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ABSTRACT

In turbomachinery, strong secondary flow can produce significant losses of total pressure near the endwall and
reduce the efficiency of the considered turbomachine. In this study, splitters located at different positions with
respect to the main blade have been used to reduce such losses and improve the efficiency of the outlet guide vane
(OGV). Three different relative positions have been considered assuming a NACA 65-010 profile for both the
main blade and the splitter. The numerical results indicate that splitters can effectively reduce the total pressure
loss by suppressing the secondary flow around the main blade, but the splitters themselves also produce flow
losses, which are caused by flow separation effects.
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1 Introduction

1.1 Secondary Flow
In turbomachinery, strong secondary flow produced high total pressure loss in the flow around the blades

near the endwall and reduces the efficiency of turbomachines. Many researchers [1–6] have already studied
the secondary flow structure in order to reduce the total pressure loss of secondary flow.

The effect of the thickness of the boundary layer and the radial pressure gradient of the inflow on the
formation of the secondary flow were studied by the research group of Chen et al. [7] and the research
group of Hesham et al. [8].

The effect of Reynolds number on the secondary flow loss of the low pressure turbine was investigated
by the research group of Marks et al. [9]. Their work indicated that the Reynolds number could affect the
evolution of the secondary flow. With Reynolds number increasing, the lift off-line of the passage vortex
moved upstream and the passage total pressure loss decreased.

The unsteady wall pressure signals on the surface of the blade and the time-resolved PIV (particle image
velocimetry) measurements were conducted to discover the inherent unsteady behavior of the three-
dimensional separation in the corner region and study the unsteady character of the secondary flow near
the endwall in a subsonic linear compressor cascade by the research group of Zambonini et al. [10]. Their
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work provided the time-resolved flow visualizations of the flow separation with an extended field of view
covering the entire blade section. The re-circulation region enlarged when these high vorticity
perturbations blend with larger eddies situated in the aft part of the blade. Such a massive detached
region persisted until its main constituting vortex suddenly broken down and the separation almost
completely vanished.

The research group of Dai et al. [11] tried to reduce the intensity of vortices and suppress the secondary
flow to maintain the stability of the flow field in the pump by changing the tip clearance.

The research group of Rona et al. [12] tried to reduce the endwall interference on the secondary flow
development in a transonic wind tunnel by using slotted tailboard.

The synthetic jet actuators were used to study the effect of synthetic jet excitation on the secondary flow
near the suction surface of the blade in a compressor cascade by the research group of Liu et al. [13] and the
research group of Zander et al. [14].

The research group of Wei et al. [15] and the research group of Ananthakrishanan et al. [16] tried to set
up the leading-edge fillet to study its effect on the secondary flow in a highly loaded low-pressure turbine.
Their study indicated that the leading edge fillet could reduce the intensity of the horseshoe vortex and thus
decreased the flow loss of the passage vortex and shed vortex near the leading edge of the blade.

The research group of Moon et al. [17] compared the three-dimensional flow structure and the total
pressure loss of the flow around the turbine cascade with and without endwall fences by numerical
investigation. The research group of Zhong et al. [18] studied the effect of different configurations
including the length, height, pitch-wise or span-wise location of the endwall fences on the total pressure loss.

The boundary layer fences were used to reduce the negative effects of the secondary flow near the
endwall in the gas turbine passage by the research group of Chung et al. [19,20]. Their study indicated
that the endwall fences could prevent the pressure side leg of the horseshoe vortex from crossing to the
suction surface of the blade and the endwall. The horseshoe vortex was weakened and decreased in size
after being deflected by the fence.

The boundary layer fences were used to reduce secondary flow effect near the endwall region and
provide a potential non-axisymmetric profiled endwall in order to improve the aerodynamic performance
of a compressor cascade by the research group of Hergt et al. [21]. Their work indicated that the non-
axisymmetric endwall modification constrained the interaction of the endwall cross flow with the suction
side boundary layer of the blade, thus the corner separation was delayed and a significant loss reduction
was achieved. The non-axisymmetric profiled endwall provided the ability to reduce the total pressure
loss of the secondary flow.

A splitter concept was designed to control the strength of the secondary flow and improve the
aerodynamic performance of the low aspect ratio vanes by the research group of Clark et al. [22]. Their
work indicated that the total secondary kinetic energy of the secondary flow vortices was reduced when
the number of passages was increased and when the inlet endwall boundary layer was evenly distributed
between the passages for a given number of vanes.

Recently, research group of Bian et al. [23,24] tried to study the flow loss and flow structure of the blade
by numerical and experimental investigations and tried to investigate the influence of the splitter geometry on
the secondary flow control.

From the studies above, advantages and limitations of different methods to reduce the total pressure loss
of secondary flow were shown in Tab. 1.
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1.2 Research Purpose
In this study, the splitters at three different relative positions to the main blade were set up to control the

secondary flow around the main blade, which was applied to axial fan as the outlet guide vane (OGV). The
role of the splitters was to control the secondary flow to improve the efficiency of the cascade. The main
purposes of this study were:

(1) Detecting the influence of the splitters at different relative positions to the main blade, which could
control the secondary flow around the main blade and have the potential ability to reduce the total pressure
loss of the cascade.

Table 1: Advantage and limitation of different methods to reduce the total pressure loss of secondary flow

Advantage Limitation

Slotted tailboard
[12]

Reduce the interference of the endwall. The slotted tailboard needs to be optimized
if the Mach number changed.

Synthetic jet
excitation
[13,14]

Reduce the vortex intensity, the energy
loss and the total pressure loss.

The amplitude of the forcing signal has to
exceed a minimum value to reveal the
positive control effects.

Leading-edge
fillet [15,16]

Filling the region of corner separation
vortex, reduce the intensity of leading-
edge horseshoe vortex and thus decrease
the loss of passage vortex and shed vortex.
Reduction of the endwall secondary loss
in turbine.

The impact of leading edge fillet may be
weakened or strengthened for different
ratios of the fillet height to inlet boundary
layer thickness.

Endwall fences
[17–20]

Reduce flow loss associated with the
endwall secondary flow by reducing the
strength of the passage vortex.

The endwall fences could produce high
total pressure loss themselves.

Boundary layer
fences [21]

Reduce the corner separation and decrease
cascade flow loss.

The fences with large height produce
additional flow loss due to the reverse flow
between the fences and the flow on the
endwall behind the fences.

Splitter [22–24] Reduce the end-wall loss from the mixing
out of secondary flow vortices.

(1) Usually, the chord length of the
splitters was the same as that of the main
blade. So the splitters could produce high
total pressure loss itself.
(2) Usually, the splitters were circular arc
blade with constant thickness. When the
height and the thickness of the splitters
were large, the splitters would produce
high total pressure loss themselves.
(3) The secondary flow control was
affected by the setting position and the
airfoil of the splitters. If the setting
position and the airfoil of the splitters
were not suitable, the control effect on
the secondary flow may be not distinct.
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(2) Detecting the flow structure near the endwall and on the suction surface of the main blade to discover
the influence of the splitters at different relative positions on the secondary flow control of the main blade.

2 The Investigated Blades

In this study, four blades were chosen to investigate the influence of the splitters at different relative
positions to the main blade on the secondary flow control. The arrangement and parameter definition of
the investigated blades were shown in Figs. 1 and 2. The airfoil of the main blades were NACA
65-010 profile, which had the camber angle φ of 40° and the stagger angle λ1 of 20°. The chord length
L1 was 100 mm and the height b was 200 mm.

Figure 1: The arrangement of the investigated blades

Figure 2: The parameter definition of the investigated blade
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The original blade was the main blade without splitters. Blade A, Blade B and Blade C had the splitters
at different relative positions to the main blade. The airfoil of the splitters was also NACA 65-010 profile
with the camber angle of 40°. The stagger angle λ2 was 28.5° and the chord length L2 was 50 mm.

The setup of the main blade with splitters was shown in Fig. 3 [23]. The spacing ratio t/l of the main
blade was 1.0. The distances between the main blade and the splitters h were 20 mm for Blade A, 30 mm
for Blade B and 70 mm for Blade C. The height of the splitters b1 was 5 mm. Tab. 2 represented the
configuration parameters of the investigated blades.

3 Numerical Investigation

In this study, the CFD simulations were conducted by ICEM CFD and Fluent from ANSYS 15.0. The
three-dimensional block-structured grids were created for the investigated blades. The grids consisted of
about 4 million cells. The simulation field of the flow domain was shown in Fig. 4 and the boundary
conditions of the flow domain were represented in Tab. 3. The velocity inlet was 50 mm upstream from
the leading edge of the main blade, the pressure outlet was 100 mm downstream behind the trailing edge
of the main blade. The plane for computing the results was 50 mm downstream behind the trailing edge
of the blade.

The CFD simulations were conducted by ANSYS Fluent 15.0. Reynolds-Averaged Navier-Stokes
equations (RANS) were solved on the grids. The Reynolds-Averaged Navier-Stokes equations for a
stationary, incompressible Newtonian fluid are summarized in tensor notation as

Figure 3: The setup of the main blade with splitters [23]

Table 2: The geometry parameters of the blades

Blade type Original blade Blade B Blade B Blade C

L1/(mm) 100 100 100 100

L2/(mm) – 50 50 50

f/(°) 40 40 40 40

λ1/(°) 20 20 20 20

λ2/(°) – 28.5 28.5 28.5

t/l 1 1 1 1

h/l – 0.2 0.3 0.7
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where u is the mean velocity of the flow, eu is the fluctuating velocity of the flow, μ is the viscosity coefficient
of the fluid, ρ is the density of the fluid, and f is the gravity.

The assumptions of isothermal (i.e., μ = const.) and steady state conditions were made, so the energy
equation was not necessary and no boundary condition for the temperature was set. The first order
upwind scheme was used to represent the convection terms of the governing equations. The semi-implicit
method for pressure-linked equation (SIMPLE) [25] was used to solve the discretized equations. The
simulations were performed at Re = 2 × 105. The velocity of inflow was smaller than Mach number 0.3,
so the inflow was considered as incompressible (ρ is consistent). The turbulent intensity was set as 2%,
which was tested in the wind tunnel in our lab [23,24]. The turbulent length was set as 0.014 m [24]. The
velocity profile on inlet is shown in Fig. 6. The inlet velocity profile in the CFD was fitted by the
measurement results of the free field measurement [23].

In the CFD simulations, the transition SST (shear stress transport for short) was chosen as the turbulence
model in this study. The grids were refined near the blades and the endwall to detect the flow behavior in the
boundary layer of the walls as shown in Fig. 5. According to the recommendation of the ANSYS Fluent 15.0,
the maximum y+ should be smaller than 1 for the turbulence model chosen in this study [26], so the
maximum height of the first layer of the cells from the walls was set as 0.005 mm.

Figure 4: Simulation field of the flow domain [23]

Table 3: Setup of the boundary conditions of the simulation field

Boundary Boundary conditions

Inlet Velocity inlet

Oulet Pressure outlet

Endwall Wall

Main blade Wall

Splitters Wall

Upper and lower boundaries Periodic

Symmetry plane Symmetry
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The test of the grid independence was performed for the original blade [23]. The cell number was
doubled near the blade to check whether the grid resolution was sufficient for the simulation work. The
grid of original blade has about 4 million cells, Grid 1 has about 4.5 million cells and Grid 2 has about
5 million cells. The result of the grid independence test is shown in Fig. 7. The result indicated that the
cell number of the girds had no significant effect on the CFD simulation results.

Figure 5: The profile of the velocity on the inlet, Re = 2 × 105 [23]

Figure 6: Grids detail near the wall [23]

Figure 7: The test of the simulation grid independence [23]
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4 Results and Discussions

4.1 The Total Pressure Loss and Turning Angle of the Blades
The mass-averaged total pressure loss coefficient was studied to investigate the effect of the splitters at

different relative positions to the main blade on the flow loss control.

The mass-averaged total pressure loss coefficient ζ was defined by

n ¼ ptot1 � ptot2
q
2
C2
1

(2)

where ptot1 and ptot2 were the mass-averaged total pressure on the inlet of the simulation field and that on the
measuring plane, respectively.

The experiment was performed for the original blade to validate the CFD simulation results for the
original blade. The measurement was conducted in the cascade wind tunnel in Jianghan University as
shown in Fig. 8 [23]. It was indicated that the numerical results and the experimental results for the
original blade were in a good agreement.

Fig. 9 compared the mass-averaged total pressure coefficient of the investigated blades. It was indicated
that the corresponding inflow angle of the minimal loss coefficient was almost the same at near β1 = 30° for
all the investigated blades. Comparing with the original blade, the splitters in the Blade A were found to
reduce the total pressure loss coefficient by about 4%. However, the splitters in the Blade B and the
Blade C decreased the total pressure loss coefficient comparing with the original blade. It was indicated
that only the splitters at the specific relative positions to the main blades could be used to improve the
efficiency of the cascade.

Fig. 10 compared the turning angles of the studied blades. The turning angle Δβ were defined as [24]

tanb2 ¼
C2y

C2z
(3)

Db ¼ b1 � b2 (4)

where β1 and β2 were the inflow angle and the flow angle on measuring plane, respectively.

The difference between the turning angles of the studied blades was smaller than 1°, so the splitters with
different relative positions to the main blade had no significant effect on the turning angle of the blade.

Figure 8: Cascade wind tunnel and experimental section [24]
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4.2 The Streamline on the Suction Surface of the Main Blade
The streamline on the suction surface of the main blade was studied to investigate the effect of the

splitters at different relative positions to the main blade on the flow structure on the suction surface of
the main blade in this work.

Fig. 11 shows the streamline on the suction surface of the main blade of the studied blades. The
streamline was obtained by the CFD simulations. Under the influence of the friction on the surface of
the blade, the splitters and the endwall, there were positive pressure gradients forming in the flow around
the trailing edge of the main blade and in the boundary layer of the endwall. Therefore, the flow
separation and the vortex occurred in the junction of the endwall and the trailing edge of the main blade.

In this study, the splitters were set to control the secondary flow in Blade A, Blade B and Blade C. As the
result shows, there were smaller separation area in the junction of the endwall and the trailing edge of
the main blade in Blade A, Blade B and Blade C than that in the original blade.

Figure 9: ζ vs. inflow angle of the investigated blades

Figure 10: Turning angle in dependence of inflow angle of the investigated blades
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With the distance between the splitters and the main blade increasing, the influence of the splitters on the
secondary flow control around the main blade became weaker. The separation field near the endwall was
about 22% of the height of the Blade A, and the separation field near the endwall for Blade B and Blade
C was about 25% and 27% of the height of the blades respectively as shown in Fig. 11.

On the other hand, the flow separation also occur in the flow around the splitters, which could also cause
flow loss. Therefore, even though the separation area near the endwall for Blade B (25%) and Blade C (27%)
was smaller than that of the original blade (30%), the total pressure loss coefficient of the flow around Blade
B and Blade C was higher than the loss coefficient of the original blade. Meanwhile, the separation area near
the endwall for Blade A (22%) was also smaller than that of Original Blade (30%), the total pressure loss
coefficient of Blade A was smaller than of original blade.

4.3 The Streamline Near the Endwall
Figs. 12 and 13 compared the streamline near the endwall of Blade A and original blade. The streamline

was obtained by the CFD simulations. Because the splitters of Blade A controlled the secondary flow around
the main blade most effectively and the total pressure loss coefficient of Blade A is also lower than the loss
coefficient of original blade.

Figure 11: Streamline on the suction surface of the investigated blades, β1 = 33°

Figure 12: Streamline near the endwall of the Original Blade, β1 = 33°
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The inflow around the original blade was curved and reattached directly on the suction surface of the
main blade as shown in Fig. 12. As a result, a large area of flow separation occurred in the junction of
the endwall and the trailing edge of the main blade as shown in Fig. 11.

On the other hand, due to the splitters of Blade A, the reattachment point of the secondary flow to the
suction surface of the main blade moved downstream towards the trailing edge of the main blade as shown in
Fig. 13. As a result, a smaller flow separation area occurred in the junction of the endwall and the trailing
edge of the Blade A as shown in Fig. 11.

4.4 The Distribution of the Total Pressure Loss at the Trailing Edge of the Blades
Figs. 14 and 15 illustrate the distributions of total pressure loss coefficient θ of the flow at the trailing

edge of the studied blades.

Figure 13: Streamline near the endwall of the Blade A, β1 = 33°

Figure 14: θ at the trailing edge of the investigated blades, β1 = 31°
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For the original blade, the total pressure loss of the flow at the trailing edge came from two parts. One
part formed in the wake downstream of the blade, which was caused by the flow separation around the main
blade. The other part generated in the boundary layer of the flow around the endwall, particularly the flow
near the endwall and the main blade.

Besides the high total pressure loss in the wake downstream of the main blade and in the boundary layer
of the flow around the endwall, the blades with splitters as Blade A, Blade B and Blade C also had high total
pressure loss in the wake downstream of the splitters, which was caused by the flow separation occurred
around the splitters. Therefore, the total pressure loss caused by the flow separation around the splitters
should also be considered when the splitters were used.

With the distance between the splitters and the main blade decreasing, the influence of the splitters on the
secondary flow control around the main blade became stronger. From the investigations above, it was
indicated that the splitters of Blade A controlled the secondary flow around the main blade most
effectively, so it had the smallest area of the high total pressure loss in the flow in the junction between
the endwall and the main blade.

From Figs. 14 and 15, it was indicated that when the inflow angle was larger than the stagger angle of
blade, the secondary flow strength grew with the increasing inflow angle, so the area of the high total pressure
loss in the flow in the junction between the endwall and the main blade became larger with the increasing
inflow angle.

5 Conclusion

The numerical investigations were conducted to study the influence of the splitters at different relative
positions to the main blades on the flow loss and flow structure. The total pressure loss coefficient and the
flow structure around the investigated blades were compared to investigate the influence of the relative
positions of the splitters to the main blade on the secondary flow control. The splitters could control the
secondary flow around the main blade and have the potential ability to reduce the total pressure loss of
the flow around the cascade. Comparing with the original blade, blade A was found to reduce the total
pressure loss coefficient by about 4%.

Figure 15: θ at the trailing edge of the investigated blades, β1 = 39°
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In this study, the influence of the splitters on the secondary flow control became stronger with the
distance between the splitters and the main blade decreasing. On the other hand, the flow separation also
occurred in the flow around the splitters. Therefore, only the splitters at the specific relative positions to
the main blade could be used to improve the efficiency of the cascade. The total pressure loss caused by
the flow separation around the splitters should also be considered by using splitters.

In addition, the splitters with different relative positions to the main blade provided small influence on
the turning angles of the blades.
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