and secondary
vectors with streamwise vorticity (11b) on SS-1 for Case 4.

Theoretical Analysis

Since the combustor exit plane has very large spanwise
and pitchwise gradients in velocity and temperature it is
important to understand how to predict what combina-
tions of the two parameters minimize secondary flows.
Through this parametric study and in agreement with the
theoretical analysis by Lakshminarayana', it has been
concluded that the driving factor is the total pressure pro-
file at the leading edge stagnation plane. The computed
results show that 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 simplified description of the develop-
ing streamwise vorticity can be given using the absolute
components XYZ, UVW, ,Q,(,. The Helmholtz equa-
tion (equation of motion for rotational flow) for incom-
pressible flow using the absolute components of vorticity
can be written as:
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Fig. 10 Pressure contours at stagnation (10a) and secondary
vectors with streamwise vorticity (10b) on SS-1 for Case 3.
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Fig. 12 Pressure contours at stagnation (12a) and secondary
vectors with streamwise vorticity (12b) on SS-1 for Case 5.

American Institute of Aeronautics and Astronautics




Particles misased trom
0-13% span, WC = K17

Pathlines for constant inlet Mach number, Case 6.
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By taking the spanwise component of this equation the
relationship between inlet vorticity components and
spanwise total pressure gradients is given. Spanwise total
pressure gradients are of concern in this paper.

1
uQy —vQy > oz )
These equations can be simplified to obtain a prediction
of streamwise vorticity at the leading edge based on
several assumptions. For the cases analyzed with a tem-
perature gradient use of the incompressible equation of
motion can be justified because the Mach number is low.
At the inlet and the upstream portion of the leading edge
stagnation plane, Plane SP, the flow is completely aligned
with the X direction, thus the gradients associated with
the Vand W components of velocity are small relative to
the boundary layer or temperature spanwise gradients.
Using the equation given in the nomenclature at the lead-
ing edge, the streamwise vorticity is determined from
the midspan flow angle measured with respect to the
leading edge stagnation plane. This results in the fol-
lowing prediction for streamwise vorticity at the lead-
ing edge:

__1 dp,

Q; Up oz 3
Since the streamlines are curved at the vane stagna-
tion (up to ~25°), and there is a large component of Q,
due to total pressure gradients in the incoming bound-
ary layer (at least for the baseline case), then streamwise
vorticity will develop at the leading edge in the form of
the horseshoe vortex. Although the streamwise vortic-
ity is small in this region because the turning angle is
small, each of the cases analyzed shows that the mea-
sure of streamwise vorticity at the leading edge dictates
the level of secondary flows throughout the passage. The
passage vortex also forms as the turning angle increases
on the pressure surface. The normal component of vor-

1
gxQ=—Vpg
P

SinY g

8

ticity (£2, at the leading edge plane and €2, throughout)
is assumed constant in inviscid flow theory. True vis-
cous effects tend to dissipate and diffuse the vorticity
component somewhat. As the turning of the flow be-
comes significant, however, the streamwise vorticity also
increases. This effect is apparent in the suction side leg
of the horseshoe vortex (Figure 6). The large spanwise
velocity components on the leading edge suction sur-
face can be attributed to the large turning of the stream-
lines in this region. Similarly the vorticity tends to de-
crease further back along the suction surface where the
suction side horseshoe vortex dissipates due to both the
viscous actions decreasing the normal component of vor-
ticity and the reduced turning.

Beyond the leading edge, as the three-dimensional
flow develops, similar arguments can be made using an
intrinsic coordinate system as discussed by
Lakshminarayana". For the constant Mach number case,
which gives a constant total pressure along the span since
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 differ-
ent 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 pas-
sage vortex would still form independently if a spanwise
total pressure gradient was present in the passage. For
the constant Mach number case, there were no total pres-
sure gradients to form either the leading edge or the pas-
sage vortices. This concept was introduced in early work
by Hawthorne' stating “secondary circulation remains un-
changed if streamlines are geodesics on surfaces of con-
stant total pressure.”

Normalized total pressure contours at the leading edge,
Plane SP (Figures 9a,10a,11a, and 12a) graphically dis-
play the relationship between stagnation pressure gradi-
ents and secondary flows further in the passage, Plane
SS-1 (Figures 9b, 10b, 11b, and 12b). The presence of
total pressure gradients approaching the leading edge
drive flow in the direction of decreasing pressure. This
results in the formation of the horseshoe/passage vortex
for all of the cases presented except for Case 5 in which
the gradients caused a reversed, large vortex extending
from the endwall to midspan. In the case of a constant
inlet Mach number (Case 6), the total pressure is uni-
form resulting in no secondary flows, as was shown in
Figure 13.

In comparing Cases 3 and 4 it is clear that the second-
ary flows near the endwall (Figures 10a-b, 11a-b) show
only a slight difference between these cases and the
baseline case even though there is a variation in the total
temperature profiles. The real difference that occurs be-
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tween these cases is further away from the endwall and
towards the midspan where the flow actually forms an-
other vortex as shown in Figure 11b. This effect directly
corresponds to the total pressure contours, but cannot be
detected in the streamwise vorticity.

Conclusions

These results indicate the importance of knowing the
exiting combustor conditions in order to predict the sec-
ondary flows that occur in the endwall region of a stator
vane. Prior to using CFD to simulate the effects of different
velocity and temperature profiles, a benchmark was done
between the secondary flow predictions and those measured
in a low-speed wind tunnel simulation. Good agreement
was found between the predictions and measurements.

The flow field results indicated the importance that the
stagnation pressure gradients at the inlet to the turbine
vane cascade have on the secondary flows. In fact, the
flow field results indicated that when a strong enough tem-
perature gradient occurs such that the stagnation pressure
gradient is altered 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 flow away from the endwall toward the midspan.
These results also showed that when no stagnation pres-
sure gradient was present, as simulated by a constant Mach
number with a constant static pressure, no leading edge
or passage vortex developed in the turbine vane passage.
The results presented in this paper are in agreement with
previously reported theoretical analyses.
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