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The present study attempts to reduce secondary flow losses by application of streamwise endwall fence. After comprehensive
analysis on selection of objective function for secondary flow loss reduction, coeﬃcient of secondary kinetic energy (CSKE) is
selected as the objective function in this study. A fence whose height varies linearly from the leading edge to the trailing edge and
located in the middle of the flow passage produces least CSKE and is the optimum fence. The reduction in CSKE by the optimum
fence is 27% compared to the baseline case. The geometry of the fence is new and is reported for the first time. Idea of this fence
comes from the fact that the size of the passage vortex (which is the prime component of secondary flow) increases as it travels
downstream, hence the height of fence should vary as the objective of fence is to block the passage vortex from crossing the passage
and impinging on suction surface of the blade. Optimum fence reduced overturning and underturning of flow by more than 50%
compared to the baseline case. Magnitude and spanwise penetration of the passage vortex were reduced considerably compared to
the baseline case.

1. Introduction
The term secondary flows refers to the three-dimensional
vortical flow structures that develop in blade passages due to
high turning of the flow and nonuniform inlet total pressure
profiles. Primary flow is the flow which is responsible for the
torque generation. Flow which is transverse to the primary
flow direction is termed as secondary flow. The boundary
layer flow along the endwall contains spanwise velocity gradients. When the boundary layer flow is turned, transverse
velocity components are introduced. These secondary flows,
created at the endwall and blade junction, extract energy
from the fluid which would otherwise be used to rotate the
blades or produce thrust. If these secondary flows can be
weakened, more energy would be available for torque and
thrust production.
Horseshoe vortex, corner vortex, tip vortex, endwall
crossflow, and passage vortex are secondary flow components
in the cascade. Among these, passage vortex is the primary
source of loss. Streamwise endwall fences were employed by

Kawai [1], Moon and Koh [2], and Govardhan et al. [3] for
reducing the secondary flow losses in a turbine cascade. Each
of the above-mentioned investigations report that the fence
of height 1/3rd of the inlet boundary layer thickness when
located half a pitch away from the blades results in maximum
secondary flow loss reduction. Kawai [1] and Govardhan et
al. [3] did experimental investigations, while Moon and Koh
[2] did numerical study.
The aerodynamic and endwall heat transfer eﬀects were
presented by Camci and Rizzo [4] for six diﬀerent endwall
boundary layer fences in a 90◦ square duct. The fences were
attached midway between pressure and suction surfaces.
The fences reduced the amount of low-energy boundary
layer fluid that is convected by the passage vortex to the
suction surface. When half height fences were employed,
they produced a pair of counterrotating vortices near the
fence. On the other hand, full height fences acted as blades
and formed two separate passage vortices near the endwall
between the fence pressure and suction surfaces and the duct
pressure and suction surfaces.
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Flow in a curved channel has no stagnation zone (except
a very small zone near to fence), while flow in a turbine
comprises of stagnation zone near to the leading edge of
blade (also a small zone near the leading edge of fence).
Computation of flow using isotropic eddy viscosity turbulence models suﬀers from a defect called k − 3 stagnation
point anomaly. This anomaly means nearer to the point
of stagnation turbulent kinetic energy becomes enormously
high. Flow in a curved duct will not have this eﬀect, as it has
no major stagnation zone. Chung et al. [5] used a triangularshaped endwall fence in a cascade to prevent the pressureside leg of the horse shoe vortex from washing film-cooling
flow oﬀ the blade suction surface. Reduced aerodynamic
losses and improved cooling performance due to the fence
eﬀects on the passage vortex were reported by them. Chung
and Simon [6] further investigated endwall boundary layer
fences at increased free-stream turbulence levels (Tu = 10%)
and reported reduced strength passage vortex.
Present study attempts to reduce secondary flow losses by
the application of streamwise endwall fences. An innovative
design of fence is presented which is found to be more
eﬃcient than fence of height 1/3rd of inlet boundary
layer thickness for the present turbine cascade. Selection of
the objective function for computational optimization for
secondary flow losses is addressed here.

Therefore, using exit flow angle alone as objective function
could be misleading. Ingram et al. [9] designed another set
of endwalls using CSKE as the objective function, in which
the optimum endwall reduced the losses. Table 1 presents
the comparison of CFD and experimental values of total
pressure loss coeﬃcient and CSKE for a profiled endwall
[8]. The table shows that experimental values of losses and
CSKE with profiled endwall are less compared to planar
wall. On the other hand, CFD prediction shows increase
in total pressure loss coeﬃcient and reduction in CSKE.
Work done by Ingram [8], Rose et al. [10], and Harvey et
al. [11] demonstrates that using CSKE as objective function
for secondary flow loss reduction can be highly successful.
Experimental investigations by Kawai [1] and Govardhan
et al. [3] (on streamwise endwall fences) and Hartland et
al. [12] (on endwall profiling) have shown that a successful
design produces a reduction in CSKE and exit flow angle
along with a reduction in total pressure loss.
Another quantity called Secondary Kinetic Energy Helicity (SKEH) is also used as an objective function for secondary
flow loss reduction. The dot product of SKE (secondary
kinetic energy) and helicity (H) is called as SKEH. Helicity
is the flux of vorticity:

1.1. Brief Discussion on Objective Function for Secondary Flow
Loss Reduction Techniques. Secondary flow loss reduction in
a turbine can be achieved by leading edge modifications,
endwall profiling,and by using streamwise endwall fences.
For a given turbine cascade and for a particular secondary
flow loss reduction technique, there could be many test
cases to be tried to determine an optimum. Opting for
experimental investigations is certainly a very accurate way
of solving the problem but it is highly time-consuming
and costly. CFD can predict correctly provided the objective
function used in the computation is predicted correctly (at
least qualitatively). Few of the quantities which were used
as objective function by researchers in numerical study for
secondary flow loss reduction are exit flow angle deviation,
coeﬃcient of secondary kinetic energy (CSKE), and secondary kinetic energy helicity (SKEH) or combination of
these. Ideally the mass averaged total pressure loss coeﬃcient
should be taken as objective function, but its prediction by
CFD is not accurate [7].
Ingram [8] observed that CFD used in the design of
profiled endwalls does not accurately predict loss either in
terms of the absolute values of loss or the changes introduced
by endwall profiling (qualitative prediction, i.e., increase
or decrease). Clearly therefore total pressure loss is not a
practical way of optimizing a design. However some way of
optimizing the designs needs to be found—even if it is less
than ideal. Ingram [8] designed few of the endwall test cases
using exit angle deviations as objective function (reduction
in exit flow angle deviation). He observed that the optimum
endwall generated more losses compared to the baseline
case. If exit flow angle is taken as objective function, the
reduction in deviation angle could also result from intense
corner vortex as well, which in fact will increase the losses.

where cr is radial velocity (see [13]) and csec = −cm sin α2 +
cu cos α2


 1  2

+ cr2 ,
SKE secondary kinetic energy = ρ csec
2



(1)



CSKE coeﬃcient of secondary kinetic energy
=

SKE
2,
1/2ρ c2

Helicity = |c · ω|,


where ω is vorticity vector,


H nondimensional helicity =


|c · ω |
2

c2 /ch

(2)

,

SKEH secondary kinetic energy helicity



× (nondimensional) = SKE.H.

The secondary kinetic energy (SKE) at any measuring
plane is caused by viscous eﬀects and potential flow (inviscid
flow) eﬀect. Because of viscous eﬀect, vortices are generated
and vortices cannot be generated in an inviscid flow. In order
to consider the SKE associated with vortical components of
fluid only (which means excluding SKE caused by potential
eﬀects), the dot product of the SKE and helicity is used.
Helicity is zero in potential flows (vorticity is zero); therefore,
use of SKEH would exclude SKE associated with potential
flow. However, SKEH does not exclude the SKE due to
the potential field in the regions of vortical flow. This
contribution will be small compared with the changes due
to the vortical flow. SKEH was used as objective function
by Corral and Gisbert [14] and Brennan et al. [15]. Many
researchers prefer CSKE as objective function for secondary
flow loss reduction. Both CSKE and SKEH can be easily
calculated in computations, but in experiments calculation
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Table 1: Comparison of CSKE and YT values (% of planar values) [8].
Experimental
CSKE reduction
YT reduction
CFD
CSKE reduction
YT reduction

P1 (profiled wall set 1)

P2 (profiled wall set 2)

46.0
21.5

54.5
30.2

48.9

38.6
6.7

−1.0

SKEH needs several steps. Even Corral and Gisbert [14] and
Brennan et al. [15] who used SKEH as objective function did
not present the experimental values. Hence, it is not clear
how the experimental and computational SKEH behaved
(i.e., whether both showed decreasing/increasing values or
one increasing and other decreasing as in case of total
pressure loss coeﬃcient) when the flow was subjected to any
secondary flow reduction technique. In few investigations
combination of above mentioned parameters was taken as
objective function. These parameters were weighted and then
added. These weighted coeﬃcients may also add further
approximations. In most of the studies, where parameters
are weighted, no analytical justification is given for their
use. Moon and Koh [2] did numerical investigation on
streamwise endwall fences. Three diﬀerent fences were placed
in the middle of flow passage, and then optimization was
done using the magnitude of passage vortex. When a fence
is placed multiple passage vortices and counterrotating
vortices are formed. The loss should be decided based on
the cumulative eﬀect of all the vortices rather than on
passage vortex present near to suction surface of the blade.
To some extent secondary kinetic energy can represent
the cumulative eﬀect of all the vortices. Because of counterrotating vortices secondary kinetic energy will reduce,
but it does not guarantee reduction in losses. Vortex is a
source of loss whether it has clockwise-rotation or counter
clockwise rotation; hence formation of a counterrotating
vortex cannot guarantee reduction in losses. One more eﬀect
of counterrotating vortex is reduction in exit flow angle
deviations, which is good for next stage of turbine (as
incidence losses will decrease for the next stage). Apparently
the physics of secondary flow in a turbine needs more
exploration. All the parameters suﬀer from one or other
deficiencies. Table 2 presents the objective function used
by various researchers for computational optimization in
secondary flow loss reduction techniques. For the present
study, CSKE is selected as objective function as it is found
to be most successful till now.

2. Approach
Details of the turbine blades employed in the present investigation are shown in Figure 1. Origin of the computational
domain is at the leading edge of the blade (origin O in
Figure 1). Aim of the present study is to optimize the fence
height and its location for maximum loss reduction, when it
is placed on the endwall. Diﬀerent fence heights are tested
at diﬀerent locations in streamwise direction on endwall

for minimum secondary flow losses. The fence with the
optimum height and location will be the one which has least
CSKE. Secondary flow loss is directly proportional to CSKE;
hence it represents the secondary flow losses (Benner et al.
[13]). Here the approach is CFD-based optimization and the
objective function for optimization, is CSKE. As the size of
the passage vortex is of the order of the inlet boundary layer
thickness, the characteristic length scale for fence height has
been chosen as inlet boundary layer thickness (δ). In the
present study inlet boundary layer thickness (δ) is 0.04 m,
(δ/h = 0.1). The value was obtained experimentally by
Govardhan et al. [3].

3. Details of Experimental Program
Govardhan et al. [3] did experimental investigations using a
linear cascade tunnel. The tunnel is a blowing type consisting
of air supply unit, diﬀuser, settling chamber, and test section.
Seven blades were installed at the end of test section. Fences
were attached normal to the endwall and half pitch away
from the blades. The inlet total pressure was obtained at
x/a = −1.5 while downstream survey was conducted at
x/a = 1.06, where x is cascade axial direction and a is the
axial chord. From the experiments it was found that the
flow is periodic after a pitchwise distance equal to one blade
spacing. Hence in computations only one blade is modeled
with fluid interfaces given translational periodicity after a
pitchwise distance equal to one blade spacing. Details of
blade are given in Figure 1.
A miniaturized five-hole probe having a head diameter
of 0.0024 m was traversed at the exit of the cascade from
midspan to the endwall at 26 locations covering more points
in the endwall region. For each spanwise location, the probe
was traversed in the pitchwise direction at more than 25
locations covering one blade spacing. The probe was used
to measure the total pressure, static pressures, and the
flow direction in mutually perpendicular planes (yaws and
pitch planes). In all the experiments space-chord ratio was
maintained constant at 0.79, and the tip clearance was varied
from τ/ch = 0.0 to 0.04, where τ is tip gap height. The
Reynolds number based on the blade chord and outlet mean
velocity was maintained at 1.5 × 105 .

4. Numerical Methodology
For the present investigations fences are fixed normal to
the endwall in streamwise direction. The curvature of the

4

International Journal of Rotating Machinery
Table 2: Objective functions used for diﬀerent secondary flow reduction techniques.

Investigator
Brennan et al. [15]
Ingram [8]
Corral and
Gisbert [14]
Bagshaw et al. [16]

Secondary flow loss reduction technique
Endwall profiling
Endwall profiling

Nagel and Baier [17]

SKEH + an exponential function of inlet swirl angle

Endwall profiling

SKEH
Weighted addition of various postprocessor results
(averaged loss accounts for the major part)
Exit flow angle deviation and a secondary flow area with
the least possible distance from the endwall
Cross-passage static pressure gradient on endwall and exit
flow angle deviation
Total pressure loss coeﬃcient, SKE and TKE (turbulent
kinetic energy)
Exit flow angle deviation
Combination of total pressure loss coeﬃcient and CSKE
CSKE
Stream wise vorticity

Duden et al. [18]

Endwall and leading edge modification

Harvey et al. [19]

Endwall profiling

Pralsner et al. [20]

Endwall profiling
Endwall profiling
Endwall profiling
Endwall profiling
Streamwise endwall fence

−30◦

SKEH
CSKE

Endwall profiling

Endwall profiling

Ingram et al. [9]
Germain et al. [21]
Schüpbach et al. [22]
Moon and Koh [2]

Optimization parameter

y
0.102
x

Blade chord, ch: 0.102 m

22◦

Blade axial chord, a: 0.088 m
0.072

Fence

Blade inlet angle, β1b : 22◦
Blade exit angle, β2b : −60◦

0.036

Blade spacing, s: 0.072 m
Blade height, h: 0.4 m
Stagger angle, γ: −30◦
x/a = 0.8

x/a = 1.06

x/a = 0.9

Aspect ratio, AR: 3.902
Space-chord ratio, s/ch: 0.6927

0.088

Incidence angle: 0◦

All dimensions are in m

Figure 1: Details of cascade.

fence is the same as that of the blade camber line. The
fence thickness, t = 0.0007 m (t/s = 0.00972). The
thickness of the fence was kept low to prevent blockage of
flow. The fence of 0.0007 m thickness may not withstand
high temperature, high pressure, and highly unsteady real
engine flow conditions. It could be expected that, in near
future, development of new materials may sustain the above
mentioned conditions. Numerical simulations were carried
out with fences of height, h f /δ = 0, 1/6, 1/3, 2/3, 1.0, 4/3.
h f /δ = 0 refers to the baseline case. Figure 2 shows the
mesh and a view of the computational domain. Geometry

of the computational domain is created in AUTOCAD. Inlet
of domain is at 1.5 chord length upstream of the leading
edge. Outlet is at a distance of 3.5 chord length from the
trailing edge. The outlet plane is positioned farther as the
static pressure 0 Pa (gauge) is the boundary condition. Grid
is made in ICEM CFD. Hexahedral mesh is made for the
domain, and around the blade o-grid is employed to get
highly orthogonal grid for accurate solution.
According to method of characteristics, flow angle,
total pressure, and total temperature are used as boundary
conditions at subsonic axial inlet. All solid walls are set with
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Fluid interface

Fluid interface
(a)

(b)

Figure 2: Typical mesh and a view of the computational domain with blade and fence.

0.0026

Mass averaged CSKE

no slip condition and are adiabatic. At inlet experimentally
measured total pressure profile for 0◦ incidence is specified
with a turbulence intensity of 1% and integral length scale
of 0.005 m. Experimentally measured inlet boundary layer
thickness (δ) of 0.04 m is used in present study, (δ/h = 0.1).
Outlet boundary condition is zero relative static pressure.
Computations are carried out for half the span height
from the endwall by giving symmetry boundary condition
for the midspan. Fluid interfaces are specified as periodic
with nonconformal grids. ANSYS high-resolution discretization scheme was chosen for all calculations. For details
regarding numerical scheme CFX manual [23] could be
referred to. This scheme is second-order accurate in space but
locally reduces to first-order accuracy near discontinuities in
order to avoid nonphysical oscillations. There are 2.6 million
hexahedral cells in the baseline case, and solution was found
to be grid independent at this cell number (Figure 3). Values
of CSKE show very small change after 1.9 million cells. At 2.6
million cells the changes in the values are quite small. Hence
the solution was found to be grid independent at 2.6 million
cells.
In the present investigations, SST [24] turbulence model
is used along with the transition model. The transition model
used for the present study is correlation based on Langtry
et al. [25]. This model uses a blending function that allows
switching between the κ-ω model in the sub and log layer
and the κ-ε model in the outer region of the boundary layer
and in free-shear flows.
As the mesh is very fine near to the solid walls, low
Reynolds number formulation of the turbulence model is
employed instead of wall function approach. The solver
runs and calculates the y + value on walls. If the y + value is
greater than 3, it will switch to wall function approach. If
the y + value is less than 3, it will switch to near-wall model
approach, that is, turbulence equations are solved near to the
wall also. In all the test cases y + value is less than 2 at all
solid surfaces. Hence low Reynolds number formulation of
turbulence model is used. The maximum y + value for all the
solid surfaces being less than 2 indicates that flow features
near the wall are captured accurately. For the blade and fence

0.0024

0.0022

0.002
1.2

1.4

1.6

1.8

2

2.2

2.4

2.6

Grid (millions)

Figure 3: Variation of CSKE (baseline) at x/a = 1.06 for diﬀerent
grids.

surfaces, cell height of 0.01 mm (first cell height normal to
the surface) is used and contains 30 layers in a distance of
3 mm normal to the wall. For the endwall surface, cell height
of 0.004 mm is used.

5. Results and Discussion
5.1. Validation. The exit measurements in computations as
well as in experiments are taken at x/a = 1.06. Figure 4
shows spanwise variation of pitchwise mass averaged exit
flow angle for the baseline case. The agreement between
computational and experimental exit angles is good except
near the endwalls. The diﬀerence is 1◦ in the midspan region.
Near to the endwall overturning occurs, and away from it
underturning occurs. CFD is predicting more overturning
compared to the experimental measurements. The turning
eﬀect is due to the passage vortex which is dealt with in detail
while discussing exit flow angle. Figure 5 shows the variation
of pitchwise mass averaged nondimensional velocity ratio
for the baseline case. Pitchwise and spanwise mass averaged

International Journal of Rotating Machinery
74

1.1

72

1

70

Flow velocity

0.9

68

Non dimensional velocity

Pitchwise mass averaged exit
flow angle (deg)

6

66
64
62
60
58
56
54

0.8
Tangential velocity

0.7
0.6
0.5

Axial velocity
0.4
0.3

52

0.2

50
0

0.1

0.2

0.3

0.4

0.5

0.1

z/h

0

0.1

CFD
Experimental

Figure 4: Spanwise variation of pitchwise mass averaged exit flow
angle (baseline case) at x/a = 1.06.

0.2

0.3
z/h

0.4

0.5

CFD
Experimental

Figure 5: Spanwise variation of pitchwise mass averaged nondimensional velocity ratios (baseline case) at x/a = 1.06.
0.04
0.036
Pitchwise mass averaged CSKE

velocity at x/a = 1.06 is used for nondimensionalising. The
velocity ratios predicted by CFD are in excellent agreement
with the measurements. Figure 6 shows the variation of
pitchwise mass averaged CSKE. Figure 7 shows plot of
pitchwise mass averaged exit flow angle variation with span
for fence of h f /δ = 1/3.
Despite using SST [24] model and maintaining the maximum y + value below 2.0 for all the solid surfaces, the match
between CFD and the experimental values of CSKE and
exit flow angle is not satisfactory very near the endwall
(Figures 4, 6, and 7). The possible reason for this discrepancy
is deficiency in RANS (Reynolds Averaged Navier-Stokes)
turbulence models. Quantitative prediction of the flow
parameters near the endwall is not accurate because the flow
here is vortex dominated and is in the boundary layer region.
Most of the values of diﬀerent correlation coeﬃcients which
are used in these turbulence models are derived from the
wind tunnel experiments where the flow is made isotropic
and homogeneous. But in a turbomachinery application due
to the curvature of surfaces, the flow is neither isotropic
nor homogeneous. Though SST-transition model showed
improvements in results compared to other RANS models
(Figures 14 and 15), the model is not able to address these
eﬀects completely.
In Figure 6 discrepancy between CFD and experimental
values is high compared to those in Figures 4, 5, and Figure 7.
It is because of error amplification in the computation of
CSKE. Referring to (1), the expression for CSKE involves
multiplication, addition, division, and then squaring. As per
the rules of error analysis the error in the calculation of
CSKE is amplified by 10 times. Because of above mentioned
reasons the discrepancy in CSKE near the wall is very high.
In Figures 4–7, CFD captures the trend near the endwall
accurately. Away from the endwall, the match between CFD
and experimental results is good.

0.032
0.028
0.024
0.02
0.016
0.012
0.008
0.004
0
0

0.1

0.2

0.3
z/h

0.4

0.5

CFD
Experimental

Figure 6: Spanwise variation of pitchwise mass averaged coeﬃcient
of secondary kinetic energy (baseline case) at x/a = 1.06.

Comparison between computational and experimental
results is also obtained for profile loss coeﬃcient and is
shown in Table 3. Profile loss coeﬃcient, YP , is equal to
the pitchwise mass averaged total pressure loss coeﬃcient at
midspan and is calculated from equation
YT =

(P01MS − P02 )
1/2ρC22

,

(3)

where YT is total pressure loss coeﬃcient


YP =

YT cm dyz/h=0.5
s
,
0 cm dy

(4)
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this optimum fence came from the fact that as vortex travels
downstream its size increases, hence keeping the height of the
fence constant is not logical (Figure 8). As fence (y f /s = 1/2,
h f /δ = 1/6) reduces CSKE by 15% and fence (y f /s = 1/2,
h f /δ = 1/3) reduces CSKE by 17%, therefore, it seems that
h f /δ = 1/6 is not suﬃcient along the entire streamwise
direction. Hence it was decided to vary the height of the fence
linearly from h f /δ = 1/6 (at the leading edge) to h f /δ = 1/3
(at the trailing edge).
Since CSKE is indicative of secondary flow losses, let us
examine the role of CSKE in reducing the total pressure loss
coeﬃcient. The total pressure loss coeﬃcient is given by

74

Pitchwise mass averaged exit
flow angle (deg)

72
70
68
66
64
62
60
58
56
54

YT = Y p + Ys + YI .

52
50
0

0.1

0.2

0.3

0.4

0.5

The YI is inlet loss coeﬃcient and is calculated as
⎡

z/h
CFD

YIN

Experimental

Figure 7: Spanwise variation of pitchwise mass averaged exit flow
angle (fence of h f /δ = 1/3) at x/a = 1.06.

5.2. Optimum Fence. The fences were attached normal to the
endwalls and were of the same camber line and the same
stagger angle as the blades. The distance and the height of the
fences were independently varied. Measurements of CSKE
were done at x/a = 1.06. Fence location from blade pressure
surface is denoted by y f /s, and fence height is denoted by
h f /δ. When height of fence is varied linearly from δ/6 m
(at leading edge) to δ/3 m (at trailing edge) and placed in
middle, it produces least CSKE (Table 5). It is the optimum
fence (in terms of height as well location) with a reduction
of 27.8% CSKE with respect to the baseline case. The idea for

⎤

p01MS − p01 ⎦
=⎣
,
ρ/2 c22
 h/2  s

YI =

0

0

(6)
YIN cm dy dz

 h/2  s
0

where cm is meridional velocity, P01MS is total pressure at
midspan at inlet, P02 is total pressure at x/a = 1.06, and
z/h = 0.5 indicates midspan.
The diﬀerence between computed and experimental
profile loss coeﬃcient is 1.7% for the baseline case and 1%
for fence of h f /δ = 1/3. Close agreement between CFD
and experimental values of profile loss coeﬃcient shows that
the numerical results are reasonable. At the midspan, SST
turbulence model predicts reasonable result as the motion
is nearly two-dimensional, free from vortices and has no
endwall eﬀect. Good prediction of profile loss in the present
study is believed to be due to transition modelling and a
very high-quality mesh. From Table 3 it can be seen that
there is nearly no change in profile loss coeﬃcient for the
baseline case and fence of h f /δ = 1/3 in experiment as well
as in computation. Table 4 shows that experimental values of
CSKE and YT for fence of h f /δ = 1/3 decrease compared
to the baseline case. On the other hand computational
investigation reports increase in YT and decrease in CSKE
for fence of h f /δ = 1/3 compared to the baseline case.
This confirms Langston [7] statement that total pressure loss
prediction by CFD is not reasonable. The trend in the present
investigations resembles the trend seen in Table 1 [8].

(5)

0 cm dy dz

,

where p01 is total pressure at x/a = −1.5 and p01MS is total
pressure at midspan at x/a = −1.5.
In cases with streamwise endwall fences, it is observed
that profile loss coeﬃcient does not change much. Both
experimental and numerical investigations indicate that
there is negligible change in YP (Table 3). Since calculation
of YP involves values at midspan where flow field is nearly
two-dimensional and free from vortices, the prediction of YP
is accurate (Table 3). Table 6 shows the comparison of YP ,
YT , and CSKE for the optimum and baseline cases. In the
present investigations inlet station is suﬃciently away from
the leading edge of blade (1.5 ch length). Hence inlet loss
coeﬃcient (YI ) is same for the fenced and baseline cases.
The table also shows reduced CSKE values for the
optimum fence case compared to the baseline case. On the
other hand YT value has increased over the baseline case
which is a shortcoming with CFD approach. The results are
in agreement with the results of Ingram [8] shown in Table 1.
The total pressure loss coeﬃcient from CFD is more than that
obtained from experiments (Table 1). As prediction of YT by
CFD is not reasonable, the value of YT (whether increasing
or decreasing) is judged by its dependence on parameters
which CFD predicts with reasonable accuracy. In the present
investigations, the parameter chosen is CSKE. Since CSKE is
indicative of secondary flow loss coeﬃcient,YS , any reduction
in CSKE is an indication of reduced Y S . As YP and YI are
nearly constant, reduced YS should result in reduced Y T .
5.3. Streamwise Vorticity Contours
ωs = ωx cos α2 + ωy sin α2 ,

(7)

where ωs is streamwise vorticity, ωx is vorticity in axial
direction, and ωy is vorticity in tangential direction. Nondimensional streamwise vorticity contours are plotted in
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Table 3: Profile loss coeﬃcient.

Comparison of profile loss coeﬃcients (YP )
CFD
Experimental
Baseline case
0.0334
0.0340
0.0337
0.0340
Fence of h f /δ = 1/3 placed in middle of passage

% Diﬀerence
1.72
0.66

Table 4: Comparison of YT and CSKE.
Baseline case

Fence of h f /δ = 1/3 placed in the middle of passage

% change w.r.t the baseline case

CSKE (CFD)

0.0023

0.0019

−17%

CSKE (experimental)

0.0016

0.0011

−28%

YT (CFD)

0.0492

0.0519

5.5%

YT (experimental)

0.0751

0.0648

−14%

Figure 8 for test cases at x/a = 0.9 (inside the passage) and
at x/a = 1.06 (outside the passage). Hatching in Figure 8
shows the sectional view of blade and fence at axial location
x/a = 0.9. In streamwise vorticity contours, passage vortex
(P) is the positive vortex. Negative streamwise vorticity is
represented by dotted lines and positive streamwise vorticity
by continuous lines. It can be seen that the magnitude
of the passage vortex gets reduced as it goes downstream.
This reduction in magnitude (vorticity) is caused by viscous
action. It can be seen from Figures 8(c) and 8(d) that the
magnitude of the passage vortex near to the suction surface
is reduced in the optimum fence case. This reduction in
magnitude (by more than 50%) and decrease in spanwise
penetration of the passage vortex are due to the formation
of counter rotating vortices (F, FI, and FII). Due to their
opposite direction of rotation, these counter rotating vortices
weaken the passage vortex (P). Near to trailing edge, the
flow on the blade pressure surface is towards the endwall,
and on the suction surface it is towards the midspan. The
flow from pressure and suction surfaces meets near the
trailing edge and curls up to form trailing edge vortex (T).
Due to the presence of counter rotating vortex (F) near the
suction surface, the flow towards midspan on suction surface
is decreased, resulting in weaker trailing edge vortices. The
magnitude of trailing vortices (T) is reduced by nearly
50%. It is observed that as the height of fence increases the
counterrotating vortex formed due to fence decreases and
nearly vanishes after a fence of height h f /δ = 1.0. Contours
of all fence configurations cannot be presented here due to
space limitation. From Table 5 it can be seen that for few
fence heights and locations CSKE increases compared to the
baseline case. It is because in these cases fences behave like
blades and the passage vortex formed by them is comparable
or in some cases even larger than the passage vortex formed
by the actual blade. From Figures 8(e) and 8(f) it can be seen
that fence of h f /δ = 4/3 behaves like a blade of short span as
it is producing vortex comparable to a normal blade. Passage
vortices produced by fence of h f /δ = 4/3 are located at
higher spanwise locations and are of comparable magnitude

to a normal blade. Because of this, three-dimensionality of
the flow is increased and secondary kinetic energy is more
for fence of h f /δ = 4/3.
5.4. Flow Exit Angle. If the flow deflection is more than the
geometrical deflection then flow overturning occurs, and if
flow deflection is less compared to geometrical deflection
then underturning occurs. The direction of rotation of
passage vortex is such that, below its center (near to endwall),
it increases the tangential velocity (cu ) of the fluid particles
and above its center (away from endwall) the tangential
velocity (cu ) is reduced. Increase in cu increases exit flow
angle and vice versa. Thus passage vortex induces flow
overturning near to the endwall and flow underturning away
from the endwall. The counter rotating vortex (F, FI, FII in
Figures 8(c) and 8(d)) induces flow underturning near to
endwall and flow overturning away from the endwall. This
underturning of flow opposes the overturning of flow caused
by passage vortex. Thus in optimum fence case overturning
is reduced by more than 50% (compared to the baseline
case) near to the endwall, which is evident from Figure 9.
Underturning of flow away from the endwall is also reduced.
Thus with the application of optimum fence, exit flow angle
variation near to the endwall is reduced. These results are
clear from Figure 10 which shows the contour plot of exit
flow angle for the optimum fence and baseline cases. Near
to the trailing edge (PS and SS, Figure 10) corner vortices
near to the endwall are very strong in the baseline case,
hence the flow has underturned remarkably by 11◦ . In case
of optimum fence, corner vortices either seem to be of very
low magnitude or were completely dissipated. As a result flow
close to the endwall is overturned by 10◦ . These local values
of exit flow angle in optimum fence case clearly show that
eﬀect of passage vortex has reduced considerably in optimum
fence case compared to the baseline case.
5.5. Wall Shear. The inception and transport of the passage
vortex and its impact on the surface boundary layers can
be interpreted from the distribution of wall shear stress
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Table 5: Mass averaged CSKE for fences of diﬀerent height placed at diﬀerent locations.
Fence location and fence height (y f /s, h f /δ )

CSKE

% reduction in CSKE

1

1/3, 1/6

0.002103

−9.3

2

1/2, 1/6

0.001948

−15

3

2/3, 1/6

0.002004

−13.5

4

1/3, 1/3

0.002035

−12.3

5

1/2, 1/3

0.001938

−17.0

S. no.

6

2/3, 1/3

0.001979

−14.7

7

1/2, 2/5

0.001955

−15.7

8

1/3, 2/3

0.00342

47.5

9

1/2, 2/3

0.002031

−12.4

10

2/3, 2/3

0.001947

−16.1

11

1/3, 1

0.00513

121.2

12

1/2, 1

0.002334

0.6

13

2/3, 1

0.00254

9.5

14

1/2, 4/3

0.002803

20.9

15

1/2, (height linearly increasing from 1/6 to 1/3)

0.001674

−27.8

16

Baseline

0.002319

—

Table 6: Comparison of CSKE, YP and YT .

CSKE (CFD)
YP (CFD)
YT (CFD)

Baseline case

Optimum fence

% change w.r.t the baseline case

0.00231915
0.033424
0.04921

0.001674
0.0334549
0.0507523

−27.8%

70

Pitchwise mass averaged exit
flow angle (deg)

68
66
64
62
60
58
56
54
0

0.1

0.2

0.3

0.4

0.5

z/h
Baseline
Optimum fence

Figure 9: Pitchwise mass averaged exit flow angle for baseline and
optimum fence cases at x/a = 1.06.

and skin friction lines. Skin friction lines describe the
flow immediately on the surface of a body. In a twodimensional flow, boundary layer separation is characterized
by a reverse flow or vanishing wall shear stress, but in case of

0.09%
3.1%

a three-dimensional flow vanishing shear is not the binding
criterion. In three dimensional flow separations wall shear
can have value other than zero. A necessary condition for
the occurrence of three dimensional flow separation is the
convergence of skin friction lines onto a separation line. The
flow gets lifted along that separation line. Figure 11 shows
contours of wall shear stress (with skin friction lines) on the
suction surface for the baseline and optimum fence cases.
On the suction surface there is formation of a separation
bubble. The arrow of skin friction line shows the direction
of fluid particle just above the surface. Flow separates (flow
direction reverses) and reattaches in the separation bubble
region. It could be seen in Figure 11 in separation bubble
region that at point of separation the wall shear reduces to
a very low value. The wall shear stress increases thereafter
and then again decreases. Point of separation and point
of reattachment are critical points, and hence the value of
wall shear is zero. Critical points are points on surface of
a body where wall shear value is zero and its direction is
not defined at that point. The separation line shows the
imprint of passage vortex on suction surface. ZTE is defined as
penetration height (from the endwall) of the passage vortex
at the trailing edge on the airfoil suction surface. ZTE in the
baseline case is 0.029 m (ZTE /δ = 0.725), and in case of
optimum fence it is 0.018 m (ZTE /δ = 0.45), Figure 11 A
reduction of almost 33% is achieved in ZTE by the use of
optimum fence. According to Sharma and Butler [26], ZTE

International Journal of Rotating Machinery

11

55.7

54.8

−1.6

−1.4

49

.1

63.7

72.4

63.7
63.7
72.4

−1.2

−1

PS −0.8 SS −0.6

57.6

0.05

55.8

71.2
53.2
0

−1.6 F −1.4

.8

−1.2

62.5

58

59

65.1

70.4

y/s
(a) Baseline

56.4

.8

75.4

.1

57.1

55

61

tex
r vor
59.5Overturning
orne
c
f
o
t
Eﬀec
63.7

0.05

57

51.4

59
.8

56.4

57.3

6

56.8
Reduction in overturning

0.1

0.1

Reduction in underturning

Due to counterrotating vortex

z/h

z/h

57.3
Underturning

57.1

57.

59.2

58.
5

0.15

0.15

0

58.5

60.1

60.9

58.1
59.5

0.2

57

5 7 .4

58.1

58.9

60

60.9

60.9

60.6

0.2

60.1
60.9

0.25

0.25

−1

5
49.

PS −0.8 SS −0.6

y/s
(b) Optimum fence

Figure 10: Contours of exit flow angle at x/a = 1.06.

is indicative of secondary losses; hence optimum fence is
eﬀective in reducing secondary flow losses.
Figure 12 shows contours of wall shear (with skin friction
lines) on the endwall surface. Near to the leading edge there
is formation of a saddle point (Figure 12(b)). Saddle point is
a critical point with zero wall shear. The separation lines are
skin friction lines on which other skin friction lines converge.
They are lift-oﬀ lines of the horseshoe and passage vortices.
Separation lines are the footprint of these vortices. It could
be seen from Figure 12(b) that one of the separation lines
is blocked by fence whereas in the baseline case it goes and
strikes the suction surface (Figure12(a)). The blocked leg of
the vortex after striking the fence traverses along the suction
surface and finally emerges from the passage. The separation
line (the footprint of the pressure side leg of the horse shoe
vortex) shows that after striking the fence the pressure side
leg of the horse shoe vortex did not ride over the fence, rather
it went downstream along the suction surface of the fence.
Thus fence is instrumental in diverting the path of vortex.
The shear stress is not low along the lift oﬀ line of the diverted
vortex (Figures 12(a) and 12(b)). The wall shear along the
separation line near to the suction surface of fence has an
appreciable value compared to maximum wall shear value.
Even then it lifts oﬀ from the surface. Hence it is not binding
that separation will take place even if the wall shear stress is
low.
5.6. Vortex Isosurface. Hunt [27] defined vortex as a region
with positive second invariant (Q > 0) of gradient of velocity
(∇c). Physical interpretation of Hunt’s definition is that
vortex is a region where vorticity magnitude prevails over
strain rate magnitude
1
1
(8)
Q = − ui, j ui, j = Ω2 − S2 ,
2
2
where Ω and S are rotation and strain tensors.
Figure 13 shows the isosurface of vortical structures for
the optimum fence and baseline cases using Q (second

invariant of ∇c). From isosurface visualization (Figure 13)
it is visible that pressure side leg of the horseshoe vortex is
diverted between pressure and suction side of the fence. From
isosurface plot it can be concluded that optimum fence has
trapped the pressure side leg of the horseshoe vortex.
5.7. Eﬀect of Turbulence Model on CSKE and Profile Loss
Coeﬃcient (YP ). Diﬀerent turbulence models were used in
the present investigations, and the quantitative diﬀerence
in CSKE and Y p by diﬀerent models is appreciable. Since
experimental values for CSKE and Y p are available for
fence of h f /δ = 1/3, these are compared with the values
obtained from the computations. Predicted values of CSKE
and profile loss coeﬃcient by κ-ε models are the highest
(Figures 14 and 15). The reason for this overprediction is
the defect in the production term of turbulent kinetic energy
equation. The production of turbulent kinetic energy in κε model is very high since the level of turbulence increases
in the flow resulting in enhanced mixing. Enhanced mixing
brings more losses and three-dimensionality in fluid. More
three-dimensionality of flow results in higher CSKE values,
and higher turbulence in boundary layer leads to more
profile losses. Prediction of CSKE and Y p by SST model
is lower compared to that of the κ-ε model. This is due
to the implementation of Kato-Launder modification and
production limiters in the SST model. SST model coupled
with transition model yields further lower values of CSKE
and Y p because the boundary layer now is not completely
turbulent.
The diﬀerence between CFD (SST transition) and experimental results is more in case of CSKE (Figure 14), and it is
very less in case of profile loss coeﬃcient (Figure 15). Profile
loss coeﬃcient involves measurements at midspan location,
where turbulence models predict accurately; hence the
agreement between CFD and experimental results is good.
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Figure 11: Contours of wall shear stress on the suction surface (with skin friction lines).
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Figure 12: Contours of wall shear stress on the endwall (with skin friction lines).

CSKE involves values from midspan to the endwall. Near
to the endwall, the prediction by turbulence models is only
qualitatively true. Hence there is appreciable discrepancy
between CFD (SST transition) and experimental results.
5.8. Eﬀectiveness of Optimum Fence at Enhanced Level of
Turbulence Intensity (Tu). In the present study, a range of
engine relevant turbulence intensity levels is generated, and
the resulting flow field is reported. This section assesses the
eﬀectiveness of fence at higher turbulence intensity levels.
Higher turbulence intensity levels in gas turbines would
typically increase the heat transfer rates on turbine blades
and influence the boundary layer transition to a greater
extent. On the suction surface of the airfoil the main eﬀect
of turbulence is to cause an earlier onset of transition to

turbulent flow. From Figure 16 it is clear that even at high
levels of turbulence intensity the optimum fence is producing
less CSKE, hence fence is eﬀective even at enhanced levels of
turbulence intensity. There is nearly no diﬀerence in profile
loss coeﬃcient for fenced and unfenced case (Figure 17),
indicating that fence aﬀects only endwall flow and not the
midspan flow. When Tu is increased to 5%, the size of
the separation bubble diminishes resulting in lower profile
loss. At further higher levels the boundary layer becomes
completely turbulent resulting in more profile loss.
5.9. Eﬀectiveness of Optimum Fence at Oﬀ-Design Incidences.
If flow incidence is positive there will be increase in net
flow deflection resulting in higher change in momentum,
leading to increase in lift or blade loading. Similarly if flow
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(b) Optimum fence

Figure 13: Vortex isosurface using Q = 0.01.

0.0033
0.0024

0.003

κ-ε

0.0025

SST

0.0023

SST transition

Mass averaged CSKE

Mass averaged CSKE

0.0027

0.002
0.0018

0.0022

0.002

0.0018

Experimental

0.0015

0.0016

0.0013
0.001
0

0.1
0.2
Fence height, h f /δ

0.3

0

4

8

12

16

Turbulence intensity, Tu (%)

Figure 14: Variation of CSKE (at x/a = 1.06) for diﬀerent turbulence models.
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Optimum fence

Figure 16: Variation of mass averaged CSKE at diﬀerent turbulence
intensity for optimum fence and unfenced case.
0.045
κ-ε

incidence is negative, net flow deflection will be less leading
to reduction in blade loading. Secondary flow in a turbine
is dependent on net flow deflection of flow. This can be
concluded from the transport vorticity equation which is
obtained by forming the curl of the Navier-Stokes equation.
In an intrinsic coordinate system the streamwise component
can be written as follows:

Profile loss coeﬃcient

0.042
0.04
SST
0.037
0.035

∂u
∂u
∂u
Dωs
= ωs
+ ωn
+ ωz
+ ν ∇ 2 ωs .
Dt
∂s
∂n
∂z

Experimental
SST transition

0.033
0.03
0

0.1
0.2
Fence height, h f /δ

0.3

Figure 15: Variation of Profile loss coeﬃcient (at x/a = 1.06) for
diﬀerent turbulence models.

(9)

If the viscous term is neglected, it follows that in the
entrance region of a linear turbine cascade the rate of change
of streamwise vorticity (ωs ) depends only on the normal
vorticity (ωn ) (due to the inlet boundary layer) and on the
velocity gradient ∂u/∂n in the normal direction, as (ωs ) and
(ωz ) are zero at the inlet. ∂u/∂n increases with the blade
loading. Therefore, when the incidence angle is increased
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Figure 17: Variation of profile loss coeﬃcient at diﬀerent turbulence intensities for optimum and baseline cases.

Figure 19: Variation of profile loss coeﬃcient with incidence angle
for the optimum and baseline cases.

same inlet loss coeﬃcient. From (5) it can be concluded that
at oﬀ design incidence angles the optimum fence will have
lesser total pressure loss coeﬃcient compared to baseline
case.
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Figure 18: Variation of CSKE with incidence angle for the optimum and baseline cases.

higher secondary flow eﬀects must be expected due to larger
velocity gradients between pressure and suction surfaces.
Similarly when the incidence angle is decreased, reduced
secondary flow eﬀects must be expected. Streamwise vorticity
(ωs ) represents secondary flow. For the above mentioned
reason, CSKE increases at positive incidence angles and
decreases at negative incidence angles (Figure 18).
From Figure 18 it is clear that even at oﬀ-design incidence
angles the optimum fence generates less CSKE compared to
unfenced case. There is no appreciable diﬀerence in profile
loss coeﬃcient between two cases (Figure 19). As both fenced
and baseline cases have same inlet conditions, they will have

A fence whose height varies linearly from δ/6 at the leading
edge to δ/3 at the trailing edge and located in the middle
of the passage produces least CSKE and is determined to
be the optimum fence. Design of such optimum fence is
completely new and reported for the first time. Optimum
fence has reduced CSKE by 27% compared to 17% for
fence of h f /δ = 1/3. The optimum fence showed reduction
in overturning and underturning of flow by nearly 50%.
Reduction in the exit flow angle deviation will reduce the
incidence losses in the next stage of turbine. Hence there is
scope for improvement in turbine stage eﬃciency as well.
The magnitude and spanwise penetration of passage vortex
(ZTE ) for the optimum fence is reduced by 33% compared to
the baseline case. As ZTE is an indicative of secondary flow
losses, optimum fence is eﬀective in reducing secondary flow
losses. It is observed that optimum fence does not change the
midspan flow field, and therefore there is nearly no change
in profile loss coeﬃcient. Optimum fence is eﬀective even
at higher turbulence levels and oﬀ design incidences. These
observations infer that the optimum fence is instrumental in
reducing the secondary flow eﬀects in a turbine cascade.

Nomenclature
a: Axial chord (m)
c: Velocity (m/s)
ch: Blade chord (m)
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cm :
cr :
cu :
CSKE:
hf :
LE:
P:
p:
S:
t:
T:
TE:
Tu:
YI :
yf :
Yp :
YT :

Axial velocity (m/s)
Radial velocity (m/s)
Tangential velocity (m/s)
Coeﬃcient of secondary kinetic energy
Fence height (m)
Leading edge
Passage vortex
Pressure (N/m2 )
Strain tensor (s−1 )
Fence thickness (m)
Trailing vortex
Trailing edge
Turbulence intensity
Inlet loss coeﬃcient
Distance from the pressure surface (m)
Profile loss coeﬃcient
Total pressure loss coeﬃcient.
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[6]

[7]

[8]
[9]

[10]

Subscripts
1,2:
Cascade inlet and outlet
x, y, z, s: Components in axial, pitchwise, spanwise, and
streamwise directions
i, j:
Index notations (1,2,3).

Superscripts
−: Pitchwise mass averaged quantity
=: Pitchwise and spanwise mass averaged

quantity.

[11]

[12]

[13]

Greek Symbols
[14]

α: Flow angle measured from the axial
direction (deg)
δ: Inlet boundary layer thickness (m)
τ: Tip gap height (m)
ω: Vorticity (s−1 )
Ω: Rotation tensor (s−1 ).
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