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A B S T R A C T   

Based on the blade chord and inlet velocity, the current computational study uses a linear vane cascade with a 
large filleted blade-endwall junction with a 2.01 x 105 Reynolds number. Three fillets with related profiles are 
explored. To evaluate the upshots of geometric differences in a fillet attached to the endwall flow-field, the 
height and endwall-width of the fillets are changed. The RANS k-ω turbulent model is used in the computations, 
and the results are compared to experimental results from a similar cascade without the fillet. The computed 
results of the secondary flow-field in the endwall region along the cascade are compared for baseline (no fillet) 
and filleted passages. As a result of diminished leading-edge and passage vortices, the fillets lower pitchwise 
pressure gradients, flow separation, axial vorticity, and overall pressure losses when compared to the baseline. 
The pros of fillets on endwall secondary flows are however unaffected by fillet’s geometric changes.   

Introduction 

A major source of aerodynamic diminutions in turbine blade path 
ways is attributed to the secondary flows near the endwall boundary. 
The secondary flows form at the leading-edge of blade-endwall junction 
then advect heat in the passage along the endwall as the three- 
dimensional vortical structures. These vortical flows also decrease the 
film cooling penetration on the endwall and increase the neighborhood 
heat transfer emanating from the hot-gas to the passage walls. In
vestigations [1–3] in the vane- and rotor-blade cascades show modifi
cations of the blade-endwall junction and endwall profile employing 
fillets and two- or three-dimensional contour reduce the vigour, size and 
effects of the endwall secondary flows. The present numerical study 
investigates the effects of fillet profile at the vane-endwall junction on 
the near endwall flow-field and secondary flow losses in a linear 
cascade. The fillet geometric parameters are changed to show their in
fluences on the reduction of the secondary flows in the passage. 

The evolution and structures of the pressure and suction side-leg 
vortices around the leading edge and along the endwall of vane cas
cades have been studied before by Kang & Thole [4] and Hermanson et 
al. [5]. The creation of the passage vortex is due to the boundary layer 
and cross flow generated by pitchwise pressure gradients at the endwall 
region [6]. Numerical and experimental studies by Saha & Acharya [7], 

Torre [8] present the control of endwall region vortices by profiling the 
cascade linear-endwall. The results of [7,8] show that endwall flow 
losses and heat transfer can be significantly reduced. Ligrani et al. [9] 
describe the various study models of secondary flows and ways for 
managing them in blade cascades. 

In [6,7,10–19], the effects of large fillets at the blade leading-edge 
and linear-endwall junction on cascade secondary flows, loss co
efficients, flow angles, and pitchwise pressure gradients were investi
gated. For the investigations, the blade geometry in the stationary 
cascade is either a rotor- or vane-blade profile of a gas turbine engine. 
The findings of [3,4,7–16] show that the leading-edge fillet alters the 
locations and structures of secondary flows, resulting in decreased 
endwall heat transfer and aerodynamic losses in cascade passage. The 
alterations are largely induced upstream of the throat region by the 
fillet. The amount of decrease in aerodynamic losses, such as turbulent 
kinetic (TK) energy and total pressure dissipation, is determined by the 
fillet surface profile and shape. Shih and Lin [12] cascade inlet condi
tions with the leading-edge fillet greatly reduce overall pressure losses, 
but Saha et al. [17] cascade exit conditions increase pressure losses. Becz 
et al. [11,13] observations compare total pressure losses owing to sec
ondary flows using leading-edge bulbs and parabolic fillets. According 
to the findings of [11,13], losses reduce with fillets but rise with bulbs. 
Unlike the findings of [6,7,10–19], the findings of [2,20] reveal that the 
tiny fillet at the blade-endwall junctions all around increases secondary 
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losses in the blade passageways. In addition, the improved fillet of [21] 
has a negligible effect on the annular vane cascade’s exit secondary 
flows. 

While the benefits of leading-edge fillets in terms of aerodynamic 
loss reductions are known from prior studies, the sensitivity of the loss 
reductions to changes in the geometric characteristics of a specific fillet 
has not been thoroughly investigated. Due to production tolerances and 
precision, the fillet geometric dimensions may fluctuate and thus could 
positively or negatively affect the turbulence, flow separation and could 
creating additional pressure loss penalties near the endwall region. 
Study of the effect of the alteration in fillet geometry could have 
tremendous running cost and noise implications. These computational 
studies will afford access for the exploration of larger data set without 
increase in time and resources. Besides, visual data and results will be 
made easier compared to experimentation which previously creates 
inaccessibility of critical data due to their complexity. This is an urgent 
gap that this investigation is trying to bridge effectively at the shortest 
possible time. The research also attempts to present integration of data 
from multiple sources, including experimental data. Therefore, the need 
for this investigation is imperative to give detailed insight for turbine 
innovators and manufacturers. The effects of fillet height and breadth 
variations on the endwall region flow field in a cascade model are re
ported in this computational study. A low-speed linear cascade test fa
cility with a vane-blade profile is simulated using the cascade model. 
From the leading-edge to the throat area within the tunnel, the big fillet 
at the vane-endwall junction is used in the current cascade. The exper
imental scenario validates the numerical model for the baseline situa
tion without a fillet. Between the baseline and fillet examples, details of 
the endwall flow field are examined, including streamlines, vorticities, 
pressure distributions, and total pressure diminutions through the pas
sage. As a result, the findings of this study are critical in the development 
of high-efficiency turbine endwalls. 

Measurements and experimental setup 

The computational model is validated using data collected from an 
experimental cascade facility. The airstream wind tunnel, which con
tains the cascade (linear in arrangement) test section, is depicted sche
matically in Fig. 1(a). The air get is produced by the suction of dual duct 
fans with a combined capacity of 22.5 kW linked in series configuration 
at the exit of the tunnel, which functions in an open circuit. The tunnel 
has a rectangular cross-section with wood-paneled walls. Clear poly
carbonate serves as the test section’s walls. Through a honey-comb 
screen and a passive turbulence grid, ambient air is allowed to accel
erate gradually and flow progressively into the test section. Seven two- 

dimensional vane-blades are housed in the test section area of the 
cascade facility, as illustrated in Fig. 1(a). In addition, the blade ge
ometry is constructed by extruding (24 cm) the first stage (GE-E3) nozzle 
guide vane’s hub-side blade profile [22]. At the engine hub, the cascade 
geometry is 6 times that of the actual nozzle geometry. The vanes are 
made of polycarbonate. They have a flat surface that is coated with 
polyurethane. The specifications used in the cascade test segment ge
ometry are listed in Table 1. At the engine’s vane leading-edge, the 
approaching flow angle is fixed to zero degrees. To produce the periodic 
flow condition in the test section, some airflow upstream of the tunnel 
section is diverted via the sidewalls of blade 1 and blade 7. The flow 
assessments are carried out in the opaque zone between blade 3 and 
blade 5 in Fig. 1(a). Surface pressures may be measured using pressure 
tap holes located in the mid-span positions of blades 3, 4, and 5. 

A slot on the apex side of the endwall at 2.5 Cax upstream of the 
cascade intake, as illustrated in Fig. 1(a), permits the pitot-static probe 
and hot-wire anemometer to monitor the reference parameters in  
Table 2. Table 2 shows the freestream celerity U measured from the 
endwall, above the boundary layer. The density value in Table 2 is 
presumed constant in the observations due to the little pressure drop 
over the test cascade. As illustrated in Fig. 1(b), the Reynolds number in 
the table is calculated using the freestream velocity emanating from the 
reference plane, actual chord length of the vane. At atmospheric tem
perature, the viscosity of air is determined. Fig. 1(b) also shows the 
coordinate systems and computational model. The global coordinates 
(XG, YG, ZG) start at the blade-3’s leading edge. The pressure side of the 
blade 3 is where the local coordinates (X, Y, Z) emanate. After that, the 
position (ZG or Z = 0) corresponds to a location on the endwall. On the 
pressure side, the blade-profile coordinate (denoted as ‘s’) in Fig. 1(b) 
begins at the leading-edge which is positive. For the computational flow 
analysis and measurements, Fig. 1(b) also illustrates the axial, XG/Cax 
positions of the pitchwise Plane-1 and − 2 in the cascade channel. Part of 
the passage throat area is included in Plane-1. Plane-2 is a little further 
downstream from the passage’s outlet. 

The endwall pressure distributions are measured using a series of 
pressure taps on the top endwall between blades 3 and 4. To scan the 
flow-field, a five-hole total-pressure probe with a tip diameter of 1.6 mm 
is used through the endwall slot at Plane-2. Separate differential pres
sure transducers are attached to each of the wall-static pressure taps and 
pressure-probe ports. The pressure signals are sent by the transducers to 
a National Instruments™ data collecting system. The signals from each 
transducer are then recorded for 2 seconds at a frequency of 100 Hz by a 
LabVIEW™ software controlling the probe traverse. After applying the 
proper calibrations, the voltage responses are time-averaged and 
transformed to the pressure. The average uncertainties in the velocity 

Nomenclature 

C, Cax blade true chord and axial chord 
Cp,blade coefficient of pressure on blade 
Cpt,loss total pressure loss coefficient 
Cp,static static pressure coefficient on endwall 
P blade pitch 
Pb,x, Pe,x blade pressure, pressure on endwall 
Pt,r, Ps,r total pressure, static pressure at reference 
Pt,x local total pressure 
PS, SS pressure side, suction side 
Re Reynolds number 
S blade span 
LE, TE blade leading-edge, trailing-edge 
U freestream velocity along ‘X’ 
X, Y, Z local coordinates 
XG, YG, ZG global coordinates 

Yawlocal local yaw angle of flow 
min mass flow rate in a blade passage 
s blade surface distance from leading edge 

Greek 
Δ change in quantities related 
ω vorticity 
ρ, μ air density and viscosity 

Subscripts 
b,x local blade quantity related to ‘X’ 
e,x local endwall quantity 
mass-av mass-averaged quantity 
s,r static quantity related to reference plane 
t,r total quantity related to reference plane 
t,x local total quantity related to ‘X’ direction  
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and pressure data, based on the 95 % confidence level [23], are 6.0 % 
and 5.0 %, respectively. 

Fillet design and geometry 

At the blade-endwall intersection, the computational model uses 
three fillet designs. Fig. 2 depicts the geometry of the fillets (Fillet-1, − 2, 
and − 3). On the two sides (pressure and suction), the endwall fillet 
profiles perfectly match the curve of the blade profile, as seen in the 
figure. On both sides of the blade profile, the fillets cover the leading- 

Fig. 1. Schematic representations of: (a) cascade test setup, and (b) flow-analysis planes (measurement and computations), coordinates systems, and computational 
domain without the fillet. 

Table 1 
Geometric specifications of blade cascade.  

Cax (m) C (m) C/S C/P Incidence  

0.2031  0.3551  1.4791  1.3281 0◦
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edge area and continue to the throat point in the passage. On the pres
sure and suction sides of the blade, the passage throat is positioned 
between XG/Cax ≈ 1.0 and 0.6, respectively. As shown in Fig. 2, the 
blade trailing-edge area is part of the throat. On both the pressure and 
suction sides, the surface height of all the fillets varies linearly from the 
blade surface to the endwall, as well as from the leading-edge to the 
throat. At the throat, the fillet profiles meld nicely with the blade-wall 
and endwall at the same time. The differences between the three fil
lets are determined by variations in the endwall’s maximum height and 
breadth, as shown in the table in Fig. 2. The measurements taken in the 
cascade facility are taken without the use of a fillet. 

Model of the computation 

The computational model utilizes the blade passage with periodic 
boundary conditions as shown in Fig. 1(b) and as described in Table 1 to 
recreate the precise cascade geometry used in the experiment. The 
model’s intake and exit flow boundaries are 2.5 Cax upstream and 
1.0 Cax downstream of the blade leading and trailing edges, respectively. 
At the inlet and outlet boundaries, the inlet velocity with the user- 
defined boundary layer profile and the pressure outlet boundary con
ditions are employed. The computational inlet velocity profile is created 
using the obtained velocity data in the experimental reference plane. 
The input for the flow domain is air as the working fluid as characterized 
in Table 2. The adiabatic walls such as the blade surface and endwall are 
specified for the solid boundaries of Fig. 1(b). 

To discretize the computational domain and solve for the conserva
tion of mass and momentum equations, the commercial STAR-CCM+™ 
[24] is utilized. In the STAR-CCM+™, the k-ω turbulent model is used in 
the Reynolds Averaged Navier-Stokes (RANS) equations. Because the 
pressure differential between the inlet and outlet boundaries in the 
experimental cascade is low, the incompressible flow solver is used at 
steady-state. In the discretization of the computational domain, the 

STAR-CCM+TM polyhedral unstructured meshes are used. A 15-prism-
layer refined mesh is used to resolve the boundary layers on the walls. 
The domain extends up to the mid-span region (ZG/S = 0.5) along the 
span (ZG direction), where the symmetry wall boundary is applied to 
decrease the number of computational cells and time. To produce a y+<

1 at the solid walls, the total number of computational cells is approx
imately 1.6 ×10+6. Iterations are performed until the normalized re
siduals for the solutions of the continuity, momentum, turbulent kinetic 
energy, and shear-stress dissipation rate equations are resolved below 
10− 4. When the adiabatic fillets are added in Fig. 1(b), the computa
tional domain and volume discretization remain the same as indicated. 

Discussions of results 

Experimentation 

The experimental results are obtained without the fillet (baseline) in 
the cascade and presented to validate results from the computational 
model without the fillets. The test data are measured with the periodic 
flow conditions in the blade passages. The periodic flow conditions are 
achieved when the pressure distributions on the blade surfaces are equal 
at the corresponding locations [25]. The flow periodicity in the exper
imental cascade is thus ensured by matching the pressure distributions 
on the blades 3, 4, and 5 at the spanwise locations of ZG/S = 0.5. The 
baseline manifestation in the results presented always refers to experi
mental or computational results without the fillet. 

Transport equations 

The governing equations employed by the STAR-CCM+™ [24] for 
the finite volume discretization are the incompressible Navier-Stokes 
equations in the continuous integral form as in Eq. (1). The definitions 
and the details of the symbols related to this equation henceforth are 
provided in [24] and are not provided here for brevity. Eq. (2) is the 
discrete form of the Navier-Stokes equations for the cell- centered con
trol volume. 

d
dt

∫

V
ρχφ dV

⏟̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅⏟

transient

term

+

∮

A
ρφ

(
v − vg

)
. da

⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏟

convective

flux

=

∮

A
Γ∇φ . da

⏟̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅ ⏟

diffusive

flux

+

∫

V
Sφ dV

⏟̅̅̅̅̅ ⏞⏞̅̅̅̅̅ ⏟

volumetric source

term

(1)  

d
dt
(ρχ φ V)0 +

∑

f
[ρφ (v . a − G)]f =

∑

f
(Γ ∇φ . a )f +(Sφ V)0 (2) 

In the equations above, G,φ,χ, S,vg,Γ,a,∇,V,t, and v denote the grid 
flux, scalar quantity, porosity, vector between cell face and centroid, 
grid velocity, diffusivity, area vector, gradient operator, volume, time, 
and velocity, respectively. The total number of equations corresponds to 
the total number of cells in the grid volume. The second order gradient 
flux Gf is given by Eq. (3) with δVn

j as the swept volume for each cell face. 
The second order transient term is dropped out due to the steady-state. 
Eqs. (4) - (8) provide the second-order upwind scheme of discretization 
of the convective term. The terms(∇φ)r,0 and (∇φ)r,1 are the gradients in 
cell 0 and 1. 

Gf =

(
3 δVn

j − δVn− 1
j

)

2 Δt
(3)  

[ρ φ (v⋅a − G)]f =

{
m
˙

fφ f ,0 for ṁf ≥ 0
m
˙

fφ f ,1 for ṁf < 0
(4)  

φ f ,0 = φ0 + s0 . (∇φ)r,0 (5)  

φ f ,1 = φ0 + s1 . (∇φ)r,1 (6) 

Table 2 
Reference flow variables at 2.5Cax upstream of test cascade inlet.   

Experiment Computations 

Freestream velocity, U (m/s) 10.0 10.0 
Ps,r (kPa), absolute 88 101.9 
Boundary layer thickness 0.10 S 0.10 S 
Streamwise turbulence intensity 2.0 % 2.0 % 
Air temperature (K) 298 300 
Air density, ρ (kg/m3) 1.021 1.021 
Reynolds Number, Re =ρUC/μ) 2.01E+05 2.01E+05  

Fig. 2. Fillet profile geometries.  
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s0 = xf − x0 (7)  

s1 = xf − x1 (8)  

Grid sensitivity 

Grid independence of the solutions is tested with different number of 
volume cells in the baseline model without the fillet. The outcomes are 
compared in Fig. 3(a) for the mass-averaged total pressure loss co
efficients, (Cpt,loss)mass-av from Eq. (9) at different pitchwise-planes along 
the blade passage. The losses in Fig. 3(a) differ by only 2 % or less in 
each plane as the cell number changes. 

(
Cpt,loss

)

mass− av =
1

min

∫ [
Pt,r − Pt,x

0.5ρ U2

]

(ρ ux) dA (9)  

Validation of computational model 

Experimental and computational results of the static pressure coef
ficient, Cp,blade distributions at midspan locations (ZG/S = 0.5) on the 
blade profile (s/C) are compared in Fig. 3(b). The coefficient, Cp,blade is 
computed from Eq. (10) where Pb,x is the local pressure on the blade 
profile. The computational results for the Fillet-1 are also included in the 
figure. 

Cp,blade=

(
Pb,x − Ps,r

)

0.5ρ U2 (10) 

In Fig. 3, the blade’s stagnation region is at s/C = 0.0, where Cp,blade is 
the maximum (b). On both the pressure side (PS) and the suction side 

(SS), the flow accelerates on the blade surface away from the stagnation 
zone, lowering the surface pressures, Pb,x < Ps,r, and Cp,blade. The lowest 
surface pressure in the channel throat area is shown by a drop in Cp,blade 
distributions on the suction side (SS) at s/C ≈ − 0.26 in Fig. 3(b). Cp.blade 
values peak at s/C < − 0.26 on the suction side when the flow slows 
downstream of the throat area (SS). The numerical calculations suc
cessfully anticipate the observed Cp,blade between − 0.25 < s/C < 0.70, 
according to the comparisons in Fig. 3(b). On the pressure and suction 
sides (i.e. s/C < − 0.25 and s/C > 0.75), the experimental Cp,blade values 
deviated somewhat from the numerical values as they got closer to the 
trailing edge. The slight disparity is most likely due to (i) the numerical 
model’s inaccuracy in predicting the point of a transition from laminar 
to turbulent boundary layer on the blade, and [26] the ambiguity in the 
exact locations of measurements on the blade. The Fillet-1 Cp,blade dis
tribution is quite similar to the numerical baseline scenario, indicating 
that blade loading at the mid-span is unchanged. 

Cp,static=

(
Ps,r − Pe,x

)

0.5ρ U2 (11) 

The total pressure loss coefficient, Cpt, loss distributions in plane-2 for 
the baseline scenarios are compared in Fig. 4 between the experiment 
and the simulations. The loss coefficients, Cpt,loss, are calculated from Pt,x 
in the plane using Eq. (12). The normalized local pitchwise and spanwise 
locations are indicated by the axes (Y/P, Z/S) in Fig. 4. The pressure 
losses in the passage-vortex core in Plane-2 are depicted by the high 
contour values of total pressure loss coefficient in the area between 0.3 
< Y/P < 0.9 and Z/S < 0.2 in Fig. 4. The interaction between the 
trailing-edge wake and passage-vortex outer area is depicted by the 
greater Cpt,loss region at Y/P ≥ 0.9. These elevated contour values of the 
total pressure loss coefficient are prominently observed in the spatial 
region where the normalized distance along the Y/P ranges between 0.3 
and 0.9, and the normalized distance along the Z/S is less than 0.2. This 
delineates the impact of the trailing-edge wake on the passage-vortex 
outer area, emphasizing the dynamic flow phenomena in this specific 
region. 

Additionally, the interaction between the wake trailing-edge and the 
outer region of the passage vortex is highlighted by a distinct area of 
higher total pressure loss coefficient (Cpt,loss) values. Investigation of [8, 
20] also has passage vortex core structures that are similar to this 
research. The contour values from the computations in the 
passage-vortex core area slightly differ from those from the experiment 
when compared with the data in Fig. 4. The computations, on the other 
hand, reasonably describe the size and position of the passage-vortex 
core from when compared with that of the experiment. 

Cpt,loss=

(
Pt,r − Pt,x

)

0.5ρU2 (12)  

Endwall pressure coefficient, Cp,static (computations) 

Fig. 5 shows the coefficient distributions, Cp,static, obtained from the 
Pe,x and Eq. (11) computational results along the endwall for the three 
fillets. The blade and fillet positions are indicated in the image by the 
light and dark colored zones, respectively. Cp,static values grow along the 
endwall as the flow accelerates, as shown in Figs. 5(a) - 5(d), and are 
maximum (between Cp,static = 10 and 13) near the route throat area. The 
contour values change minimally between the baseline and fillet sce
narios when the Cp,static distributions are compared in Fig. 5(a) and 
Figs. 5(b) - 5(d) for the computations. 

The high streamline turnings in the pitch direction in the boundary 
layer are caused by pitchwise pressure gradients on the endwall, which 
enhance the passage vortex [7,8]. The differences in local pressure co
efficients on the endwall, Cp,static, are presented along the axial direc
tion, XG/Cax, in Fig. 6 to examine the impacts of the fillets on the 
pitchwise pressure differential at endwall with clarity. The endwall Cp, 

static difference between the pressure side (PS) and suction side (SS) of 

Fig. 3. (a) Grid sensitivity of mass-averaged coefficients, (Cpt,loss)mass-av along 
blade passage without fillet, and (b) Cp,blade along blade profile at mid-span 
(ZG/S = 0.5) location. 
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blade (Baseline 1) or fillet (in Fillet-1, − 2, and − 3) at a constant axial 
location (XG/Cax) is computed from the endwall Cp,static distributions to 
get the Cp,static at that XG/Cax location in Fig. 6. The Cp,static values at the 
edge of the Fillet-1 locations or blade profile locations (where the fillet 
profile is lacking on SS) on the baseline endwall are computed for 

Baseline 2. The calculated Cp,static distributions for Baseline 1 are sub
stantially greater than for the three fillets in (XG/Cax) 0.55 upstream of 
the suction-side throat area, as shown in Fig. 6. The Cp,static distributions 
for Baseline 2 and fillets, on the other hand, are nearly identical. Because 
the passage vortices are positioned towards the endwall upstream of the 

Fig. 4. Comparisons of baseline pressure coefficients between experiment and computations: Cpt,loss in Plane-2 at XG/Cax = 1.04.  

Fig. 5. Endwall pressure coefficients, Cp,static from computations: (a) Fillet-1, (b) Fillet-2, and (c) Fillet-3.  
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throat [4,6], their impacts on endwall heat transfer and film cooling are 
stronger in this area. The fillets efficiently lower the pressure differential 
between the pressure side and the suction side at the endwall, decreasing 
a key possibility for the production of a passage vortex. In Fig. 6, the 
alterations in Cp,static contours between fillets are negligible. Because the 
pressure distributions on the blade profile are the same for the baseline 
and fillets, the distributions of pitchwise pressure differences for the 
baseline and fillets increase closer to the near the mid-span, as 
anticipated. 

Endwall streamlines and yaw angles (computations) 

Figs. 7 and 8 show the streamlines and flow yaw angles obtained 
from the computations in a plane parallel to the endwall at ZG/S =
0.002. The data of the baseline and three fillets are compared. Fig. 7(b) 
shows the placement of the blade and fillet in the plane. 

The emergence of pressure side-leg and suction side-leg vortices 
when the streamlines move towards the SS is shown in the baseline case 
in Fig. 7(a). The apparent positions of boundary layer separation and 
reattachment lines created based on the concentration and origin of the 
streamlines in the ZG/S = 0.002 plane are shown in the insert of Fig. 7 
(a). Many streamlines appear to begin in the region bordered by the 

Fig. 6. Differences of endwall pressure coefficients, ΔCp,static (computations) 
between PS and SS along the endwall (ZG/S = 0). 

Fig. 7. Streamlines (computations) in ZG/S = 0.002 plane: (a) Baseline, (b) Fillet-1, (c) Fillet-2, and (d) Fillet-3.  
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separation and reattachment lines, as seen in Fig. 7(a). At ZG/S = 0.002, 
the suction side-leg vortices and pressure side-leg vortices entice these 
streamlines from other planes to this plane. As a result, the upstream 
sections of these streamlines are hidden in Fig. 7. (a). The region of 
separation and reattachment lines is not readily discernible between the 
continuous streamlines in the fillet cases in Figs. 7(b) - 7(d). This is 
because the fillet weakens the vortex legs structure. The streamline 
trajectories in Figs. 7(b) - 7(d) show little variation across the fillet cases. 
Because the fillet-effects on the pitchwise pressure differential are 
confined extremely close to the endwall, the streamlines in other parallel 
planes (not shown for brevity) further above the endwall are fairly 
comparable for both the baseline and fillets. 

The streamline turnings are depicted in Fig. 8 by the flow yaw angles, 
which are computed from the local streamwise (X) and pitchwise (Y) 
velocity components. At three axial positions, the yaw angles are 
depicted along the pitch-lines. Fig. 1(b) depicts the positive and negative 
senses of yaw angles. The yaw angles for the three fillets in Figs. 8(a) - 8 
(c) are missing at some pitchwise, YG/P locations due to the fillet pres
ence. In the displays, the global coordinate YG is used to connect the data 

from Fig. 7 and Fig. 8. The pitch-line measurements in Fig. 8(a) at XG/ 
Cax = 0 are at the passage inlet. The baseline yaw angles in Fig. 8(a) 
between 0.2 < YG/P < 0.5 are different from the fillet data because they 
lie inside the big separation zone. The baseline yaw angles within the 
flow separation and at the flow reattachment are also different from the 
fillet data, with 0.3 < YG/P < 0.6 along XG/Cax = 0.2 of Fig. 8(b) and 
0.65 < YG/P < 0.97 along XG/Cax = 0.5 of Fig. 8(c). In comparison to the 
fillets, the fluctuations in yaw angles inside the separation and towards 
the reattachment in Figs. 8(a) - 8(c) are significant for the baseline. In 
Figs. 8(a) - 8(c), the distributions of local yaw angles are almost the same 
for all fillets and progressively rise or decrease from PS to SS. As a result, 
the fillets provide advantageous streamline distributions towards the 
endwall for film cooling location and orientation. Fig. 9 illustrates the 
difference in mass-averaged yaw angles of streamlines, (ΔYaw)mass-av in 
Plane-1 and − 2 in the Z/S direction. The pitchwise mass-averaged yaw 
angle at a specific Z/S position and at the plane’s mid-span location are 
employed in Eq. (13). Because of the strong streamline turnings in the 
boundary layer and passage vortex, the values of (ΔYaw)mass-av in both 
planes in Fig. 9 are considerably large at Z/S < 0.2 at the endwall. The 
baseline and fillets have similar distributions of (ΔYaw)mass-av along the 
span in Fig. 9(a). However, the baseline (ΔYaw)mass-av in Fig. 9(b) at Z/S 
< 0.04 is roughly 2◦ higher than the fillets. 

(ΔYaw)mass− av = Yawmass− av −
(
Yawmidspan

)

mass− av (13) 

The stagnation plane touches the blade leading-edge (LE) and is 
parallel to the axial XG direction, which is where the streamlines at the 
endwall of Fig. 10 are presented. In the figure, the LE is at XG/Cax = 0. 
The three fillets at the leading-edge are identified by the void triangular 
sections in Figs. 10(b) - 10(d). The LE horseshoe vortex, which is the 
origin of the vortex legs in the passage, is identified by rolling up the 
streamlines right above the endwall (ZG/S = 0) for the baseline and fillet 

Fig. 8. Flow yaw angles (deg) in ZG/S = 0.002 plane at constant axial locations 
from computations: (a) XG/Cax = 0.0, (b) XG/Cax = 0.2, and (c) XG/Cax = 0.5. 
Legends are given in 8(a). 

Fig. 9. Difference of mass-averaged Yaw angles, (ΔYaw)mass-av (deg) from 
computations in: (a) Plane-1, and (b) in Plane-2. 
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Fig. 10. Streamlines (computations) at Stagnation plane: (a) Baseline, (b) Fillet-1, (c) Fillet-2 and (d) Fillet-3.  

Fig. 11. Normalized axial vorticity contours (computations) in Plane-1 at XG/Cax = 0.58: (a) Baseline, (b) Fillet-1, (c) Fillet-2 and (d) Fillet-3.  
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cases in Figs. 10(a) - 10(d). The baseline horseshoe vortex is roughly 
twice the size of the fillet vortex. Fillets diminish the thickness of the 
incoming boundary layer in the stagnation plane, and therefore the 
horseshoe vortex [10,15]. In Fig. 10(d), the horseshoe vortex for Fillet-3 
appears to be significantly bigger than the other two fillets. In the fil
leted route, the smaller LE vortex formations weaken and diminish the 
passage vortex. 

Axial vorticity (computations) 

The contours of normalised axial vorticity (ωxC/U) computed be
tween the baseline and fillets in Plane-1 and − 2, respectively, are shown 
in Figs. 11 and 12. The figures’ axes correspond to the local coordinate 
systems shown in Fig. 1(b). In Figs. 11 and 12, the positive contour 
values imply axial vorticity (ωx) in the ’+x′ direction, and the vortex 
rotates counter-clockwise. The intense vortical movements or the 
orientation of the core of the passage vortex toward the x-direction, or 
both, create the large magnitudes of ωxC/U. The vortex induces mixing 
between the endwall and freestream area fluids, which increases local 
convective heat transfer and secondary losses while diminishing the 
efficiency of film cooling [6,27]. The vortex, or swirling motion of fluid, 
occurs at the junction where the endwall (the boundary of the flow 
passage) meets the freestream area (the undisturbed flow away from 
surfaces) as shown in Figs. 11 and 12. This swirling motion causes 
mixing between these fluid regions, leading to intensified convective 
heat transfer in the local vicinity. However, this increased mixing also 
results in secondary losses, which represent additional energy dissipa
tion beyond the primary function of the system. As shown in Fig. 7(a), 
the origin of the vortex starts from the flow separation line, upstream of 
the leading edge to the trailing edge. 

In Plane-1 of Fig. 11, the blade’s pressure and suction sides are on the 
left and right sides of the plots, respectively. In Figs. 11(b) - 11(d), the 
triangular filleted portions in the lower left corner do not include any 
data. The interactions of the pressure side-leg vortices and suction side- 
leg vortices in Figs. 11(a) - 11(d) generate the positive and negative 
contours of ωxC/U defined by Z/S < 0.1 and Y/P > 0.2. Because the fillet 
weakens the vortex structures, the contour magnitudes and size of this 
high vorticity zone are less for the fillets than for the baseline. The 
vorticity of the vortex-leg cores in Fillet-1 and − 2 of Figs. 11(b) - 11(c) in 
0.3 < Y/P < 0.5 are similarly, marginally less than those in Fillet-3. The 
filleted passage reduces the LE vortex and pitchwise pressure gradient 
near the endwall as shown previously to weaken the passage-vortex legs. 
The filleted passage is then expected to reduce the endwall heat transfer 
and increase the endwall film-cooling effectiveness. The values of (ωxC/ 
U) ≥ 50 in Fig. 11 are triggered by the interactions between the passage 
vortex legs and blade-surface boundary layer. 

The passage vortex core as the flow departs the cascade causes the 
elevated values of ωxC/U on the right side of Figs. 12(a) - 12(d). Just 
upstream of Y/P = 0 and 1, the blade trailing edge (TE) is present. The 
passage vortex is situated above the endwall area in Plane-2, based on 
the high contour magnitudes in Fig. 12. The feeble and smaller passage 
vortex in the filleted passage is shown by the lower values and area of 
ωxC/U in the vortex-core for the fillets of Figs. 12(b) - 12(d) than for the 
baseline. However, the contour distributions in Figs. 12(b) - 12(d) are 
nearly identical, indicating that the fillet geometries have little 
influence. 

Total pressure loss coefficient for the computation, Cpt,loss 

The total pressure loss across the cascade reflects the consequences of 

Fig. 12. Normalized axial vorticity contours (computations) in Plane-2 at XG/Cax = 1.04: (a) Baseline, (b) Fillet-1, (c) Fillet-2, and (d) Fillet-3.  
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the decreased passage vortex in the filleted passage. The total pressure 
loss coefficients (Cpt,loss) in Plane-2, computed for the three filleted 
passageways are shown in Fig. 13. The secondary flow diminution at the 
cascade outlet are indicated by the Cpt,loss, which is calculated from the 
local total pressure distributions, Pt,x, in Eq. (12). The total pressure loss 
and secondary losses in the blade path way increase as the Cpt,loss in
creases, as does the passage vortex. Fig. 13 shows the fillet data, which 
may be compared to the baseline computational findings in Fig. 4. (b). 
The elevated values of Cpt,loss at Y/P > 0.5 in Figs. 13(a) - 13(c) are due 
to the passing vortex near the cascade outlet, as previously stated. The 
TE wake and passage vortex interactions with the TE wake result in the 
higher contours at Y/P < 0.25 and Y/P > 0.9. When the computing case 
in Fig. 4(b) is compared to the data in Fig. 13, the fillet lowers the region 
of Cpt,loss ≥ 0.4 at the lower right side of Figs. 13(a) - 13 (c). Also, for the 
Fillet-2, the contour region of Cpt,loss ≥ 0.4 around the lower right corner 
appears to be the smallest. According to the overall mass-averaged (Cpt, 

loss)mass-av in Plane-2 reported in Table 3 and calculated using Eq. (10) 
the fillets lower the loss coefficients by 8–11 percent juxtaposed to the 
baseline computational findings. The Fillet 2 has the lowest overall (Cpt, 

loss)mass-av. Because the measurement errors in the TE vortex area are 
considerable, the difference in baseline (Cpt,loss)mass-av between the 
experiment and calculations in Table 3 is significant. 

Summary and conclusion 

In a low-speed vane cascade with a broad fillet at the blade-endwall 
junction, computational predictions of the endwall region flow-field are 
provided. The goals are to look into the effects of fillet shape variations 
on the endwall secondary flows and overall pressure losses. The fillet is 
not designed to compensate for flow losses. The 2-D cascade model is 
based on the contour of the GE-E3 engine’s nozzle guiding vane. To 
mimic manufacturing error in the fillet employment, three geometric 
variants of a fillet profile are examined. The fillets are used betwixt the 
blade leading edge and the path way throat area, although their height 
and endwall width are distinct from one another. The experimental data 
in a cascade of the same shape as in the computations validates the 
computational model for the baseline (without fillet). For the cascade 
incident flow Reynolds number of 2.01 ×105, the results are shown here. 

• The results show that when fillets are used, the static pressure dis
tributions along the passage endwall remain unchanged.  

• The pitchwise pressure gradient on the route endwall from the 
pressure to suction side is, however, less for the fillets than for the 
baseline upstream of the throat area. The fillets also minimize the 
horseshoe-vortex structure on the leading edge, which influences the 
passage vortex.  

• When fillets are used, the endwall flow separation zone between the 
separation line and the reattachment line is greatly decreased, 
weakening the passage vortex. The fillets then progressively alter the 
flow yaw angles towards the endwall from pressure to suction, which 
can help with endwall film coverage. In comparison to the fillets, the 
changes in flow yaw angles towards the endwall for the baseline are 
substantially bigger, especially in the separation zone. However, the 
effects of fillet geometric differences on streamlines and yaw angles 
in the endwall area are negligible.  

• The results also reveal that as the size and strength of the passage 
vortex is reduced, the axial vorticity along the filleted channel de
creases, indicating less turbulent flow mixing in the endwall area.  

• The axial vorticity, on the other hand, is unaffected by the fillet 
changes. The fillets’ total pressure losses along the cascade channel 
are thus lower than the baseline. However, the losses do not differ 
much across the fillets. Simple modifications in the specified fillet 
shape during production, according to the current research, are un
likely to have a major impact on the fillet’s advantages. 
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Fig. 13. Total pressure loss coefficient, Cpt,loss contours (computations) in 
Plane-2 at XG/Cax = 1.04: (a) Fillet-1, (b) Fillet-2 and (c) Fillet-3. 

Table 3 
Overall mass-averaged of total pressure loss coefficients in Plane-2.   

Overall (Cpt, loss)mass-av 

Experiment, Baseline  0.870 
Computation, Baseline  0.70 
Computation, Fillet-1  0.634 
Computation, Fillet-2  0.624 
Computation, Fillet-3  0.643  
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