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ABSTRACT
Secondary flow minimization is a crucial problem in a tur-

bine passage. In the present paper, three different ways are em-
ployed to reduce the secondary flow related total pressure loss.
These are nonaxisymmetric endwall contouring, leading edge
(LE) fillet, and the combination of these two approaches. Exper-
imental investigation and computational assessment are applied
for the performance calculations. The experiments are carried
out in an annular Axial Flow Turbine Research Facility (AF-
TRF) having a diameter of 91.66cm. For the experimental mea-
surement comparison, a reference Flat Insert is installed in the
nozzle guide vane (NGV) passage. It has a constant thickness
with cylindrical surface and is manufactured by stereolithogra-
phy (SLA) method. Also, Flat Insert has a backward facing step
at the NGV exit, and the effect of this step is analyzed compu-
tationally. Four different LE fillets are designed, and they are
attached to both cylindrical Flat Insert and the contoured end-
wall. Total pressure measurements are taken at rotor inlet plane
with Kiel probe. The probe traversing is completed with one vane
pitch and from 8% to 38% span. For one of the designs, area-
averaged loss is reduced by 15.06%. The simulation estimated
this reduction as 6.95%. Computational evaluation is also per-
formed at the NGV exit plane. The most effective design reduced
the mass-averaged loss by 1.84% on the whole passage. The
computational study did not include the rim seal flow between the
vane and rotor domain and also rotor simulation was absent. The
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difference between the measurements and the simulation comes
from these two important effects.

NOMENCLATURE
c Midspan axial chord length of nozzle guide vane.
chub Hub axial chord length of nozzle guide vane.
CPt Total pressure coefficient; (P02 −P01)/(0.5ρ V 2

1 ).
P0 Total pressure.
Reθ t Momentum-thickness Reynolds number.
V Velocity magnitude.
x Axial distance from nozzle guide vane leading edge.

y+ Non-dimensional wall coordinate;
√

τw/ρ·yp
ν

.
yp First grid height off the wall.
Greek
γ Intermittency.
ν Kinematic viscosity.
ρ Density.
τw Wall shear stress.
ω Turbulent frequency.
Subscripts
1 One axial chord upstream of nozzle guide vane leading edge.
2 Nozzle guide vane exit plane, x/c = 1.025.
Abbreviations
N Turbine nozzle guide vane.
R Turbine blade.
SST Shear stress transport.
TKE Turbulence kinetic energy.
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INTRODUCTION
Sharma and Butler [1] states that the endwall losses repre-

sent 30-50% of the total pressure loss. Also, according to a very
explanatory paper by Denton [2], 1/3 of the total loss in a turbine
passage is governed by endwall losses. Two important param-
eters play a significant role in the production of endwall losses
within and outside of the turbine blade: thickness of the inlet
boundary layer and the amount of turning of the blade. When the
incoming boundary layer sees a blunt object, the particles out-
side the boundary layer tends to turn onto low momentum par-
ticles closer to the endwall. As a result, a roll-up vortex occurs
in front of the leading edge, and this vortex separates into two
parts, known as the horseshoe vortex. The strong cross-passage
pressure gradient causes the pressure side leg of horseshoe vor-
tex to move towards the suction surface of the adjacent blade.
This leg merges with the passage vortex and later on suction side
leg wraps itself around this passage vortex. The strong cross-
flow within the blade passage, from pressure side to suction side,
feeds this flow structure, enhances it and lifts it off the endwall
surface. It is clear from this secondary flow model that special at-
tention should be given to the formation of the horseshoe vortex
and the crossflow occurrence within the passage.

Aerodynamic losses related to this horseshoe vortex can be
minimized using a leading edge fillet, which fills the intersection
of the nozzle guide vane (NGV) and the hub endwall. It forms
a smooth transition from the NGV leading edge to the endwall
surface. These leading edge fillets are also useful in heat transfer
point of view. Minimizing the vortices results in lower mixing
of the fluid near midspan and near endwall. Therefore, many
researchers have been studying the effects of these leading edge
fillets on turbine NGV’s.

One of the earliest studies of using a leading edge modifica-
tion in turbine cascades was performed by Sauer et al. [3]. The
aim of the study was to reduce the secondary flow losses. The
methodology was to design a bulb like geometry at the leading
edge endwall junction such that the suction side leg of the horse-
shoe vortex became strengthened. Then the interaction of this
strong suction side leg with the counterrotating pressure side leg
(which merges with the passage vortex) would keep passage vor-
tex away from the profile boundary layer resulting in a reduced
endwall losses. They tested three different bulb like geometries
at the intersection of the leading edge and the endwall. Unlike a
fillet, this bulb geometry was orthogonal to the endwall at the in-
tersection line. The presented results showed a 47% decrease in
endwall loss (measured loss subtracted the inlet boundary layer
loss and the profile loss). This was achieved by using a nonsym-
metric bulb geometry. The computational results did not calcu-
lated the absolute values exactly.

Another leading edge fillet experiment was conducted by
Zess and Thole [4]. They tried to eliminate the horseshoe vortex
by using a fillet of having one boundary layer thickness in height
and two boundary layer thickness in length. The most efficient

FIGURE 1: The turbine facility sketch.

(a) Flat insert without step.

(b) Flat insert with step.

FIGURE 2: Backward facing step.

fillet geometry was found after many CFD calculations and then
it was tested. The authors achieved to eliminate the horseshoe
vortex and observed a reduction in the passage vortex. Results
also showed a decrease in the level of streamwise vorticity and
turbulent kinetic energy. However, the authors did not mention
about the secondary loss measurements.

Shih and Lin [5] carried out computational studies to see
the effects of the leading edge fillets and the given inlet swirl on
the secondary flows, losses related to these secondary flows and
the surface heat transfer. Two different leading edge fillets were
tested. One having zero thickness on the blade surface, and the
other having zero thickness on the endwall. The authors claimed
that both inlet swirl and leading edge fillets could reduce surface
heat transfer (10% on the airfoil and 30% on the endwalls) and
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(a) (b)

FIGURE 3: Experimental setup.

TABLE 1: The AFTRF design performance parameters.

Inlet Total Temperature (◦K); T01 289

Inlet Total Pressure (kPa); P01 101.36

Mass Flow Rate (kg/s); Q 11.05

Rotational speed (rpm); N 1300

Total Pressure Ratio; P01/P03 1.0778

Total Temperature Ratio; T03/T01 0.981

Pressure Drop (mmHg); P01 −P03 56.04

Power (kW ); P 60.6

the aerodynamic losses by more than 40% on its own. The au-
thors concluded that even though the horseshoe vortices and the
crossflows were not eliminated, the loss and the heat transfer co-
efficient were reduced, which implied that the reduction must be
more complex than the intensity and the size of the secondary
flows.

Lethander et al. [6] used an optimization program together
with a CFD software to design an effective leading edge fillet in
order to minimize the adiabatic wall temperature at the junction
of the blade and the endwall. The results showed that the fillet
hindered the formation of the horseshoe vortex, which in turn
avoided the full development of the passage vortex. But, total
pressure loss increased slightly. Nevertheless, the fillet was able
to perform well in terms of thermal benefits. The reduction in
the secondary flows prevented the cooler near-wall fluid to lift
off from the endwall and the fillet surface.

Becz et al. [7] performed wind tunnel tests using Sauer et
al.’s [3] two bulb like geometries and a leading edge fillet to com-
pare them with the baseline configuration. The design of Sauer et
al. [3] was used to create these bulbs. The fillet had two boundary
layer thickness in height and eight boundary layer thickness in
length. Area averaged total pressure loss results at a downstream

TABLE 2: The AFTRF design features.

Rotor Hub Tip Ratio 0.7269

Tip Radius (m); Rtip 0.4582

Blade Height (m); h 0.1229

Tip Relative Mach Number 0.24 (max)

Nozzle Guide Vane (tip)

number 23

chord (m) 0.1768

spacing (m) 0.1308

turning angle 70

maximum thickness (mm) 38.81

Midspan Axial Chord

nozzle (m) 0.1123

rotor (m) 0.09294

Vane Reynolds Number

based on inlet velocity (3∼ 4)×105

based on exit velocity (9∼ 10)×105

location showed that the large bulb geometry slightly increased
the loss. On the other hand, small bulb and leading edge fillet re-
duced the loss by 8%. In the later paper of Becz et al. [8], authors
carried out experiments on the small bulb and leading edge fillet.
But this time, they showed the mass-flow averaged total pressure
loss results. The reason was to take into account the effect of
mass flux in order to calculate the entropy production correctly.
Compared to the first paper [7], small bulb did not lessen the to-
tal pressure loss. The leading edge fillet geometry again showed
a reduction in loss by an amount of 7.3%.

Mahmood et al. [9] experimentally investigated the effect of
leading edge fillets on secondary flows and Nusselt Number in a
linear blade passage. Four different types of fillets were tested,
details of which are given in the paper. Based on flow visualiza-
tions, smaller horseshoe vortex occurred in front of the leading
edge when compared to baseline. Total pressure loss coefficient
results, measured at a downstream location, exhibited no reduc-
tion. The authors also noted that the passage vortex was shifted
upwards.

Han and Goldstein [10] performed mass transfer experi-
ments in a turbine cascade with a leading edge fillet. The leading
edge fillet was designed in the same way as described in Zess an
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FIGURE 4: Rotor inlet plane perpendicular to axial direction and
NGV exit plane parallel to NGV trailing edge.

Thole’s paper [4] with modified dimensions. Low and high tur-
bulence intensity flow conditions were tested. Both with the low
and the high turbulence intensity measurements, the horseshoe
vortex was reduced and the passage vortex was delayed. How-
ever, the strength of the passage vortex was found to be similar in
magnitude to the baseline case near the trailing edge of the blade.
Authors also noted that the fillet increased the leading edge cor-
ner vortices on the suction and pressure sides. Authors did not
mention about the total pressure losses.

This paper includes the experimental investigation of the
specific NGV leading edge fillets designed for the Axial Flow
Turbine Research Facility (AFTRF). The aerodynamic perfor-
mance of these fillets are experimentally tested on the cylindrical
hub surface and also on a nonaxisymmetric contoured endwall
designed by Turgut and Camcı [11]. The following sections will
give detailed information about the design methodology of these
leading edge fillets. The aerodynamic experiments performed in
this study are also supported by the computational fluid dynam-
ics evaluation and the predictions are presented at the NGV exit.

EXPERIMENTAL FACILITY
The Axial Flow Turbine Research Facility (AFTRF) is in-

stalled at the Turbomachinery Aero-Heat Transfer Laboratory of
the Pennsylvania State University. The AFTRF is a low speed,
single-stage, cold flow turbine having a diameter of 91.66cm. Ta-
ble 1 summarizes the design performance parameters of the tur-
bine facility and the features are shown in Tab. 2. The detailed
description and the characteristics of the AFTRF can be found
from [12–15]. The facility is driven by four axial suction fans
downstream of the rotor section and the speed of the rotor is con-
trolled by a power absorbing eddy-current brake. Inlet has a bell-
mouth shape followed by the NGV row and the rotor blades. A
sketch of the AFTRF is given in Fig. 1. There are 23 NGV’s and
29 rotor blades followed by the exit guide vanes.

In order to test performance of the contoured endwall and
the leading edge fillet designs with a reference baseline, “Flat In-

FIGURE 5: Leading edge fillet design characteristic length defi-
nitions.

sert” is manufactured using stereolithography (SLA) technique.
This Flat Insert has cylindrical endwall surface in the vane pas-
sage and has a thickness of 0.0075m, corresponding to∼6.1% of
the vane span. It extends one midspan axial chord of the vane in
upstream direction. It has a linear ramp with rounded edges to
maintain surface continuity. Flat Insert ends at the rim seal with
a backward facing step. The solid model of this insert is shown
in Fig. 2. The effect of backward facing step will be investigated
computationally in the following sections.

The complete stage of the AFTRF is shown in Fig. 3a. In
this picture, the SLA parts of contoured endwall and one of the
leading edge fillet designs are also installed in the NGV row. Fig-
ure 3b shows a view of the NGV row and the SLA parts from the
upstream of the leading edge. Note that, 0.05mm (2 mils) thick
aluminum tape is used for the continuity between the surfaces.
SLA parts are attached to the hub surface with double-sided tape.

The blue vertical line in Fig. 4 indicates the experimental
measurement plane. This axial plane is located at x/c = 1.018
from the NGV trailing edge at casing. The radial starting lo-
cation for the measurements is selected as the %8 of the vane.
The reason is that the thicknesses of SLA parts downstream of
the trailing edge are %6.1 of the vane span. It is also found out
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TABLE 3: Leading edge fillet design features.

H Lup Lps Lss

% Span % chub % chub % chub

F02linear 0.08 0.27 0.28 0.22

F03curved 0.15 0.37 0.88 0.33

F03linear 0.15 0.37 0.88 0.33

F04curved 0.15 0.37 0.98 0.33

FC02linear 0.08 0.27 0.28 0.22

FC03curved 0.15 0.37 0.88 0.33

FC03linear 0.15 0.37 0.88 0.33

FC04curved 0.15 0.37 0.98 0.33

that above %35 of the span, the variations in measurements are
minimal. Therefore, the maximum location in radial direction is
selected as %38 of the span, which helped in reducing the time
needed for a complete measurement of one pitch in circumferen-
tial direction.

The total pressure measurements are carried out by a Kiel
probe manufactured by United Sensor Corporation [16]. The
probe has a 3.175mm (0.125in.) head diameter. The main ad-
vantage of Kiel probe is the extensive range of insensitivity to
yaw and pitch angles. The manufacturer documents the ranges
as ±48◦ and ±45◦ for yaw and pitch, respectively. Before the
experiments, probe is manually aligned with the NGV exit flow
design angle, which is 70◦ from the axial direction. Zaccaria and
Lakshminarayana [12] reported that the flow yaw and pitch an-
gles deviate from design value within±5◦. The probe is mounted
on a single-axis linear traverser which moves in radial direction.
This linear traverser is installed on a circumferential traverser
that is attached to the facility window. The slot on the window
allows the circumferential traversing mechanism to complete 1.5
vane pitch. But, authors decided to traverse one full pitch in cir-
cumferential direction for time considerations. There are 18 ra-
dial and 25 circumferential locations that the probe collects data,
which makes 450 data points.

Kiel probe is connected to a pressure transducer, and the
analog data from the transducer is transferred to a 12 bit data
acquisition (DAQ) board. A computer program is developed us-
ing commercial software LabView which reads the data coming
from DAQ and performs necessary calculations and exports the
CPt values. The estimated uncertainty in CPt is 0.6%.

DESIGN METHODOLOGY
Nonaxisymmetric Endwall Contouring

Nonaxisymmetric endwall contouring is accomplished by
two steps. First step is to define splines within the vane passage at
various axial locations. These splines are in the form of Fourier
series expansion. First three terms of the Fourier series is found
to be sufficient to create highly complex circumferential curve.
Secondly, these splines are imported by a solid modeling soft-
ware, in which they are combined to form a three-dimensional
contoured endwall. The detailed description of the endwall con-
touring design is given in the previous paper of Turgut and Camcı
[11]. In that paper, various contoured endwalls were presented
and computationally evaluated. Among all the designs, case D14
was found to be promising. So that, it will be tested experimen-
tally to see its influence on the total pressure distribution.

Leading Edge Fillet Design
The mechanism of the horseshoe vortex formation and the

separation into two parts is not the same for all turbine blades.
According to Langston [17], the separation at the saddle point
depends on the blade surface pressure distribution rather than the
leading edge shape. So, a particular leading edge fillet should
be designed for each turbine blades depending on the pressure
field. But, there are some certain conventions while designing
the fillet. Sung and Lin [18] suggested to design the fillet such
that its length is greater than the height. Also, they proposed the
height to be at least one boundary layer thickness for symmetric
airfoils. Zess and Thole [4] tried various configurations of height
to length ratio. They also examined the fillet profile and decided
on using a fillet with a linear slope.

The current LE fillet designs are based on the discussions
mentioned above. Figure 5 describes the LE fillet design param-
eters. H represents the height of the fillet in the radial direction
from the cylindrical endwall based on the vane span; Lup, Lps,
and Lss are the distances from leading edge, in terms of axial
chord length at hub, showing to what extent fillet is designed in
upstream axial direction, along pressure and suction surfaces, re-
spectively. In the present study, four different types of LE fillet
are introduced. Two of them have a linear cross-section, and the
other two have a parabolic cross-section. The linear ones are
named as “F02linear, F03linear”, and the ones with parabolic
profiles are named as “F03curved, F04curved”. These four LE
fillets are designed in such a way that they are placed on a cylin-
drical endwall. Moreover, the performance of these fillets are
also investigated on the contoured endwall, namely “FC02linear,
FC03linear, FC03curved, FC04curved”. Table 3 lists the design
parameters for all these designs. In addition to this, Fig. 6 illus-
trates the solid model representation of LE fillets. In this figure,
the Flat Insert and the LE fillets sitting on cylindrical endwall are
in the left two columns; the contoured endwall and the LE fil-
lets designed for contoured endwall are in the right two columns.
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(a) Flat insert. (b) Flat insert. (c) D14. (d) D14.

(e) F02linear. (f) F02linear. (g) FC02linear. (h) FC02linear.

(i) F03curved. (j) F03curved. (k) FC03curved. (l) FC03curved.

(m) F03linear. (n) F03linear. (o) FC03linear. (p) FC03linear.

(q) F04curved. (r) F04curved. (s) FC04curved. (t) FC04curved.

FIGURE 6: Leading edge fillet designs.
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(a) Leading edge. (b) Trailing edge.

FIGURE 7: Structured grid.

F02linear and FC02linear have a design such that Lup is approx-
imately twice the length as H. The remaining LE fillets have
more aggressive designs which doubled the height of the fillet
and extend on the pressure side and hub intersection. F03 designs
elongates on the pressure side as far as chub = 0.88, whereas F04
designs reaches to the chub = 0.98 point with more filling effect
on the pressure side and hub intersection corner.

COMPUTATIONAL DETAILS
The computational evaluations of the nonaxisymmetric end-

walls and leading edge fillets are accomplished by the com-
mercially available finite-volume flow solver ANSYS CFX. The
steady-state, three-dimensional flow simulations are performed
for an annular NGV passage, without including the rotor section.

The computational domain extends one midspan axial chord
in the upstream direction, where the experimental inflow con-
ditions are imposed. The circumferentially averaged total pres-
sure and turbulence kinetic energy distribution along the span
are specified at the inlet boundary according to the previous ex-
perimental research [15]. The outflow boundary is located two
chords downstream of the NGV trailing edge and mass flow rate
is set at the outlet. NGV, hub, and casing walls have no-slip
boundaries with adiabatic conditions. Only one NGV passage is
simulated with rotationally periodic side walls.

Menter’s [19] two-equation eddy-viscosity model gives
good predictions especially when there is an adverse pressure
gradient in the boundary layer. This shear stress transport (SST)
model is based on k-ω turbulence closure formulation. Also,
the flow through an NGV passage is transitional, and one should
account for the transition effects as discussed in [20]. One of
the methods to predict the transition is the Gamma Theta model
in CFX. This model is based on an empirical correlation and
two more transport equations are solved; one for the momentum
thickness Reynolds number (Reθ t ), and the other for the intermit-
tency (γ). This model is validated for various transitional flows
together with SST turbulence model.

Based on the discussion and the results presented in [20],
the authors applied structured mesh to represent the flow field.

Three-dimensional computational mesh is created by GRIDPRO.
Multi-block, body-fitted structured grid gives more reasonable
flow predictions in comparison to unstructured grid, even though
unstructured mesh is easy and quicker to implement for complex
geometrical designs. An example of a generated structured grid
is shown in Fig. 7. This figure shows leading edge and trail-
ing edge view of FC04curved design. Note that, in the trail-
ing edge view, there is an axial plane included to demonstrate
how the backward facing step is handled. The structured grid is
well adapted to the endwall contouring, leading edge fillet and
the backward facing step. Since the near-wall grid resolution
is the key for transitional flows and for capturing the secondary
flow formation, the non-dimensional wall distance of y+ < 1 is
satisfied everywhere in the domain. Total number of 2 million
three-dimensional mesh elements are used in the computational
domain. This mesh density gives grid independent results, es-
pecially on the total pressure coefficient distribution at the NGV
exit.

The computational evaluation of the designs are performed
on two planes. One is the rotor inlet plane where the experimen-
tal measurements were taken. The other plane is parallel to the
NGV trailing edge, located at x/c = 1.025 away from the trailing
edge line. These planes are shown in Fig. 4.

RESULTS AND DISCUSSION
Backward Facing Step

As mentioned in the previous sections, Flat Insert is em-
ployed as a reference endwall for the evaluation of new designs.
The Flat Insert, which is installed on the AFTRF, extends up to
the end of NGV row and it has a backward facing step as was
shown in Fig. 2b. This had to be fabricated that way because of
the physical limitations of the facility. But still, it is important
to analyze the fluid flow structures behind this backward facing
step. In order to isolate its effects, a new solid model of Flat In-
sert is completed without having a step, as was shown in Fig. 2a.
This model is designed for computational assessment. After the
NGV trailing edge, the cylindrical endwall extends to the outflow
boundary of the domain, which lies two c downstream.

The consequence of the backward facing step is investigated
both at the NGV exit plane and the rotor inlet plane. Contours
of CPt at NGV exit plane tells that the main difference between
these two cases is the location of the secondary flow core, as
shown in Fig. 8. For the Flat Insert with step case, the core is
closer to the endwall. The reason is that the radial velocity com-
ponent of the flow near the endwall increases after the step, and
hence, there occurs a downward moving of the flow in radial di-
rection. This influences the upstream also, and the secondary
region is pulled towards the endwall.

Figure 9 shows the CPt contours at the rotor inlet plane, af-
ter the backward facing step. It should be pointed out that the
reference constant y lines in Fig. 9 are not the same as the ones
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(a) Flat Insert with step (b) Flat Insert without step

FIGURE 8: Contours of CPt at NGV exit plane, computational result.

(a) Flat Insert with step (b) Flat Insert without step

FIGURE 9: Contours of CPt at rotor inlet plane, computational result.

in Fig. 8. Also, as a reminder, the hub endwall for Flat Insert
without step starts around 6% span. It is clear from this figure
that the upper edge of the secondary flow area remains almost at
the same radial position for both cases. Another important ob-
servation is the minimum value of CPt decreases to -4 for both
cases. The contour plot for Flat Insert with step reveals that the
secondary flow area is diffused to the endwall after the step. On

the other hand, Flat Insert without step has the secondary flow
area more concentrated at a region. The wake is spread out for
the case without step.

The circumferentially mass flow averaged CPt distributions
along the span for NGV exit plane and rotor inlet plane are shown
in Figs. 10a and 10b, respectively. As discussed previously, there
is a radially outward shift of approximately 1% span in the CPt
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(a) NGV exit plane (b) Rotor inlet plane

FIGURE 10: Effect of backward facing step on CPt distribution, computational result.

(a) (b)

FIGURE 11: Effect of leading edge fillet on horseshoe vortex formation.

distribution, at the NGV exit plane. The comparison in Fig. 10a
tells that the distributions do not change after 25% span.

The story behind the step is little different. The distribution
for the case without step has a secondary flow more concentrated
in a region, which is in accordance with Fig. 9b. On the other
hand, there are two kinks in CPt distribution of the case with
backward facing step, as shown in Fig. 10b. One is around 12%
span, and the other one is near 6% span. The first one is related
to the secondary flow and it is closer to the endwall by 1% span
compared to the Flat Insert without step. This result is similar to
Fig. 10a. The second kink occurs since there is a diffusion of the
secondary flow after the step.

Effect of Leading Edge Fillet
The purpose of using LE fillets were to minimize the horse-

shoe vortex formation. Figure 11 depicts how efficiently the LE
fillet works. The Flat Insert endwall and LE junction is shown
in Fig. 11a. A circumferential plane, extending from the lead-
ing edge in the upstream direction, is extracted and the stream-
lines are released on this plane. The horseshoe vortex is captured
within the 5% of vane span, and it is magnified for a better res-
olution. This horseshoe vortex is completely eliminated with the
use of LE fillet as shown in Fig. 11b. For both figures, the cir-
cumferential planes and the streamlines are the same. Since the
flow does not meet the leading edge with a sharp corner at the
hub, streamlines climb up the ramp and follow the fillet geome-
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(a) D14 (b) F02linear (c) F03curved

(d) F03linear (e) F04curved (f) FC02linear

(g) FC03curved (h) FC03linear (i) FC04curved

FIGURE 12: Computational CPt contours at NGV exit plane.

try nicely. The further details of the results with LE fillets will
be examined at NGV exit plane and rotor inlet plane in the fol-
lowing sections.

Contoured Endwall and Leading Edge Fillet Designs
Four different LE fillet designs are evaluated both compu-

tationally and experimentally. These fillets are attached to the
Flat Insert as well as the contoured endwall. The aim is to see

10 Copyright c© 2012 by ASME



(a) D14

(b) F02linear and FC02linear

(c) F03curved and FC03curved

(a) F03linear and FC03linear

(b) F04curved and FC04curved

FIGURE 13: Computational CPt distributions along the span at
NGV exit plane.

the individual behavior of the fillets on a cylindrical endwall sur-
face, and also, to analyze the performance of these designs in
combination with the contoured endwall. As discussed earlier,
there are two planes that the results will be compared, namely
the NGV exit plane and the rotor inlet plane.

Equal contour lines of CPt at NGV exit plane are shown in
Fig. 12. The same constant y lines in Fig. 8 are used to form
a basis for comparison. The first thing that is apparent is the
contoured endwall itself and the combination of LE fillets with
contoured endwall result in a smaller secondary flow area. On the
contrary to this favorable result, contouring the endwall increases
the total pressure loss just above the endwall. For instance, at a
constant y location, the thickness of the total pressure loss con-
tours reach up to 8.3% of the span for contoured endwall case
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(a) D14 (b) F02linear

(c) F03curved (d) F03linear

(e) F04curved (f) FC02linear

FIGURE 14: Circumferentially area-averaged CPt distribution along the span at rotor inlet plane.
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D14, as shown in Fig. 12a. Whereas, for F03linear in Fig. 12d,
the thickness of the contour lines at the same y location is around
7.5% span.

The more quantifiable discussion can be achieved from the
circumferential mass flow averaged values. Figure 13 shows the
comparison between the reference Flat Insert case and contoured
endwall and LE fillet cases at the NGV exit plane. The sole effect
of contoured endwall case, D14, is analyzed in Fig. 13a. Clearly,
case D14 changes the CPt distribution considerably. From 12%
to 18% span, the circumferentially mass flow averaged values are
reduced compared to Flat Insert case. The reduction reaches 33%
of CPt at 13% span. Conversely, from 11% span to the endwall,
the total pressure loss is increased. This is mainly due to the fact
that the valley on the endwall near the suction surface pulls the
secondary flow loss region to the hub endwall. That results in
higher values of CPt near the endwall.

It is observed from Fig. 13b that the F02linear reduced the
mass flow averaged valuesfrom 10% to 13% span, but then in-
creased from 14% to 17%. There is a slight radially outward
shift in the distribution, approximately 0.5% span. The combina-
tion of contoured endwall and LE fillet, FC02linear, has a similar
trend close to D14. From 16% to 12% span, CPt is less than those
of Flat Insert, and the maximum reduction is around 30% of CPt .

F03curved reduced total pressure loss between 11% to
13% span, having a maximum reduction of 17% CPt value, as
shown in Fig. 13c. FC03curved improved the loss distribution
just above the endwall, 6.5% span, when compared to D14 in
Fig. 13a.

FC03linear in Fig. 13a has a very similar distribution to that
of FC03curved. The total pressure loss is decreased 11% to 16%
span with a maximum reduction of 33% CPt . And, it is increased
between 11% to 8% span. Again, the fillet attached to contoured
endwall works effectively close to the hub endwall. It is seen
from this figure that F03curved has shifted the profile 0.6% span
in the radially outward direction, between 11% and 18% span
locations.

F04curved is the design extending on the pressure surface
to the trailing edge corner. It covers larger area at the corner of
pressure surface and hub endwall. It decreased the peak value
of CPt by 12% around 12% span. However, the loss is increased
34% very close to the hub endwall. FC04curved has a similar
distribution to that of FC03curved.

The authors of this paper performed the experiments at the
rotor inlet plane. The area-averaged total pressure coefficient dis-
tributions are plotted in Fig. 14. The solid lines represent the ex-
perimental data, whereas the dashed lines display computational
simulation results. Before going into detailed discussion of these
figures, it is required to mention one observation. There is an
obvious disagreement between the experimental and computa-
tional distribution, particularly below 23% span. The wake CPt
values are predicted well, but the discrepancy starts at the sec-
ondary flow area. The deviation of the CFD simulation from the

(g) FC03curved

(h) FC03linear

(i) FC04curved

FIGURE 14: Circumferentially area-averaged CPt distribution
along the span at rotor inlet plane (Continued).
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measurement has two main reasons:

- Rotor-vane interaction is not included in the simulation.
Computations are carried on without the rotor geometry,
only the vane is simulated.
- There is a radially outward flow through the rim seal caused
by centrifugal force due to the rotation of the rotor section.
The CFD calculation does not involve this flow.

It is expected that including these important considerations
will improve the computational estimations. So, it is crucial that
when discussing the current results, these factors should be kept
in mind.

Apparently, at the rotor inlet plane, the secondary flow re-
gion in Fig. 14 is not as distinct as in Fig 13. The endwall bound-
ary layer loss and secondary flow loss are combined. However,
from Flat Insert experimental distribution in Fig. 14a, it can be
said that the secondary flow starts around 26% span. Based on
this information, experimental measurement shows that D14 re-
duced the loss up to 44%. But, below 15% span it increases the
loss. CFD simulation predicts in the same trend, the secondary
flow in D14 is less than Flat Insert, and loss is higher near the
endwall. This is in accordance with the discussion for the results
at NGV exit plane. Both the experimental and computational as-
sessment tell that the secondary loss core is more closer to the
endwall and the secondary flow region is diffused along the vane
pitch near the endwall.

F02linear experimental distribution has 14% improvement
on secondary flow, as shown in Fig. 14b, however, below 17%
span the CPt is higher than Flat Insert values, as much as 19%.
CFD estimates 11% reduction in secondary flow loss, and 12%
increase in endwall boundary layer loss.

For F03curved case shown in Fig. 14c, measured loss is less
than the Flat Insert between 26% and 14% span. Below that point
CPt values are close to each other, except at 8% span, where the
loss is measured 4% more than the reference value. The compu-
tational simulation successfully estimated the loss reduction in
secondary flow region, but on the other hand, it calculated a 30%
increase in loss closer to the endwall.

F03linear and F04curved showed improvement in loss re-
covery from 26% to 8% span as shown in Figs. 14d and 14e,
respectively. CFD predicts the loss recovery in secondary flow
area, however, there is an increase in loss below that region. This
is a common prediction in all design simulations. But note that,
F04curved has a positive influence within the endwall boundary
layer, which is consistent with the experimental data.

The distribution for FC02linear is similar to that of D14, as
shown in Fig. 14f. There is a gain in total pressure loss between
26% and 16% span, and an increase in loss below that radial
location. Consistently, CFD predicts a reduction in secondary
flow, and rise in CPt values near endwall.

Figures 14g and 14h depict the CPt distribution for the cases
FC03curved and FC03linear, respectively. Both experimental

TABLE 4: Measured and computed percent change in CPt at the
rotor inlet plane.

Experiment CFD CFD

Area-Av. Area-Av. Mass-Av.

D14 -1.08 6.77 6.01

F02linear -7.95 1.62 2.10

F03curved 9.38 7.38 6.92

F03linear 14.10 3.37 3.37

F04curved 15.06 6.95 6.20

FC02linear -7.07 3.43 1.64

FC03curved 9.18 6.35 5.70

FC03linear 7.43 6.99 6.26

FC04curved 4.28 6.58 5.57

TABLE 5: Computed percent change in CPt at the NGV exit
plane.

CFD Mass Flow Averaged

D14 0.31

F02linear 1.31

F03curved 0.49

F03linear 0.36

F04curved -1.05

FC02linear -0.54

FC03curved 1.84

FC03linear 1.80

FC04curved 0.73

measurements show that the secondary flow loss is reduced,
without any increase in CPt near 8% span. On the other hand,
FC04curved, shown in Fig. 14i, has a negative effect below 13%
span. However, like the other designs, it decreased the secondary
flow loss values. The numerical estimation of these three de-
signs have similar pattern, except below the secondary flow re-
gion. FC04curved has lowered the loss generation in the endwall
boundary layer up to 11%.
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Table 4 lists the percent change in CPt at the rotor inlet
plane. Remember that, the averaging is completed between 8%
to 38% span for one pitch. Area-averaged experimental mea-
surements tell that the most efficient designs are F03linear and
F04curved with percent change values of 14.10 and 15.06, re-
spectively. Besides, area-averaged percent change in CFD cal-
culation for these designs are 3.37 for F03linear, and 6.95 for
F04curved. Note that, based on the CFD area-averaged val-
ues, LE fillet designs combined with contoured endwall have the
most total pressure loss reduction, except the short LE fillet con-
figuration, FC02linear. The short LE fillet geometries, namely
F02linear and FC02linear, increased CPt in experimental mea-
surements. This is in accordance with the numerical prediction.

The mass flow averaged CPt is calculated at the NGV exit
plane also, and the percent changes with respect to Flat Insert are
listed in Tab. 5. Note that, this mass flow averaging is obtained
over the whole NGV passage exit. The most promising results
come from FC03curved and FC03linear with percent change val-
ues of 1.84 and 1.80, respectively.

CONCLUSIONS
Four different LE fillets were designed for the NGV of the

low-speed turbine rig, AFTRF. The performance of these LE
fillets and a contoured endwall were tested experimentally and
computationally. Numerical evaluation was achieved without the
rotor simulation. A reference baseline, Flat Insert, with constant
thickness and having cylindrical surface was used. Two sets of
LE fillets were manufactured using SLA technique. First set was
put on the Flat Insert, and the other set was sitting on the con-
toured endwall, D14.

The Flat Insert, which was located in NGV passage, ex-
tended from one midspan chord upstream of LE to downstream
of TE where the NGV row ended. Therefore, it had a backward
facing step. To distinguish the influence of this step, a compu-
tational assessment study was accomplished with and without
backward facing step. The comparison showed that the CPt dis-
tribution is 1% closer to the endwall in the case with backward
facing step. The loss is diffused after the step.

LE fillets managed to remove the horseshoe vortex occur-
ring in front of the LE. In one of the LE fillet cases sitting on
Flat Insert, CFD results at the NGV exit showed that the mass-
averaged loss value was reduced 1.31% for the whole passage
exit. One of the LE fillets increased the loss at NGV exit. At the
rotor inlet plane, the experimental measurements were taken be-
tween 8% and 38% span. The area-averaged loss values showed
different trend. The most efficient one turned out to increase the
loss after the backward step. The other three designs decreased
the area-averaged loss with the maximum reduction of 15.06%.
CFD estimated that all designs reduced the area-averaged CPt up
to 7.38%.

Contoured endwall effectively weakened the secondary flow

region. Mass-averaged loss before the step at NGV exit was
reduced by 0.31%. However, area-averaged experimental mea-
surement showed that it increased the loss at rotor inlet plane,
although CFD calculated 6.77% decrease.

The combination of contoured endwall and LE fillets were
tested also. Before the step, three of the designs worked well and
the loss was estimated less than Flat Insert up to 1.84%. The ro-
tor inlet plane experiments confirmed this estimation. The same
design had 9.18% reduction in area-averaged loss. CFD at this
plane calculated as 6.35% reduction.

It should be noted that, not all the CFD evaluations are in
accordance with the experimental measurements. Authors con-
cludes that this has two reasons. One of them is the flow coming
radially out from the rim seal. It is not simulated in the present
paper. Another important issue is the rotor-vane interaction. Ro-
tor is not included in the CFD. In the future work, the CFD vali-
dation of baseline NGV and rotor will be performed.
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