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Computational Investigation of Secondary Flow
Losses in Linear Turbine Cascade by Modified
Leading Edge Fence
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Abstract—It is well known that secondary flow loses account
about one third of the total loss in any axial turbine. Modern gas
turbine height is smaller and have longer chord length, which might
lead to increase in secondary flow. In order to improve the efficiency
of the turbine, it is important to understand the behavior of secondary
flow and device mechanisms to curtail these losses. The objective of
the present work is to understand the effect of a stream wise end-wall
fence on the aerodynamics of a linear turbine cascade. The study is
carried out computationally by using commercial software ANSYS
CFX. The effect of end-wall on the flow field are calculated based on
RANS simulation by using SST transition turbulence model. Durham
cascade which is similar to high-pressure axial flow turbine for
simulation is used. The aim of fencing in blade passage is to get the
maximum benefit from flow deviation and destroying the passage
vortex in terms of loss reduction. It is observed that, for the present
analysis, fence in the blade passage helps reducing the strength of
horseshoe vortex and is capable of restraining the flow along the
blade passage. Fence in the blade passage helps in reducing the under
turning by 7° in comparison with base case. Fence on end-wall is
effective in preventing the movement of pressure side leg of
horseshoe vortex and helps in breaking the passage vortex.
Computations are carried for different fence height whose curvature
is different from the blade camber. The optimum fence geometry and
location reduces the loss coefficient by 15.6% in comparison with
base case.

Keywords—Boundary layer fence, horseshoe vortex, linear
cascade, passage vortex, secondary flow.

1. INTRODUCTION

ECREASE in the fossil fuel over the recent years

motivates on efficiency improvement by decreasing the
loss. It is stated that 0.1% improvement in specific fuel
consumption was worth around $22k a year on a Boeing 747
[1].

In any gas turbine about one third of the total losses is
attributed to secondary flow losses. It is therefore very
essential to understand the underlying physics and device
mechanics to curtail these losses. Secondary loss is three-
dimensional in nature due to the vortical flow structure in the
blade passage. Especially gas turbine blade with high camber
exhibits flow separation and vorticial structure in the flow.

Secondary flow is always transverse to the primary flow
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caused due to the cross passage pressure gradient in the
boundary layer in the blade passage [2]-[5]. The detailed
description of experimental secondary flows feature and effect
of boundary layer in a straight turbine cascade are given by
Sieverding [6]. Germain [7] defines the secondary flow as an
additional flow feature due to the presence of end walls, so it
is important to analyze the end wall. The detailed description
of secondary flow in the boundary layer and its three-
dimensional nature is presented experimentally in [8].

Flow through the turbine is very complex due to three-
dimensional nature such as turbulence, pressure gradient and
vortices like Horseshoe vortex, corner vortex, end wall vortex,
passage vortex and tip vortex. Among these, horseshoe vortex
and passage vortex are the major source of losses. Sharma and
Butler [9] give the overview of different vortex structures on
cascade end wall (Fig. 1).
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Fig. 1 Cascade end wall flow [9]

Horseshoe vortex can be suppressed by sharp leading edge
and size of horseshoe vortex depends on incidence angle [10].
The suction side leg vortex (Sp) and pressure side leg vortex
(Hp) meet together in the mid-passage region where the two
separation lines exist in the passage merge. This occurs close
to the suction side of blade, and merger of the two vortices
forms a stronger vortex known as passage vortex [11]. As the
pressure side leg vortex is much stronger compared to suction
side vortex when they meet, the sense of rotation of passage is
considered by sense of rotation of pressure side leg vortex.
The passage vortex is primary responsible for total pressure
loss in the secondary flow region near the suction side of
blade.
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A. Overview of Previous Work

There are many methods to reduce secondary flow losses in
turbine cascade like leading edge filleting, stream-wise end
wall fence on the end wall and blade surface, end wall
contouring, end wall film injection [12], [13], blade thickening
in the end wall region, blade lean [14], [15] and sweep etc.

Filleting the blade leading edge-end wall juncture helps in
reducing the intensity of horseshoe vortex [16]-[18]. The fillet
design effectively accelerates the boundary layer thereby
migrates the effect of total pressure gradient. By creating the
strong suction side horseshoe vortex by leading edge
modification, which ensures by weakening the counter
rotating passage vortex [19].

Another method in controlling the flow feature near the end
wall boundary layer is end wall contouring [1], [7], [9]. There
are two ways of end wall profiling — axial profiling along the
passage with no pitchwise variation [20] and non-
axisymmetric profiling along the passage in both axial and
pitchwise direction [21]-[23]. The profiling assists in
accelerating the boundary layer fluid at the end wall and
reduce pitchwise pressure gradient. The novel feature of
secondary flow with end wall profiling of equal peak and dip
value is examined [24].

One of the simplest and powerful tool in the minimization
loss is fencing [2], [25]. Fence effectively helps in reducing
the intensity of loss core leading to lesser aerodynamic losses
in turbine passage [26], [27]. It is found that fences are more
effective if 1/3™ of inlet boundary layer thickness high and it
is placed at half the blade pitch [25]-[28]. With the usage of
fence, the accumulation of low energy fluid is reduced, which
results in an improved aerodynamic lift coefficient [28].
However, at higher mass flow rates, fence may add
disturbance to the passage flow and increase the loss
coefficients, if not properly designed.

The objective of the present work is to investigate
computationally the effect of leading edge modification of end
wall fence in a linear turbine cascade. The optimum fence
geometry and location is decided by measuring the loss
coefficient and flow turning. The leading edge of fence is
modified in order to break the horseshoe vortex. This novel
design is expected to reduce the amount of low energy
boundary layer fluid that is convicted by passage vortex
thereby reduce the losses in the passage.

II. METHODOLOGY

A. Blade Profile Geometry

The Durham cascade is a low speed, large scale linear
cascade for a high pressure rotor design. The blades are
designed to have an aerodynamic similarity same as real
machines rather than geometrical similarity. The blade profile
and geometrical details are shown in Fig. 2 [12] and Table I.
The Durham cascade has already been subjected to numerous
study on end wall contouring and filleting the leading edge
[18], [22]. In this study, an attempt is made by incorporating
the unique geometry of fence in the Durham cascade.

B. Design Study

Domain consists of single blade which is placed exactly at
one pitch distance and fence is positioned at fixed distance
from the blade camber line as shown on Fig. 3. Fence is
exactly half the pitch from the blade camber line and curvature
of fence do not follow the blade camber towards the leading
edge of blade. Modified fence starts from 11% C,, move
straight along axial direction up to 42% C,. From 42% C,
fence curvature flow same as blade camber curvature till the
trailing edge. Thickness of the fence is 2.5mm from leading
edge to trailing edge. The investigation was carried out for
four different fence height named for convenience as shown in
Table II.
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Fig. 2 Blade Profile and Measurement Location [12]

TABLE 1
CASCADE BLADE DETAILS
Blade Inlet Angle 47.6°
Flow Inlet Angle 62.6°
Blade Exit Angle -68.0°
Flow Exit Angle -68.8"
Stagger Angle -36.1°
Blade Chord 224 mm
Axial Chord 181 mm
Blade Pitch 191 mm
Blade Span 400 mm
(axial 123?5 ﬁ]sdl\il;cri?t\)/:ocity) 43x10°
Exit Mach Number 0.11

mm = millimeter.

In the current study geometrical model for blade profile is
done using solid works and flow domain and meshing is done
in ICEM-CFD 15. The domain geometry consists of inlet
which is at 1.5 times the axial chord and outlet at distance of
2times the axial chord from the leading edge of blade. The
domain was generated for half the span of blade in radial
direction by defining symmetry and translational periodicity
along the transverse direction at one pitch length shown in Fig.
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3. The mesh around the blade, hub and fence surface is fully
structured and remaining flow domain is unstructured in axial
and tangential direction. The maximum size of mesh size for
whole domain is 3.5 mm with scale factor of 1. The prism
layers are attached around the blade and hub surface to study
the boundary layer effects of flow. The grid independence
study was carried out and solution was found to be grid
independent at 2.2 million. The cell height is 0.35 mm (first
cell height normal to the surface) with exponential height ratio
of 1.15 up to 12 layers.

C.Solver Details

ANSYS-CFX was used for computational simulation in
current study with transition SST k- model to model the
turbulence. The transition SST k-w turbulence model was
found to be most suitable for analysis of secondary flows [2],
[29]. The transition SST model is based on standard SST k-®
equation with fully turbulence. The inlet boundary condition is
velocity of 19.1 m/s along the flow direction, turbulence

I—iuh wall

intensity of 5% and static temperature of 292.15 K. At the
outlet ambient conditions and the symmetric boundary
conditions at mid-span was specified. All the walls are given
as no slip condition and adiabatic boundary condition. The
current study was done using air as working fluid on single
blade passage with translational periodic boundary condition
at one pitch length on either sides. High resolution
discretization scheme was chosen for all calculations and
convergence criteria is set to 10 for all variables.

TABLE I
DETAILS OF FENCE HEIGHT

SL. no Case no. Fence Height
1 Case-0 (base case) 0 mm
2 Case-1 10 mm
3 Case-2 20 mm
4 Case-3 30 mm
5 Case-4 40 mm

mm = millimeter.

» Symmetric plane

Outlet

Blade

Periodic wall-1

Fig. 3 Typical Computational domain with blade and fence

III. RESULTS AND DISCUSSIONS

A. Validation

The CFD investigation is carried out for base case (without
fence) on Durham cascade with single blade and compared
with the experimental results by Biesinger [12]. The inlet
velocity is specified as 19.1 m/s along the flow direction with
turbulence intensity of 5% and at the outlet relative pressure is
set as zero. Translational periodic boundary condition is used
at exactly one pitch. The static pressure coefficient (C,) value
is defined as (1):

Py—P
“ =t M

The static pressure coefficient variations are plotted at 53.5
mm from the end wall and compared with experimental values
[12] as shown in Fig. 4. Computations are carried out for three
different turbulence model the SST-Transition, k-epsilon and
k-omega. Static pressure plots qualitatively and quantitatively
follow the experimental results for all the three turbulence
model. It is also observed that from 150 mm axial chord

towards the trailing edge pressure coefficient is reduced due to
flow separation. Near the trailing edge a point of inflection is
observed due adverse pressure gradient in the flow.
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Fig. 4 Blade static pressure distribution at 53.5 mm spanwise
distances from the endwall
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B. Total Pressure Loss Coefficient

In the current study, computational investigations of
secondary flows in a linear turbine cascade are presented.
Detailed analyses of losses with fence and without fence are
carried out. The primary objective is to understand the effect
of fence on the secondary flow losses. The loss coefficients
are evaluated from the mid-span of blade to hub wall. The
pitch mass averaged total pressure loss coefficient along the
span of blade at 128% axial chord (C,) is calculated for all the
cases. The pitch mass averaged total pressure loss coefficient
(Cpy) is calculated from (2),

Cpo = 1250 )
where, &(zeta) is
Po1—Po
§= I 3)
2

The numerical solution for the pitch mass averaged total
pressure loss coefficient for four different fence height in
comparison with the base case are shown in Fig. 5. The
coefficient of pressure losses is more near the end wall for
fence cases in comparison with base case. It is observed that
the value of loss coefficients rapidly decreases from the end
wall up to a span of 40 mm. There is a slight increase in the
value of loss coefficient from 40 mm to 70 mm for all fence
cases except for case-1 (10 mm fence height). The peak loss
coefficient occurs from 70 mm to 90 mm distance from the
end wall position and from then on there is decrease in the
value of loss coefficient. These variations suggest that the
presence of fence is very effective in breaking down the
passage vortex even though it increases the loss near the end
wall. However, pitchwise mass averaged total pressure loss
has come down for all the fence cases (except case-1) in
comparison with no fence case. The intensity of passage
vortex has come down in the presence of fence due to
breaking of passage vortex by fence in the blade passage. For
the base case, loss coefficient has increased significantly from
80 mm of span indicating intensified passage vortex. Loss
coefficient almost remains constant from 100 mm to half blade
span for all fence cases. It is also observed that as the height of
fence increases the loss coefficient near the end wall increases.
For the case-1 (10 mm fence height), the loss has increased
beyond the base case. This is due to the fact that fence height
is not sufficient to break the horseshoe vortex while it acts as
obstacle in flow which creates turbulence.

The variation of mass averaged total pressure loss
coefficient (Tw) through the measuring planes from 50% axial
chord (C,y) to 150% C, is shown in Fig. 6. The trailing edge
of blade is 100% C,,. The variation of C=po along the axial
direction is qualitatively similar for all the computations. It
was also observed that Cp, increases almost linearly after the
trailing edge of blade for the base case. This sudden increase
is due to mixing of fluid from pressure and suction side of
blade after the trailing edge. However, with the presence of

fence, the Cp, variation is much more horizontal (smaller

slope) than the base case. Comparing the results of mass
averaged C=po for different fence height it was found that there
is an optimum fence height (i.e. fence height = 30 mm)
beyond which the loss increases. For case-1 (fence height=10
mm) the loss coefficient has increased by 52% in comparison
with base case. For the case-2 it is observed that there is
reduction in loss by 15.63% at 128% C,, in comparison with
base case. It is also observed that loss coefficient is more for
case-2 in the blade passage (before trailing edge) in
comparison with case-4. Downstream from the trailing edge
the loss coefficient for case-4 is higher in comparison with
case-2. This is due to fact that demolished vortex crosses the
fence in case-2 because of insufficient fence height. This is
observed in stream lines in the blade passage.
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Fig. 5 Pitchwise mass averaged total pressure loss coefficient (Cpo)
along the span of blade at 128% C,,.
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Fig. 6 Mass averaged total pressure loss coefficient (Cpo) along axial
direction

C. Effect of Underturning and Overturning

The aim of the design was primarily to reduce underturning
and overturning at the exit, which improves the performance
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of succeeding blade row. Fig. 7 shows the exit flow angle for
all the simulated cases along the spanwise direction at 128%
Ca. The pitch mass averaged exit flow angle is calculated
from (4),

_ 1 (T
&= Tan™? (Vz) %)

As the pressure leg of horseshoe vortex moves towards the
suction side of blade in the blade passage merges with counter
rotating vortex and forms a passage vortex. This results in a
change in the flow angle and work output. This turning of the
fluid is to balance the static pressure gradient and centrifugal
force. To maintain the radial equilibrium, the flow near the
mid span is considered to be two-dimensional with streamwise
and tangential pressure gradient. On the contrary, near the end
wall boundary layer, flow is three-dimensional with spanwise
velocity gradient along with streamwise and tangential
direction. The pressure gradient for the flow deviation can be
obtained from (5) [30],

Pos=Pss : ;

where, Vys is velocity in the mid span flow and 7y is the
radius of curvature of the stream line in the mid-span. And
subscript BL indicates boundary layer flow.

Near the end wall, velocity of fluid decreases in the
boundary layer region and radius of curvature is less for
boundary layer flow. There exists a pressure difference along
the span which results in over-turning in the passage flow. The
“overturning” refers to larger flow deflection than expected
geometrical deflection. Similarly, if flow deflection is less
than geometrical deflection of blade, then it is “under turning”.
In Fig. 7, near the end wall, flow will be overturning up to 30
mm span for cases with fence. Averaged angle of underturning
is about 4° is at 40-80 mm from the end wall for fence cases-2,
3, and 4. The intensity of loss core is high in the underturning
zone for all the cases, but the underturning is weakened by
fences. By influence of fence under turning and overturning, it
decays faster towards the midspan direction in comparison
with base case. From the end wall (S=100 mm) fluid follows
almost the blade exit angle up to mid span of the blade. In
comparison with no fence case, fence cases have lower
underturning and overturning along the span of blade. By
increasing the height of the fence beyond the optimum fence
height, fence acts as blade, which leads to more over and
under turning of flow. Case-1 shows the adverse effect on the
flow turning in comparison with other cases. Therefore, the
effect of optimum fence clearly shows reduction in the
passage vortex in terms of reduced flow turning at the exit of
blade.

D. Effect on Coefficient of Secondary Kinetic Energy
(CSKE)

Fig. 8 shows the pitch mass averaged CSKE results, and the
assessment of losses with and without fence along the span
was measured at 128% C,,. CSKE is calculated by using the

following correlation (6)-(8),

where,

and

SKE

CSKE = 5

2

SKE =~ p(VE + V2
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Fig. 8 Pitchwise mass averaged Coefficient of secondary kinetic
energy (CSKE) at 128% C, along the span

Secondary kinetic energy (SKE) at any plane measures
vortices caused due to viscous effect and potential flow. For
in-viscid flow, SKE is propositional to the square of length of
the vortex; i.e., when the mean flow increases, SKE of a
streamwise vortex increases [4].

It is observed from Fig. 8 that maximum CSKE is at 100
mm from the end wall for base case. For cases with fence
(except case-1), the loss has been reduced which is signified
by lower area under the curve. Case-2 has the least area under
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the curve in comparison with other fence cases. The hump and
dip in all the curves in Fig. 8 near the endwall signifies the
intensity of corner vortex. The peak of loss core shift near the
end wall by increasing the height of fence. For increase or
decrease in the fence height other than case-2 and case-3, the
loss increases. The development and propagation of passage
vortex is prevented by the fence which results in low CSKE.

E. Overall Effect of Fence

The mass averaged total pressure loss coefficient Cpg
counters are plotted at 128% C,x and compared with base case
and fence cases are shown in Figs. 9 (a)-(e). S represents the
span direction of blade and T represents the pitch direction in
the cascade. It is observed for base case that loss core is
concentrated at one fourth of blade height from the end wall.
This is due to radial movement of passage vortex from the end
wall. The radial migration of passage vortex is due to fact that
the low energy fluid in the boundary layer extracts energy
from the midstream flow. This radial migration of vortex
disturbs the flow away from the end wall. Thus, overall loss
coefficient increased for the base case. In case of fence, the
fence helps in breaking down the passage vortex which is
main cause of secondary losses. With the incorporation of
fence, the loss coefficient has increased near the end wall for
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(a) Base case. (Case-0)

S|

QF B D Re RS KT

(b) Case-1

all fence cases in comparison with base case. The intensity of
passage vortex has reduced for the fence cases except for case-
1 in comparison with the base case. For the case-3, the overall
loss coefficient at 128% C,x has come down by 15.63% in
comparison with the base case. In case-1, the fence height is
not sufficient to break the vortex, instead fence creates the
turbulence which is the cause of increase in loss value by
52.18%.

Figs. 10 (a) and (b) show the 3D stream lines near the end
wall for both fence and no fence case. It is observed from Fig.
10 (a) that the fluid near the end wall move from pressure side
to suction side of next blade. This transverse movement is due
to the pitchwise pressure gradient. As the fluid proceeds
downstream in the blade passage low energy fluid near the end
wall move to the mid-stream flow. This is the main cause for
radial migration of passage vortex to the midstream flow. By
the influence of fence in the blade passage, the flow is
stabilized in comparison with base case as seen in Fig. 10 (b).
Fence helps in breaking down the passage vortex and avoids
the cross flow near the end wall boundary layer, and flow is
stabilized in the downstream direction in comparison with
base case.

SFFLFSEL PSP TP PP P&

97 O BT .07 o
|

Cpo

(c) Case-2

|

CRFPFSLLLLS SEBSSSESSEP

27 o7 o7 o7 o7 o

Cpo
(d) Case-3

Cpo
(e) Case-4

Fig. 9 (a)-(e) Total Pressure loss contours at 12.8% C,y

876



International Journal of Mechanical, Industrial and Aerospace Sciences
ISSN: 2517-9950
Vol:10, No:5, 2016

IV. CONCLUSION

The conclusions are based on the present investigations on
the effect of modified fence leading edge and fence height on
the secondary flow losses are.

1. Modified leading edge of fence is successful in breaking
down the horseshoe vortex in the blade passage.

2. The magnitude of total pressure loss coefficient and
spanwise penetration of passage vortex is reduced by
15.63% for the optimum fence in comparison with the
base case.

3. By the influence of fence, the intensity of passage vortex
is diminished in the downstream of blade.

4. The flow overturning displaces the underturning peak
towards the end wall, results in no turning of flow away
from the endwall.

5. The spanwise penetration of vortex core is reduced which
is witnessed in the CSKE value.

6. Fence is effective in preventing the cross flow and
weakening the vortices near the end wall is observed in
3D streamlines.

Overall it could be concluded that optimum fence helps in
reducing the secondary flow losses and improves the
performance in the turbine cascade.
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Fig. 10 (a), (b) 3D streamlines near the end wall
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NOMENCLATURE
Cax Axial Chord
Cpo Total pressure loss coefficient
Cp Static Pressure loss coefficient
CSKE Coefficient of Secondary kinetic energy
P Static Pressure
Po Total Pressure
Hp Pressure side leg horseshoe vortex
Re Reynolds number
S Blade span direction
S, Suction side leg horseshoe vortex
SKE Secondary kinetic energy
SST Shear Stress Transport
T Transverse direction
\Y Velocity
Vy Axial velocity
V, Tangential velocity
Vi Radial velocity

Greek Symbols
a Exit flow angle

Density
Subscripts and superscripts
1 Inlet of cascade
2 Outlet of cascade

Pitch-wise mass averaged quantity
= Mass averaged quantity
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