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With the desire for increased power output for a gas turbine engine comes the con
push to achieve higher turbine inlet temperatures. Higher temperatures result in l
thermal and mechanical stresses particularly along the nozzle guide vane. One cr
region along a vane is the leading edge-endwall juncture. Based on the assumptio
the approaching flow to this juncture is similar to a two-dimensional boundary la
previous studies have shown that a horseshoe vortex forms. This vortex forms beca
a radial total pressure gradient from the approaching boundary layer. This paper do
ments the computational design and experimental validation of a fillet placed a
leading edge-endwall juncture of a guide vane to eliminate the horseshoe vortex. Th
design effectively accelerated the incoming boundary layer thereby mitigating the eff
the total pressure gradient. To verify the CFD studies used to design the leading
fillet, flowfield measurements were performed in a large-scale, linear, vane cascade
flowfield measurements were performed with a laser Doppler velocimeter in four p
orientated orthogonal to the vane. Good agreement between the CFD predictions an
experimental measurements verified the effectiveness of the leading edge fillet at
nating the horseshoe vortex. The flow-field results showed that the turbulent kinetic e
levels were significantly reduced in the endwall region because of the absence
unsteady horseshoe vortex.@DOI: 10.1115/1.1460914#
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Introduction
Modern gas turbine engines are designed to have products

iting the combustor at temperatures well above the melting t
perature of the first vane in the downstream turbine. If these t
peratures are not properly accounted for, the additional ther
load experienced by the vane significantly reduces the vane
The leading edge and endwall platforms of the vanes are a
where the thermal loads are the highest for two reasons. F
because the platform is affected by secondary flows it experie
increased heat transfer coefficients. Second, the vortical flows
crease the transport of relatively hotter fluid from the mid-sp
toward the endwall.

Previous studies have shown that regions on the platform h
ing the highest heat transfer coefficients correlate with regi
having the most intense vortex action. Langston@1# was the first
to illustrate a secondary flow model for an approaching tw
dimensional boundary layer along the endwall. This flow mo
agrees well with the flow field that has been measured for the v
used in our study~Kang et al.@2#, and Kang and Thole@3#!. The
secondary flows include a leading edge horseshoe vortex
splits into a suction side leg and a pressure side leg with
pressure side leg becoming indistinguishable as it quickly me
with the passage vortex. It is not surprising then that the lead
edge endwall juncture is where the highest heat transfer oc
~Kang et al.@2#!.

The focus of the study reported in this paper is to evaluat
relatively simple modification that can be made to the lead
edge-endwall juncture with the specific goal of reducing
horseshoe vortex. The specific objectives of this paper are t

1Present address is United Technologies-Pratt & Whitney, East Hartford,
06108; e-mail: zessga@pweh.com
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fold. The first objective is to determine whether placing a fillet
the endwall juncture region will reduce~or eliminate! the horse-
shoe vortex and then to determine the impact of that reduction
the development of the downstream passage vortex. The se
objective is to determine the feasibility of using CFD to design
fillet by comparing computational predictions and experimen
measurements.

Previous Studies
To create a method of horseshoe vortex reduction/eliminatio

is first necessary to understand the reason for the formation o
vortex. Kubendran et al.@4#, Eckerle and Langston@5#, Pierce and
Shin @6#, and Praisner et al.@7# have all provided similar expla-
nations. When an incoming boundary layer approaches a b
body a total pressure gradient forms along the span direction~ra-
dial direction in a turbine! at the leading edge. The reason for th
gradient is because as the velocity decreases toward the w
lower total pressure occurs near the wall when considering
static pressure to be constant normal to the wall~typical boundary
layer assumption!. As the flow stagnates, the total pressure pro
then becomes a static pressure gradient along the span. This
wise pressure gradient causes the boundary layer fluid to be dr
towards the endwall. As the flow turns back upstream, it rolls i
a vortex or a system of vortices that wrap around the body
proceed well downstream.

There are few studies in the open literature reporting meth
to reduce or eliminate the horseshoe vortex with all of these s
ies using symmetric airfoils except for Sauer et al.@13# who stud-
ied an asymmetric airfoil~turbine blade!. Many of these past stud
ies were directed toward wing/body intersections and subma
conning tower applications. Table 1 summarizes past fillet stud
along with their respective fillet geometries and sizes based
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inlet boundary layer characteristics. Some of the results fr
these studies will be highlighted in the next paragraphs.

Pierce et al.@6# compared five different fillet geometries includ
ing two different sizes of circular corner fillets, an elliptical corn
fillet, an upstream flow fence, and a large leading edge triang
fillet. Their results showed that only the leading edge triangu
fillet successfully reduced the leading edge vortex. Flow fi
measurements for this geometry not only indicated a reductio
the vortex, but also a reduction of the total turbulent kinetic e
ergy by approximately 20 percent.

Kubendran and Harvey@8# studied three fillet geometries in
cluding two fillets in which the height was linearly varying wit
streamwise distance and one fillet in which the height was a p
nomial function~curved fillet!. They reported that all three geom
etries were effective at reducing the horseshoe vortex. The au
also performed the experiments with the airfoil at different ang
of attack reporting that at moderate angles of attack the fillets
reduced the overall drag. When a larger fillet was used at hig
angle of attack, the flow downstream of the wing was advers
affected. These results led the authors to conclude that an
mum fillet size may be required to achieve an overall impro
ment in the flow when operating at an angle of attack.

Sung and Lin@9# performed a numerical investigation to dete
mine how the size of fillets, when placed on both the leading
trailing edges of the airfoil, affected its performance. Their resu
indicated that a leading edge fillet needed to have a length lo
than or equal to the height of the fillet to be effective. They re
soned that these proportions were required since the distanc
tween the vortex core and the leading edge of the airfoil, in
sence of a fillet, was greater than the distance between the v
core and the endwall.

Sung et al.@10# performed similar computations in conjunctio
with experimental measurements on two separate airfoils with
same fairing geometry. The airfoils used were NACA 0020 a
NACA 0012 airfoils, with the NACA 0020 having a more blun
leading edge and thus a stronger horseshoe vortex in the abs
of the fairing. The fillet geometry used was the most effective o
studied by Sung and Lin@9#, which was one boundary layer thick
ness high and two boundary layer thicknesses long. From t
results they inferred that one fillet geometry was effective in
ducing the horseshoe vortex for two very different airfoils.

Devenport et al.@14# performed measurements to evaluate
effectiveness of a constant radius fillet around the entire air
and found it to be ineffective for two different inlet bounda
layers thicknesses. In a later study, Devenport et al.@11# per-
formed measurements on the same airfoil using what they ter
a strake~curved fillet!. Their results indicated that the leadin
edge separation associated with a horseshoe vortex was
present. Velocity measurements, however, indicated that the a
tion of the strake did not totally eliminate the formation of vor
ces in the juncture. The authors hypothesized that the vort

Table 1 Previous studies using fillets
168 Õ Vol. 124, APRIL 2002
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seen downstream of the airfoil formed off the symmetry pla
The results did show that the vortex legs were much smaller
closer together indicating a weaker vortex. Two boundary la
thicknesses were studied using the same fillet with the res
being surprisingly similar for both cases. These results indic
that boundary layer thickness may not be the correct scaling
rameter.

Sauer et al.@13# studied the effects of various sized leadin
edge ‘‘bulbs.’’ The objective of the study was to intensify th
suction side branch of the horseshoe vortex and, through an i
action of the stronger suction side branch with the passage vo
weaken the passage vortex. While Sauer et al. did not make m
surements inside the passage or at the leading edge, their de
total pressure field measurements at the exit of the cascade
cated an interaction between the suction and passage vortice
ultimately a 50 percent reduction in aerodynamic losses for th
best bulb design. They found that the best geometry was an as
metric bulb that had a pronounced suction side and a less
tended pressure side. Sauer et al. also found that their CFD re
agreed qualitatively to their measurements.

As can be seen in the above review, leading edge fillets
promising for reducing the horseshoe vortex formed at the lead
edge of a blunt body such as an airfoil. While there have b
some detailed measurements at the exit of the airfoil passag
dicating a change to the total pressure profile, there is currentl
experimental data to verify the effectiveness of the fillet at
leading edge of a turbine vane. In addition, there has not been
comparison between experimental results and CFD prediction
this region.

Computational and Experimental Methodologies
The approach taken for this study encompassed both comp

tional and experimental efforts to determine a fillet design t
was effective in eliminating the leading edge horseshoe vor
The computational effort involved simulating the flow field fo
several fillet designs~to be described in the next section! and then
assessing the effectiveness of each at reducing the vortex. Af
fillet design was obtained, which proved to be successful base
the computational results, a model of this geometry was c
structed for testing in a large-scale, linear, turbine vane casc
Flowfield measurements were made at several locations to d
mine whether in fact the fillet was successful and how well
predictions compared to the experimental results.

The CFD efforts that guided the design of the leading-ed
fillet were performed using the commercial software Fluen
@15#. The computations were made using an unstructured, tetr
dral mesh, and were second-order accurate. To insure grid in
sitivity, adaptions were made on velocity gradients. The inse
tivity was judged on flowfield features and the mass-avera
total pressure loss through the vane passage. The final grid siz
the filleted vane was 1.2 million cells. A RNG-k« model with
nonequilibrium wall functions was used for the turbulence mod
The close resemblance of the numerical simulations using
RNG-k« turbulence model with nonequilibrium wall functions b
Hermanson and Thole@16# and experimental measurements pe
formed by Kang and Thole@3# on the same turbine vane geomet
validated the use of these models for the fillet simulations. E
case took approximately 96 h of computing timing time on fo
processors.

The computational domain consisted of one passage with
vane split at the dynamic stagnation point and the pressure
suction surfaces. All physical surfaces were modeled as no-
walls while periodic conditions were applied along the remain
mesh surfaces. A velocity inlet boundary condition was plac
0.75C upstream of the vane stagnation and an outflow bound
condition was placed 1.5C downstream of the vane trailing edg
directed along the exit flow angle of the vane. Since the turb
Transactions of the ASME
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vane is symmetric about its midspan, a symmetry boundary c
dition was applied at the midspan to minimize the size of
domain.

The details of the recirculating wind tunnel and design of
stator vane test section used in this study have been docume
thoroughly in a number of previous studies including Kang et
@2#, Kang and Thole@3#, and Radomsky and Thole@17,18#. To
better achieve detailed flow-field measurements, the stator v
was scaled up by a factor of nine. Figure 1 depicts the corner
section of the wind tunnel as well as a description of the vane.
test section contained a central vane and two adjacent vane
ing edges. These leading edges were installed to ensure p
modeling of the passage and secondary flows within the casc
Attached to the outside leading edge was an adjustable flex
wall. The flexible wall was adjusted so that the geometry of
adjacent vane was matched. Downstream of where the adja
vane ends, the flexible wall was adjusted so that the pres
distribution on the central vane was matched to a tw
dimensional, inviscid, periodic CFD prediction for the vane at lo
speeds.

The inlet flow quality to the cascade has been previously
ported by Kang et al.@2#. Particular care has been taken to insu

Fig. 1 Schematic of the stator vane cascade

Fig. 2 Measurement and computational plane locations
Journal of Turbomachinery
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equal flowrates in both passages to within 1 percent. The i
turbulence for this study was 0.6 percent. The incident veloc
was set to 5.85 m/s to match the inlet Reynolds number (Rin

52.33105) of that of the engine under operating conditions at
altitude of 9.1 km.

Figure 2 shows the position of the flow field planes measu
and the nomenclature used in this study. In each plane theu, v,
and w components of the velocity were measured using a la
Doppler velocimeter, where these components were the local
locities defined by the measurement planes. Note that th
planes, except for the leading edge plane, were orthogonal to
vane surface. Orthogonal planes allowed the secondary flow
be analyzed. The planes were defined by finding a tangent lin
the vane where the measurements were desired and creating
normal to the tangent.

Since measurements were made on both the top and bo
endwalls, boundary layer measurements were characterize
both endwalls to ensure similarity of the incoming flow. Figure
shows the boundary layer measurements made one chord
stream of the vane leading edge and Table 2 summarizes
boundary layer characteristics. The figure shows the results p
ted against the bottom boundary layer result of Kang et al.@2# and
Spalding’s law~White @19#! where the constants are 5.0 and 0.4
As can be seen, the top and bottom boundary layers exhibit
same boundary layer characteristics and closely match those
sured by Kang et al.@3# and Kang and Thole@2#. Table 2 gives the
boundary layer characteristics for the filleted and unfilleted
perimental results. This agreement to the previous results is
portant since comparisons will be made to those unfilleted v
results.

A two-component, back-scatter, fiber optic laser Doppler
locimetry ~LDV ! system was used to measure the mean and
bulent flow fields in the turbine vane passage. The LDV syst
consisted of a 5W Coherent laser along with a TSI model 92
Colorburst beam separator. A two-component laser probe,
model 9832, was used to transmit the laser beams and receiv
scattered light. A fiber optic cable carried the velocity data to
TSI model IFA 755 Digital Burst Correlator where it was pro

Fig. 3 Boundary layer profiles measured upstream of vane

Table 2 Approaching boundary layer characteristics
APRIL 2002, Vol. 124 Õ 169
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cessed. The Find™ software by TSI corrected the velocity for b
effects using residence time weighting. To map out the thr
dimensional flowfield within the measurement planes, each lo
tion was measured twice with the two-component LDV. From
statistical analysis, we determined that 10,000 samples w
needed for each component of the velocity. To allow optical
cess to measure the u and v components of velocity, a glass c
was placed over the vane test section. Thew-component of the
velocity was measured through glass windows located on the
of the test section.

Uncertainty estimates were calculated on the methods desc
by Moffat @20# with estimates of derived values being calculat
using the sequential perturbation method. A 95 percent confide
interval was used for the precision uncertainty estimates. The
certainties are given in Table 3 for each of the values reporte
this paper.

Fillet Design and Fabrication
Nine different fillets were simulated computationally prior

experimentally testing a final fillet design. The CFD results fro
each of the fillets were assessed in terms of the effectiveness
had on the reduction of the horseshoe vortex as compared to
baseline CFD simulations for the unfilleted vane. The design
the fillet was first guided by the criteria set by Sung and Lin@9# in
which the length of the fillet be greater than the height. A revi
of the literature on various fillet geometries for symmetric airfo
suggested that the fillet be at least one boundary layer thickne
height. Figure 4 presents the characteristics of the seven
designs computationally simulated~Zess and Thole@21#!.

The initial fillet design was based on a 1/7th power law profi
similar to the velocity profile for a turbulent boundary layer. Th
profile represents the shape of the fillet approaching the stagn
plane, as illustrated in Fig. 4~a!. This design indicated no reduc
tion in the horseshoe vortex. Since a 1/4 power law profile a
resulted in no reduction of the horseshoe vortex, the power
profile fillets were abandoned. Instead, a symmetric fillet ab
the stagnation line was designed to have a linear slope appro
ing the stagnation. After multiple trials, a fillet 1d high and 2d
long was found to be effective at eliminating the horseshoe vor
Further analysis of the flow around the fillet indicated that
flow was separating off the suction side of the fillet, producing
another vortex. To eliminate the separation off the suction sid
the fillet, the geometry of only the suction side was modified
eliminate the separation. The final fillet design was asymme
having dimensions 1d high and 2d long. The final fillet design is
illustrated in Fig. 4~b!.

The asymmetric fillet design was then constructed and pla
within the low-speed wind tunnel for experimental verificatio
Laminated Object Manufacturing~LOM! facilities at the Milwau-
kee School of Engineering Rapid Prototyping Laboratory w
used to create two mirror imaged fillets~for the top and bottom
endwalls!. These fillets were installed at the leading edge of
central vane on both the top and bottom endwalls as well as on
adjacent airfoils~top and bottom endwalls also! to ensure periodic
flow in both passages of the test section.

Table 3 Uncertainty estimates
170 Õ Vol. 124, APRIL 2002
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For the remaining fillets~adjacent vanes!, silicon molds of the
two LOM fillets were made. The silicon molds were made b
placing a fillet in a wooden box and covering half the fillet wit
modeling clay. Ultra-alloy silicon was poured over the expos
half of the fillet to form half the mold. After the first half of the
mold cured, which required approximately 24 h, the clay w
removed from the fillet. To allow air to be removed from th
cavity of the silicon mold, a gating system was made by attach
straws to selected points of the fillet prior to pouring the seco
half of the mold. When the second half of the mold cured, t
straws and fillet were removed and the mold was ready for use
two-part polyurethane was poured into the mold cavity to form t
fillets. When the polyurethane cured, the new fillet was remov
from the mold and the gating system had to be broken off from
fillet. Because of the location of the adjacent vanes in the cor
test section, the four extra fillets had to be cut nearly in half to
in the correct positions. The fillets were then installed in the wi
tunnel by placing a small amount of silicon adhesive between
fillet and the endwall and the fillet and the vane.

Experimental and Computational Results
The effectiveness of the fillet was determined through flow fie

measurements and predictions at various flow planes along
airfoil. These planes were normal to the airfoil~with the exception
of the leading edge plane! and allowed the secondary flow field
velocities to be clearly seen. Throughout this section of the pa
comparisons will be made between the flow field measureme
with and without the fillet~previously made for this airfoil and
reported by Kang et al.@2# and Kang and Thole@3#! and the
computational results for the filleted vane.

The primary interest of this study was to discern any augm
tations to the vortical patterns convecting through the turbine v
passage. To this purpose the flow planes were placed orthog
to the vane with the velocity components being measured in
plane as was illustrated in Fig. 2. The velocity vectors of the
vortices, which will be referred to as the secondary flow vecto
were determined by transforming the measured local velocities~u,
v, and w in Fig. 2! into the mean flow direction based on tha
occurring at the midspan~Vs , Vn , andVz!. For this transforma-

Fig. 4 Schematic illustrating an unsuccessful profile fillet „a…
and the final fillet design „b… that was experimentally tested
Transactions of the ASME
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tion, the inviscid turning angle was calculated based on the m
sured velocities at the vane midspan with the relations betw
the secondary velocities and the midspan velocities given in
nomenclature of this paper. The secondary flow vectors are plo
using the components normal to the inviscid mean flow direct
(Vn ,Vz). In addition to the transformed velocities, contours of t
secondary kinetic energy and turbulent kinetic energy are
presented.

Prior to measuring the flowfield, a comparison of the sta
pressure distribution at 40 percent of the span was made betw
the fillet and unfilleted geometry. Figure 5 shows a comparison
the vane with and without a fillet compared with the low spe
inviscid prediction for the unfilleted vane~note that the CFD pre-
diction for the filleted geometry gave the same results!. These

Fig. 5 Comparison of measured and computed static pressure
distributions for the filleted and unfilleted vane

Fig. 6 Measured velocity vectors in plane SP for the „a…
filleted, „b… unfilleted vane and „c… computed velocity vectors
for the filleted vane
Journal of Turbomachinery
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results indicated no alteration to the static pressure along the
foil in adding the fillet in the leading edge region.

The Leading Edge Plane„Plane SP…. Figures 6~a!–~c! de-
picts the measured velocity vectors, normalized byU inlet , for the
filleted and unfilleted vanes and the CFD predictions for the
leted vane, respectively. As can be seen, the addition of the fi
eliminated the vortex seen in this plane. As the flow approac
the vane, it does not separate from the endwall, but rather it
celerates up the fillet. Note that the line in Fig. 6~b! indicates the
location of the fillet on the filleted vane. This line indicates th
the core of the horseshoe vortex lies within the space that the fi
encompasses. A small downward flow along the vane surface
top of the fillet indicates that the flow is turning down the sides
the fillet. A comparison between the measurements and pre
tions indicate good agreement.

Figures 7~a! and ~b! present computed total pressure contou
for the filleted and unfilleted~Hermanson and Thole@16#! vanes.
As was described previously for no fillet, there is a gradient
total pressure approaching the vane stagnation that drives the
down towards the endwall. By accelerating the flow, which ha
pens in the case of the filleted vane, the downward force of
pressure gradient is overcome by the acceleration resulting in
horseshoe vortex formation. The total pressure profile for the
leted vane indicates no curling up of the contours. The conto
are climbing up the fillet indicating that the flow is accelerating

Figures 8~a! and ~b! present the measured secondary kine
energy contours in plane SP for the filleted and unfilleted va
These secondary kinetic energy levels are a measure of the en
level of the secondary flows. As can be seen for this plane,
levels have been reduced by an order of magnitude due to
fillet. The secondary kinetic energy level contours along the fil
are a result of the flow being turned upward. Along the vane,
both the filleted and unfilleted cases, the secondary kinetic ene
levels are due to the flow splitting at the stagnation location.

The most dramatic effects of the fillet are depicted in Figs. 9~a!
and ~b!, which present the normalized turbulent kinetic ener
levels for both the filleted and unfilleted geometries. There was

Fig. 7 Computed total pressure profiles in plane SP for the
„a… filleted and „b… unfilleted vane

Fig. 8 Contours of measured secondary kinetic energy for „a…
filleted and „b… unfilleted vane
APRIL 2002, Vol. 124 Õ 171
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indication of a vortex within the plane for the filleted case and t
resulting contours were similar to a turbulent boundary layer. T
peak in turbulent kinetic energy levels decreased for the fille
vane by nearly 80 percent. The results presented in this pa
clearly show that by eliminating the horseshoe vortex the tur
lent kinetic energy levels at all locations in the endwall region a
reduced. This is important because the turbulent kinetic energ
a large contributor to aerodynamic losses in an airfoil pass
~Gregory-Smith et al.@22#!. Results previously reported by Ra
domsky and Thole@18#! have indicated that a large contributor t
the high turbulent kinetic energy levels in the vortex regions
actually due to a vortex unsteadiness. The lower turbulent kin
energy levels for the filleted vane as compared with the unfille
vane indicate that the vortex is no longer present. Comparison
turbulent kinetic energy between the CFD predictions and m
surements did not indicate good agreement, which is to be
pected given that it is believed that the vortex is highly unstea

Predicted streamlines for the filleted and unfilleted vanes
given in Figs. 10~a! and~b!. The streamlines were released from
location that was 0–13 percent span and are colored by the
malized spanwise~w! component of velocity. Note that the pos
tion relative to the vane stagnation in the streamwise directio
slightly further upstream for the filleted vane (x/C520.34) as
compared with the unfilleted vane (x/C520.17). It is evident
that there is still a passage vortex that forms along the pres
side of the filleted vane, but the leading edge vortex does not s
to be present. Figure 10~a! also shows strong downward velocitie
along the suction side of the fillet. In contrasting Fig. 10~a! ~the
filleted vane! with Fig. 10~b! ~the unfilleted vane!, Fig. 10~b!
clearly indicates a leading edge vortex with a stronger develop
passage vortex.

Pressure Side Planes„PS0 and PS1…. To verify the effect of
the fillet on the development of the passage vortex, two dow
stream planes were compared. Plane PS0 was not measured
unfilleted study of Kang and Thole@3# so the results of the ex-
periment~Fig. 11~a!! will be compared to CFD results for both th
filleted ~Fig. 11~b!! and unfilleted~Figure 11c! cases. In compar-
ing Figs. 11~a! and~b!, there is good agreement between the me
sured and predicted secondary flows. Figure 11~c! shows that the
passage vortex is definitely present in the CFD results for
unfilleted vane. The actual extent of the pressure side leg of
horseshoe vortex is hard to define in this plane because o
interaction with the cross and downflows, but is discernable by
flow turning away from the endwall. Figures 11~a! and ~b!, how-
ever, show that for the filleted vane there is a much differe
pattern. Because of the cross-passage pressure gradient, flow
travels along the endwall from the pressure side of the passag
the suction side. For the filleted vane there is no upward turn
away from the endwall at this location indicating the disappe
ance of the pressure side leg of the horseshoe vortex at this l
tion.

Figure 11~d! shows the normalized turbulent kinetic energ
measured in plane PS0. The contours give no indication of a

Fig. 9 Contours of measured secondary kinetic energy for „a…
filleted and „b… unfilleted vane
172 Õ Vol. 124, APRIL 2002
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tex and closely resemble a turbulent boundary layer. The ma
tude of the peak turbulent kinetic energy has remained relativ
constant from the plane SP to PS0.

Moving farther down the pressure side of the vane to pla
PS1, the measured secondary velocity vectors indicate a full p
sage vortex for the unfilleted vane~Fig. 12~b!!, while the filleted
vane shows the start of a passage vortex~Figs. 12~a! and~c!!. The
secondary velocity vectors for the filleted vane show that the v
tex has not yet made a complete revolution within the measu
ment plane and the flow away from the endwall is relatively wea
For the unfilleted vane, the vortex does make a complete rev
tion and the flow away from the endwall is much stronger. T
CFD results for the filleted vane shown in Fig. 12~c! indicates
only a slight flow away from the endwall, as did the experime

The normalized turbulent kinetic energy levels for plane P
are shown in Figs. 12~d! and ~e! for the filleted and unfilleted
experimental results. The contours from the unfilleted experim
show a well-defined vortex core while the filleted results sho
much more uniform profiles in the pitch directions. The peak t
bulent kinetic energy is decreased by nearly a factor of ten. In
filleted vane the largest fluctuations occur in thev-component of
velocity, which is in contrast to the unfilleted vane where t
largest fluctuations occur in thew-component of the velocity.
Large fluctuations in thew-component~component normal to the
endwall! indicate that for the unfilleted vane the unsteady vort
is bouncing to and from the wall.

Suction Side Plane„Plane SS1 and SS2…. Measurements
were performed along the suction side of the vane in Plane S
Figures 13~a!–~e! show the secondary velocity vectors for th
experiments with and without the fillet for both measurements a

Fig. 10 Streamlines of a „a… filleted and „b… unfilleted vane
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Fig. 11 Comparisons of secondary velocities in Plane PS0 for the „a… measured, and „b… computed filleted vane, and „c… com-
puted unfilleted vane. Also shown are the measured turbulent kinetic energy levels for PS0 „d….
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CFD predictions. Focusing on the region closest to the suc
side-endwall corner, it can be seen that the secondary flows in
region for the filleted and unfilleted experiments are slightly d
ferent. The vortex in the corner region of the unfilleted vane~Fig.
13~d!! definitely shows an upward turn whereas in the measu
and computed results for the filleted vane~Figs. 13~a! and ~c!!
there was only a downward velocity as the flow traveled down
suction side of the fillet. Another difference between the fillet
and unfilleted experimental results is the stronger crossflow a
ciated with the passage vortex in the unfilleted case. This stro
crossflow is consistent with the observations of plane PS1 wh
the crossflow component of the passage vortex was smaller in
filleted case.

Fig. 12 Secondary velocity vectors measured for the „a… fil-
leted, and „b… unfilleted vane compared with the „c… predicted
for filleted vane in PS1. Contours of measured turbulent kinetic
energy levels in Plane PS1 for the „d… filleted, and „e… unfilleted
vane.
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Figures 13~b! and~d! depict the turbulent kinetic energy for th
filleted and unfilleted vanes. For the unfilleted vane the vor
structures can be seen by the regions of highest fluctuations c
ciding with the vortex core of the suction side leg of the horses
vortex. For the filleted vane, the magnitude of the fluctuations
the suction side corner region was decreased by a factor of th
At this location, the passage vortex from the neighboring fille
vane has also progressed further downstream. Although the
mal plane SS1 gives a skewed view of the neighboring vor
~since it is not normal to the neighboring vane!, it can clearly be
seen that even at this location, the turbulent kinetic energy le
are still lower for the filleted vane as compared to the unfille
vane.

Further downstream at plane SS2, the computed secon
flows are presented in Figs. 14~a!–~b! for the filleted and unfil-
leted vanes. While a suction side vortex is present for both ca
it is much weaker for the filleted vane than for the unfilleted va
In addition, the location of the passage vortex has shifted so
what away from the endwall for the filleted vane. The predict
streamwise vorticity levels at this location are presented in F
14~c!–~d! for both vanes. These levels indicate reduced levels
both the passage and suction corner vortices for the filleted v
as compared to the unfilleted vane.

Conclusions
Computational and experimental studies were performed

methods for reducing and/or eliminating the horseshoe vortex
forms at the leading edge of a gas turbine stator vane. A numbe
CFD simulations were made to design an effective fillet that
sulted in a geometry that was one boundary layer thicknes
height and two boundary layer thicknesses in length~protruding
upstream of the vane!. After the effective fillet geometry was de
signed, flow field measurements were made to verify its per
mance in a test section with a large-scale, linear vane cascad

The flowfield results for a plane parallel to the inlet flow dire
tion and located at the leading edge verified that the vortex wa
longer present. The incoming boundary layer was accelerated
traveled up the fillet surface resulting in no leading edge vor
formation. Near the top of the fillet, the flow did turn down th
fillet sides, but the secondary kinetic energy levels associated
it decreased by nearly an order of magnitude over the levels m
sured without the fillet. The turbulent kinetic energy levels sign
cantly decreased indicating that the fillet reduced the unsteadi
associated with the leading edge horseshoe vortex.

The results of the flow field measurements on the pressure
of the vane, just downstream of the stagnation region, also i
cated the elimination of the horseshoe vortex and a delay in
development of the passage vortex. The turbulent kinetic ene
levels appeared to be more consistent with wall-generated tu
lence. Farther down the pressure side of the vane, the pitch
APRIL 2002, Vol. 124 Õ 173
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Downlo
Fig. 13 Secondary velocity vectors in plane SS1 for measurements of the „a… filleted vane and computations of the „c… filleted
vane and measurements of the „d… unfilleted vane. Contours of turbulent kinetic energy are shown for the „b… filleted and „e…
unfilleted vanes.
d
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or
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ss

on
span flows associated with the passage vortex were detecte
were reduced with the addition of the fillet. This is in contrast
the unfilleted vane where the passage vortex was fully develo
making a complete rotation much earlier in the passage. The
sults presented in this paper indicate that the leading edge h
shoe vortex can be eliminated. The results of this study h
shown significant reductions in the turbulent kinetic energy lev
and in the streamwise vorticity levels both of which are lar
contributors to aerodynamic losses in a turbine vane passage

Fig. 14 Comparison of computed secondary flows „a,b… and
vorticity „c,d… in plane SS2 for the filleted „a,c… and unfilleted
„b,d… vane
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Nomenclature

C 5 true chord of stator vane
Cp 5 static pressure coefficient, (p2pinlet)/(Po2pinlet)

H 5 shape factor,d* /u
k 5 turbulent kinetic energy, k51/2(urms

2 1vrms
2 1wrms

2 )
p 5 local static pressure

pinlet 5 inlet static pressure
Po 5 total inlet pressure
P 5 vane pitch

DP 5 normalized total pressure, 12((Po,ms2Po)/(Po,ms
2pinlet))

Rein 5 Reynolds no. defined as Rein5CUinlet /n
s 5 surface distance along vane measured from

stagnation
S 5 span of vane

SKE 5 secondary kinetic energy,
(Vn

21Vz
2)/(1/S)* U inlet

2 dz
ut 5 shear velocity,Atw /r
u1 5 velocity in inner coordinates,u/u

u,v,w 5 mean local velocity in local coordinate system
U,V,W 5 mean velocity inX, Y, Z directions

U inlet 5 incident upstream velocity
Vs 5 streamwise velocity component,

u coscms1v sincms
Vn 5 secondary velocity in pitch direction,2u sinCms

1v cosCms
Vz 5 secondary velocity normal direction

x, y, z 5 local coordinates defined at measurement locati
X, Y, Z 5 global coordinates defined from stagnation

location
d99 5 boundary layer thickness
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Downlo
d* 5 displacement thickness
u 5 momentum thickness
r 5 density

Vs 5 streamwise vorticity,Vx cos(Cms)1Vy sin(Cms)
Vx , Vy 5 x andy vorticity components

tw 5 wall shear stress
n 5 viscosity

Cms 5 inviscid mid-span turning angle, tan21(vms/ums)

Subscripts

in 5 inlet
ms 5 midspan values

rms 5 root mean square

Superscripts

1 5 normalization using inner scaling coordinates
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