iriried applied
e sciences

Article

The Investigation of a New End Wall Contouring Method for
Axial Compressors

Xiangjun Li 1@, Fuhao You "*, Qing Lu !, Haoguang Zhang ? and Wuli Chu 2

check for
updates

Citation: Li, X;; You, E; Lu, Q.;
Zhang, H.; Chu, W. The Investigation
of a New End Wall Contouring
Method for Axial Compressors. Appl.
Sci. 2022, 12, 4828. https:/ /doi.org/
10.3390/app12104828

Academic Editor: Jesus Maria

Blanco

Received: 14 February 2022
Accepted: 5 May 2022
Published: 10 May 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Naval Architecture and Ocean Engineering College, Dalian Maritime University, Dalian 116026, China;
xjli@dlmu.edu.cn (X.L.); 1u18438606272@163.com (Q.L.)

School of Power and Energy, Northwestern Polytechnical University, Xi’an 710072, China;
zhg@nwpu.edu.cn (H.Z.); wichu@nwpu.edu.cn (W.C.)

Correspondence: fhyou@dlmu.edu.cn

Abstract: To further control corner separation in high-load axial compressors, this study proposes a
new end wall contouring method. It defines multiple standard “surface units” with particular flow
control effects and then applies a linear combination, finally forming the geometry of the end wall
surface. Based on design experiences, three different end wall contouring cases are generated and
calculated on a high-load compressor cascade in the first step. The results show that the new method
achieves a clear and intuitive influence on the end wall geometry, with a proper number of design
variables, and can effectively combine variables with the development of secondary flow. In the
second step, the new method was applied to an axial compressor, with an improvement in the design
variables. Although the end wall contouring only improved the efficiency of the compressor stage on
the right part of its operating map, the experimental results of the flow field show that the corner
separation and end wall loss are suppressed at multiple inflow conditions. The results thus verified
the practical effect of the newly developed end wall contouring method.

Keywords: corner separation; end wall contouring; flow control; compressor

1. Introduction

Compressors of the turbine engine have been designed with higher loads in recent
years. As a result, the high pressure gradient across the blade channel increases the
three-dimensional effect of the end wall region. The resultant corner separation becomes a
problem for the efficiency and stability of compressors. Therefore, the high-load compressor
commonly requires flow control techniques to improve its performance.

As a passive flow control technique in turbomachinery, end wall contouring was first
proposed in turbines and then applied in axial compressors in past decades [1]. The basic
principle of end wall contouring is to alter the local static pressure field by generating small
concave and convex on the end wall surface. The variation of the pressure field then affects
the secondary flow motion, finally helping to relieve the corner separation. Compared to
the well-known three-dimensional sweep and lean, end wall contouring has little effect on
the stacking law of the blade and barely alters the blade loading. In recent years, numerous
numerical and experimental studies have confirmed its significant effect in suppressing
corner separation and improving the performance of compressors [2-6].

The end wall contouring design method broadly comprises two categories in published
studies. One is the empirical method. The design process uses the analytical formula or
manual adjustment to create the geometry of the entire end wall, thereby controlling the
overall end wall secondary flow. According to the Bernoulli equation, a convex surface
forms a convergent channel locally and depressurize the flow, and a concave surface has
the opposite effect. Thus, a downslope from the PS to the SS (called DPS for short) will
reduce the cross-passage pressure gradient and suppress the end wall secondary flow.
Hu'’s research [7] generated the DPS with a sine function to suppress the secondary flow,
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finally reducing the corner separation and increasing the peak efficiency by 0.45%. The
DPS is also found in a much more recent study of a compressor cascade by Cao [8], where
the end wall contouring similarly reduced 18% of the total pressure loss. An afterward
study by Meng et al. [2] combined the end wall contouring with the SS corner profiling,
proving that even using a straight-shaped DPS would suppress the end wall second flow
and benefit the separation control. Note that the DPS is not the only contouring rule for
loss control. The exception is in Harvey’s research [9], where the end wall contouring
is manually constructed with an upslope from PS to the SS (called UPS for short), thus
accelerating the end wall secondary flow to pre-mix with the accumulated low-energy fluid.
Finally, the spanwise distribution of the loss coefficient was reduced by up to 7% relative to
the original case. Therefore, it is hard to say whether decelerating or accelerating the end
wall secondary flow would be more effective in separation control.

The other end wall contouring method, i.e., the optimization method, shows more
diversity than the empirical method. The parametric end wall surface is traditionally
constructed using a lofted surface over dozens of uniformly distributed free control points,
thus enabling highly flexible variation to work out the best end wall contouring in the
design space. According to the optimization results, some research found weakening of
the end wall secondary flow to be most effective in controlling corner separation [10-15].
However, the results are different from the DPS in the empirical method. The end wall
might have a downslope, but it is more likely a localized surface near the SS [10] or from
the center of the blade channel [11] rather than a full-range structure. Some even find that
the optimum end wall generates a streamwise groove, thus inducing a contour vortex to
the passage vortex and deflecting the end wall secondary flow before it reaches the SS
corner [12-15]. The most frequently reported effective flow control is the acceleration of
cross and climbing flow in the SS corner [3,16-19]. The optimization results show their
diversity even with a common feature. In Harvey’s study [16], the acceleration of the end
wall secondary flow is caused by a localized fillet-like upslope surface to the SS corner.
Varpe’s research [17] shows a similar feature but a different position and area. Moreover, in
the studies of Zhang [11], Reising [18], Lepot [19], and Ma [3], the upslope surfaces in the
SS corner are all connected with concave surfaces in the peripheral regions and thus able to
enhance the end wall secondary flow further.

Table 1 compares the general effect of the flow control technique on the compressors
or turbines in some typical studies. There are two studies of end wall contouring included,
showing that the improvement of efficiency reaches 0.3~0.5%, which is comparable to those
of the three-dimensional blading. It is worth noting that the above summary only describes
the general features and effects of the end wall surface. More details, including the location,
intensity, and area of the effect of end wall contouring, are not mentioned, but they may
change from one case to another. According to some more recent research, the diversity
of the optimum results should be associated with the variation of incidence of inflow [4],
the solidity of the blade passage [5], or even the thickness and skewness of the inflow
boundary layer [6,20]. Therefore, the results actually indicate that the parametric surface
of end wall contouring should, at the very least, affect the end wall secondary flow from
more than one position to make itself more effective. This is what the traditional empirical
method lacks. In comparison, the optimization method seems more reliable, but there
are still problems during application. Except for its time-consuming simulation during
the design iterations, the flow control rules of a particular optimal end wall contouring
are commonly not widely applicable. Thus, the design rules of the end wall contouring
are difficult to establish. With the above problems, this study developed a new end wall
contouring method for compressors, which shows improvement in the following aspects:

1.  The number of parameters is limited to an appropriate level, making the method easy
to use. The parameters have a clear and intuitive influence on the end wall geometry
and the intent of flow control.

2. The design space is large enough to accommodate suitable aerodynamic end wall
shapes for a wide range of compressor cases.
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3. The new method can take into account the control of multiple local secondary flows
while facilitating the integration of previous design experience.

Table 1. Effect of different flow control techniques on turbomachineries.

Flow Control c . Improvement of
Techniques Application Researchers Efficiency
fillet in the SS corner compressor rotor 67 Ji[21] 0.3 /ONO'.S ‘o (different
rotating speed)
three-dimensional o -
blading a compressor rotor Mahmood [22] 0.7% (peak efficiency)
three-dimensional 0.53% (peak
blading compressor stage 35 Cheng [23] efficiency)
end wall contouring a compressor stage Sun [24] 0.' 2%~0.3% (best
improvement)
end wall contouring ~ Trent 500 HP turbine Brennan [25] 0.4% (peak efficiency)
end wall contouring a compressor rotor Hu [7] 0'45. /? (peak
efficiency)

The following paragraph will introduce the new end wall contouring method in
Section 2, followed by a numerical investigation of a linear cascade in Section 3. An
experiment on a compressor stator was carried out to verify the new method, and the
results are presented in Section 4. Finally, Section 5 concludes the paper.

2. New End Wall Contouring Method

To control the second flow in multiple local areas, the main idea of the new end wall
contouring method is to generate multiple “units” with particular effects for the secondary
flow. Then, we apply a weighted superposition to these units, as shown in Figure 1, to
obtain a comprehensive flow control effect. The parametric equation for the end wall
surface can be written as

R(z,0) = _ Cifi(2,0) M
i=1

LE Blade

E

—

End wall

=

Figure 1. Basic idea of the new end wall contouring method.
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Each fi(z, 6) term of Equation (1) is a smooth and continuous function defined on
the end wall z-0 plane, meaning the spanwise coordinate (r) of an individual end wall
contouring unit. Herein, they are named unit functions for brevity in the following state-
ment. We defined C; as the corresponding weight factor. The overall shape of end wall
contouring will be dependent on each unit function and the value of their weight factors.
Considering the previous research in the Introduction, we propose two types of end wall
contouring units.

2.1. The Definition of the End Wall Contouring Units
(1) The full-area unit

The first type of end wall contouring unit is designed to accelerate or decelerate the
cross-passage secondary flow over the end wall region. It is termed “full-area unit” for
brevity. The definition is sketched in Figure 2. For the convenience of presentation, Figure 2a
maps the z-§ end wall surface of the blade channel to a dimensionless 1 x 1 standard space
and sets 7, ¢, and ¢ to represent the spanwise, circumferential, and streamwise directions
of the compressor channel. € = 0 and ¢ = 1 represent the leading edge (LE) and trailing
edge (TE) lines; ¢ = 0 and ¢ = 1 represent the PS and SS. Then, the control equations of the
full-area unit can be expressed as

f(e,&) = A(e)E(&) = — cos (1t(e — 0.5)) sin(7t(& — 0.5)) @)

0 F(p)=—sin(z(e—05) |

(a)

The direction of end deceleration

wall secondary flow

(b)

Figure 2. The full-area unit. (a) Definition of the full-area unit; (b) The effect on the pressure field
and the end wall secondary flow.

Note the streamwise function, i.e., A(e) = cos(rt(e — 0.5))% acts as the amplitude of
the transverse function F(¢) = —sin(7t(¢ — 0.5)), and the maximum value of A(e) locates at
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€ = 0.5. To further smooth the surface, we selected five axial sections (transparent sections
labeled from S1 to S5 in Figure 2) at the streamwise position of ¢ =0, 0.3, 0.5, 0.7, and 1
in the full-area unit to construct the lofting surface. Considering that there are only five
sections, the interpolation of the surface uses the cubic spline to ensure it accurately gets
through all the sections, finally forming the geometry for the full-area unit.

Consider that when the full-area unit is mapped to the actual end wall of the axial
flow compressor, the shape of the surface causes the pressure side of the blade channel to
sink and the suction side to rise, with the maximum slope at the 0.5 axial chord length (c;)
position. Figure 2b thus illustrates the possible variation of end wall flow according to the
Bernoulli effect. In the circumferential direction, the full-area unit generates an upslope
surface from the SS to the PS, just as in previous research [7,8]. So, the transverse pressure
gradient (Vpg) will decrease, and the cross-passage secondary flow will decelerate in the
entire area. There are some side effects. On the suction side of the end wall, the variation
of the streamwise pressure gradient (Vp,) will stay positive from the LE to the mid-chord
and then negative till the TE. Therefore, the streamwise component of end wall flow will
decelerate in the front half and then accelerate in the rear half. On the pressure side of the
end wall, all side effects are contrary to the suction side. It should also be noted that when
applied to an actual compressor, all the above flow control, including its impact on the
cross-passage secondary flow and the side effects, may turn in the opposite direction when
the weight factor is less than zero.

(2) The localized unit

The second type of end wall contouring unit is defined to facilitate the secondary
flow control in one or more particular local areas in the blade channel. It is termed the
“localized unit” for brevity. The definition of this end wall contouring unit is shown in
Figure 3a. Different from the full-area unit, the streamwise starting and ending positions ¢,
€2, and circumferential starting and ending positions {1, ¢, in the localized unit are all free
parameters. Varying these parameters will change the shape of the localized unit.

N

- 4 & &
1 % A(e.5,.8,)=Cspline(E,.H,) '
N A2
! AT
F(.f,fl,fz):(l—k)sm(ﬁ(f—%)ﬁ—k

CEl 4l

\
PS
V,D l acceleration

&

deceleration

SS

/
Vpg l Jacceleration

deceleration

The direction of end
wall secondary tlow

(b)

Figure 3. The localized unit. (a) Definition of the localized unit; (b) the effect on the pressure field
and the end wall secondary flow.
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The parametric equation of the localized unit is

f(sl g) = (F(C, gl/ CZ) +k)A(S/ 81/82) (3)

where
A(e, e1,€2)= Cspline(E;, H;) 4)

and
F(§,81,6) ={ (1—k)sin(z%(E - 992) +k & << & ()
L¢>0

The function of A(g, €1, &) of Equation (4) represents a cubic spline interpolation over
eight control points and defines the amplitude distribution in the streamwise direction.
The eight points are {E;, H;} = {(0, 0), (¢1/2, 0), (3¢e1/4, 0), (1, 1), (2, 1), (B2 + 1)/4, 0),
((e2 +1)/2,0), (1, 0)}. The factor k is the zeroing factor. It is defined as

¢
k=K [F@a,8) =0 ©)
C1

Thus, k is able to make F(¢) integrate to 0 on the transverse region of ¢ € [0, 1], thus
ensuring that the cross-sectional area of the blade channel does not change.

Figure 3b shows the possible variation of the pressure field and the end wall flow
when applying a localized unit in the end wall contouring. If C; > 0, the end wall surface
would warp up and create an upslope from ¢ to ¢,. Thus, the transverse pressure gradient
within {¢ € [1, §2] N e € [g1, &2]} will increase, thus accelerating the cross-passage secondary
flow locally. The side effects are similar to the full-area unit. On the suction side of the
profiling region, the variation of Vp, will accelerate the streamwise end wall flow in the
upstream region and decelerate it in the downstream area. On the pressure side, the side
effects become the opposite. As in the full-area unit, all the flow control may turn to the
opposite direction when C; < 0.

2.2. Generating End Wall Contouring in the Standard Space

The above end wall contouring units are combined according to Equation (1) to obtain
geometry within the standard space. Note that each of the above units would affect end
wall secondary flow in a particular region. Thus, the physical meaning of combining them
as Equation (1) is to superimpose their effects, finally obtaining an end wall contouring
with a comprehensive control effect on the end wall secondary flow. Supposing an end
wall contouring includes a total of 7 units (labeled as f; to £;), i.e.,

H = Cif; + Cofy + Csf5... + Cufy, (7)

The weight factor C; would represent how much the ith unit affects the final control
force on the end wall secondary flow.

Figure 4 illustrates an end wall surface consisting of a full-area unit and a localized
unit as an example. The former is designed to suppress the cross trend of secondary flow
over the end wall range, while the latter is intended to promote the cross trend of secondary
flow in the SS corner region. As can be seen from the figure: the changes induced by
adjusting the C; and C; are significant. When C,/(C; + C3) changes from 0.1 to 0.9, the
overall slope of the surface from SS to PS gradually weakens, and the local shape along
the SS corner becomes more and more prominent. Although the linear combination of the
above two end wall contouring units does not mean their flow control would have a linear
combination, it is known from the final end wall surface that the effect of the localized unit
on the end wall flow near the SS corner gradually increases with the value of C;/C;.
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Cz/(C}_'l'Cl ):0 N

CI(C+C)=0.3 Co/(C+C)=0.5 Cy/(C+C)=0.7 Cy/(Cy+C,)=0.9
Figure 4. The effect of weight factor on the end wall contouring.

2.3. Generating End Wall Contouring for the Actual Compressor

After obtaining the end wall contouring in the standard space of {(¢, ¢, ) | € € [0, 1],
¢ €10, 1], n € [-1, 1]}, the shape of the end wall contouring can be mapped directly to
the three-dimensional end wall region of the axial compressor according to their spatial
correspondence.

As shown in Figure 5, the coordinate system of the compressor end wall region is (7, 6,
z). 1o represents the radius of the baseline end wall surface; z; g and ztg represent the LE
and TE axial coordinates; fps and fsg represent the circumferential coordinates of the PS
and the SS. Here, we correspond the end wall’s LE and TE to ¢ = 0 and € = 1 and the SS and
PS that form the blade channel to ¢ = 0 and ¢ = 1, and we limit the waviness of the actual
end wall contouring within £AR. Then, the end wall contouring in the standard space can
be mapped to the actual axial compressor through

r =nAR(z) +ro(z)
z = €(2TE — ZLE) + ZLE ®)
0 = ¢(Bss(z) — Ops(z)) + Ops(z)

Figure 5. Mapping from the standard space to the end wall region of a compressor passage.

The above section discusses the definition and implementation process of this new
end wall contouring method. Note that the new method can theoretically create arbitrary
shapes by combining an infinite number of end wall contouring units. However, some
preliminary studies indicate that combining one full-area unit and two localized units will
usually be sufficient to control the corner separation. So, the new method generally requires
less than 12 parameters for all the design processes.

3. Application in a High-Load Compressor Cascade

To evaluate the performance of the new end wall contouring method, it was first
applied on a compressor cascade to see how it controls the corner separation.
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3.1. The Baseline Cascade and CFD Method

The research object is a high-load linear compressor cascade with a designed flow
turning angle of 52°. The aspect ratio of the cascade is 2.0, and the solidity exceeds 2.1.
There are detailed experimental studies that have been carried out on this cascade [26,27],
showing that severe corner separation arises in this cascade even under the design incidence
(i = —1°), and it will develop to corner stall when i exceeds 7°. Thus, the working point
with i = +7° is named the near-stall (NS) point for brevity.

The computational domain of the cascade only includes a half-span region of the
cascade. Figure 6 provides an overview of the computational mesh. The inlet and outlet
passages both use long extended “H” blocks. The blade-to-blade flow surface employs
refined nodes in the center with the “O4H” topology to achieve higher orthogonality. The
number of nodes in some critical sections are also presented. The computational domain
extended to 1.2 times the axial chord (C,) upstream of the LE, where the inlet velocity is
taken during the experiment, and to 2.0 C; downstream of the TE for the uniformity of the
outflow parameter. The mesh in the boundary layer region upon the blade surface and the
end wall is further refined for accuracy in calculating the corner separation. The growth
rate of mesh from the solid wall to the flow field is less than 1.1, and the y* is less than
two at the first level upon the solid wall. The boundary condition is given according to
the experimental results. The inlet boundary defines the static temperature and the inflow
velocity. The thickness of the inlet boundary layer is about 12.5%span. The outlet boundary
defines a uniform static pressure.

nodes outlet H block

[ —

04H block

il

% i}.ﬁ
.

(15t mesh level)
Figure 6. Overview of the computational mesh.

The flow field of the cascade is regarded as compressible and full-turbulent. The
Re for the current cascade is 1.4 x 10°. Table 2 provides details of the inflow condition.
It is calculated with Numeca Fine/Turbo by solving the compressible steady Reynolds-
averaged Navier-Stokes (RANS) equations with the k-w turbulence model. The spatial
discretization scheme uses the second-order central scheme. The convergence criterion was
set to a value of 1 x 107 for the RMS residual values. Local time stepping techniques were
applied to speed-up convergence.

Table 2. CFD settings for the inflow condition of the cascade.

Inlet Conditions Values
static temperature 288.15 K
velocity of mainflow 26.5m/s
thickness of inlet boundary layer 12.5%span

turbulent intensity 0.3%
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All the above CFD settings are the same as previous numerical studies on this cas-
cade [4], in which the CFD results were validated using the experimental outflow parameter
and the oil-flow test on the SS and end wall surface. A grid convergence study was also
applied, showing that a total of 0.75 million grid nodes is sufficient. Here, we offer only the
validation of outflow loss coefficient (Loss) and flow angle (8) under the design working
condition (i = —1°), as in Figure 7. The horizontal axis shows the loss coefficient, defined as

P* — P*y

Loss = ———
p*in - Pin

©)
where P*, and Pj, represent the inlet total pressure and static pressure in the mid-span
position. The vertical axis means spanwise position normalized using the height of the
blade. The result labeled “TB” means the working condition with a thicker inlet boundary
layer and intensified corner separation. The comparison between the CFD and experimental
results shows that the numerical method achieves good accuracy in calculating secondary
flow and loss increase when intensified corner separation occurs.

0.5 Y 0.5
—design point CFD
@ design point Exp. >
0.4 ---TB CFD > 0.4
OTB Exp. / 7
’
03 T 0 3 ."
= ! !’ N 3
2 ,7. S —design point CFD
> & : :
0.2 ¢ 0.2 ] ® design point Exp.
' ¢ “ [@y|] ~TBCFD
& > OTB Exp.
DJ &
0.1 ¥ / ry 0.1 [+
[4 O' & N S=do
QN o ST
0 )% 0 SO
-0.6-05 -04-03-02 -0.1 O -10 -5 0 5 10 15 20
Loss p/°
(a) (b)

Figure 7. The experimental and CFD results of the pitch-averaged performance at 40% C, downstream
of the TE at i = —1°. (a) Total pressure loss coefficient; (b) Outflow angle.

3.2. Results and Discussion

To apply the new method to the cascade, a software named PEWs was developed
based on the newly proposed method and was used in this study. This software has a
graphical interface for the design variables and enables up to 10 independent units for
the end wall contouring. Three different groups of end wall contouring were designed
using PEWs. Table 3 shows their main parameters. Figure 8 provides an overview of their
geometry. The contours show the ratio between the end wall contouring height and the
blade height (H).
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Table 3. The design parameter of the end wall contouring cases.

Parameters of the

Parameters of the Localized Units

Cases Full-Area Units
Number w Number &1 & &1 & w
cl 1 1 0 \ \ \ \ \
c2 1 0.5 1 0.4 0.9 0.9 0.1 0.5
3 1 0.33 1 0.4 0.9 0.9 0.1 0.67

(b) (©)

Figure 8. The geometry of the end wall contouring cases: (a) case c1; (b) case c2; (c) case c3.

The first case simply uses a full-area unit. The geometry of end wall contouring forms
an upslope from the SS to the PS. The aim is to reduce the transverse pressure gradient
of the end wall region and decelerate the cross-passage secondary flow over the end wall
range. This case is named c1. The geometry of case c1 is similar to the previously mentioned
DPS in Ref. [7]. Thus, it represents the end wall contouring generated using a conventional
empirical method.

The second and third cases both adopt a full-area unit and a localized unit to form the
end wall contouring, named 2 and c3, respectively, to show their difference. Their design
ideas come from previous research [4], which suggests that the end wall contouring should
suppress the secondary flow over the end wall surface while accelerating the secondary
flow near the SS corner. The difference between the two cases lies in the weight factors.
The localized unit of case c3 has a greater weight than case c2, meaning that the latter tends
to enhance the secondary flow locally in the SS corner more than the former.

Figure 9 gives the variation of the overall total pressure loss (c,) with incidence (i)
for the three end wall contouring cases. The working condition with i = —1° is the design
point. Compared to case cl, case c2 and case c3 improve the performance of the cascade
at the design point. Case c2 improves very little, and case c3 reduces the overall loss by
about 0.13%; case c1, on the contrary, slightly increases the loss at the design point. As the
incidence increases, the benefit of end wall contouring is gradually lost, but the ranking
of the three cases is almost unchanged. When i exceeds +3°, all three end wall contouring
cases, including case c3, result in a higher loss than the baseline cascade.

Corresponding to the overall performance, Figure 10 provides the spanwise distri-
bution of total pressure loss and flow angle at 0.4C, downstream of the TE. At the design
point (Figure 10a), all three cases reduce Loss at 0.05span, indicating that the three cases
have a comparable effect in suppressing the accumulation of low energy fluid at 0.05sparn.
The difference is mainly between 0.08span and 0.15span, where case c1 and case c2 show
larger Loss than the baseline case, and Loss in case ¢3 is roughly the same as the baseline
case. The plots of B show stronger overturning for the baseline case than the end wall
contouring cases, indicating that all three end wall contouring cases weaken the end wall
secondary flow. Note the phenomenon here: case c3, which reduces the spanwise Loss
most, does not correspondingly minimize the overturning, while case c1, which increases
the spanwise Loss, shows the best control of the overturning in the end wall region.
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—— bascline
— — —casecl
-0.1 ---9---case c2
case c3
-0.12
L)Q‘
-0.14
-0.16
-0.18 . L .
0 2 6 8
il°
Figure 9. The overall total pressure loss (cp) for the three end wall contouring cases.
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Figure 10. The spanwise distribution of total pressure loss and flow angle at 0.4C, downstream of the
TE. (a) i = —1°, i.e., the design point; (b) i = 1°; (¢) i = 3°; (d) i = 5°; (e) i = 7°, i.e., the near-stall point.

As incidence gradually increases, the benefits of end wall contouring at 0.05span
decrease, but the increment of Loss from the 0.08span to 0.15span of the end wall contouring
cases becomes more significant than the baseline cascade. When the incidence is larger
than 3°, the end wall contouring no longer significantly affects the distribution of Loss at
0.05span, and the phenomenon continues till the NS point (i = 7°); between 0.08span and
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secondary flow

0.15span, the increase of Loss due to the end wall contouring grows significantly with the
incidence. During the incidence increase, all end wall contouring cases show no significant
increase of B.

The above results show that the influence of end wall contouring on the cascade
mainly works in two areas:

Within 0.05span, the relief of the low-energy region due to the end wall contouring
is the key to reducing the overall loss. The difference between cases c1, c2, and ¢3 is not
significant, and this benefit gradually disappears with the increase of the incidence.

Between 0.08span and 0.15span, the different value of total pressure loss results in the
difference among cases c1, c2, and c3. With the increase of the incidence, Loss of the end
wall contouring cases gradually grows to be much higher than the baseline case, leading to
a significant drop in their overall performance at large incidence.

In particular, Figure 11 shows the design point and the near stall point, giving the
three-dimensional flow field of the baseline cascade and the end wall contouring cases near
the end wall region.
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Figure 11. Cont.
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Figure 11. The three-dimensional flow field of the baseline and end wall contouring cases: (a) i = —1°,

baseline; (b) i = 7°, baseline; (¢) i = —1°, case c1; (d) i = —1°, case c1; (e) i = —1°, case c2; (f) i = —1°,
case c2; (g) i = —1°, case c3; (h) i = —1°, case c3.

At the design point (Figure 11a,c,e,g), the transparent grey area in the figures is the
iso-surface of V;, = 0.1V max, which indicates the development of separation in the corner
region. The contours show the normalized turbulent viscosity (y;/u) within the TE plane,
representing the local shear loss caused by separation. The colored curves in the figure
are the three-dimensional streamlines in the end wall region, and the color indicates its
velocity magnitude. The iso-curve of the static pressure coefficient (p) is plotted on the end
wall and blade surface. p is defined as

7= _ P~ Pin (10)
P (P tin —p in)
Figure 11c shows that case c1 significantly weakens the cross-passage secondary flow.
The significant changes are mainly reflected in three areas:

1. First, the corner region near 0.2C, to 0.4C, from the LE (in the rightmost black box in
Figure 11c), which, according to the streamlines, shows that this is precisely where
the corner separation starts. The iso-curves of p show that the sinking end wall near
the SS corner increases the pressure gradient significantly. Thus, the reverse flow
is intensified, and more low-energy fluids accumulate in the corner region. This
ultimately increases the local shear loss and exacerbates corner separation.

2. Second, from the mid-chord to the rear region of the SS corner (located in the red box
in the middle), the secondary climbing flow weakens, and the same is true for the
cross trend of the end wall flow in the outer region (as shown by the red arrows). This
is caused by the sinking surface of the end wall on the suction side. The weakened
cross trend of end wall secondary flow will inhibit the accumulation of the low-energy
fluid and thus help to reduce loss.

3. Third, near the TE of the SS (in the blue box on the left), the end wall iso-curves of
P show a high-density region, indicating that the streamwise pressure gradient is
significantly reduced compared to the baseline case. This should be induced by the
local streamwise upslope in the SS corner. This effect enhances the flow momentum of
both the end wall flow (shown by the solid blue arrow) and its climbing motion after
colliding with the SS (indicated by the dashed blue arrow). The acceleration of the
climbing flow mixes with the low-energy fluid on the SS and increases its streamwise
momentum. According to the contour of y;/u at the TE plane, this “pre-mixing”
effect reduces the shear effect between the separation flow and the main flow and
thus brings benefits.

The correlation between the low-energy flow near the TE and upstream streamline is
worth noting. According to the streamlines in the baseline cascade, the low-energy flow of
the lower span at the TE plane (labeled with a solid white circle in Figure 11a) is associated
with the secondary flow in the rear part of the corner region. In contrast, the low-energy
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flow of the higher span (labeled with a dashed white circle in Figure 11a) comes from the
climbing flow along with the SS at the onset of separation in the upstream corner region.
Because case cl exacerbates the corner separation in the upstream SS corner, this indicates
that the reduction of the Loss within 0.05span in Figure 10 comes from the second and third
effects mentioned above, while the increase of Loss between 0.08span and 0.15span is mainly
due to the first effect.

Compared to case cl, both case c2 and case ¢3 have less sinking end wall near the SS
due to the localized unit. In the SS corner region from 0.2C, to 0.4C,, the iso-curves of p
suggest that the inverse pressure gradient is lower than that of case c1, which makes the
local inverse flow induced by case c2 and ¢3 less severe than that of case cl (as shown by
the black arrows in Figure 11e,g). As a result, the low-energy separation flow at the high
span region near TE is also significantly reduced. Another region affected by the localized
unit is the corner region from the 0.5C, to the TE. The rise of the end wall near the corner
region makes the climbing flow near the TE accelerate significantly and sweep downstream
(as shown by the blue arrows in Figure 11e,g). This is consistent with the research in [4].
On the one hand, the energized secondary flow eliminates the low-energy flow in the
corner vortex. More importantly, it enhances the “pre-mixing” effect of the secondary flow
with the low-energy flow in the corner region mentioned in case c1. Therefore, it is more
advantageous than case c1 here, and it can be seen from the TE plane’s y;/u contour that
the local shear loss is more minor than case c1. The weight factor of the localized unit in
case c3 is larger than that of case c2, so the control of pressure gradient in the upstream SS
corner and the enhancement of secondary flow pre-mixing near the trailing edge are more
significant than that of case c2. The loss reduction in case c3 is, therefore, more significant.

The influence of end wall contouring at the near-stall point (i = 7°) is discussed simi-
larly to the design point but more concisely. The flow field is shown in Figure 11b,d,fh.
Compared to the flow field in the design point, the differences between case cl and the
baseline case at the near-stall point are similar to those concluded at the design point. It
also appears that the pressure gradient in the SS corner area from 0.2C, to 0.4C; increases
significantly, the secondary climbing flow from the SS corner between 0.5C; and TE weak-
ens, and the streamwise pressure gradient near the TE of SS reduces. However, the main
difference is that the corner separation at the LE of the cascade is much more severe than
the design point (labeled using a dashed white circle in Figure 11d). The local pressure
gradient increase due to the sinking end wall intensifies the reverse flow trend, making the
corner separation stronger after its generation. This effect amplifies the negative impact of
the end wall contouring on the flow field of the cascade between 0.2C, and 0.4C,, finally
leading to an overall loss increase. Thus the contour of y;/y shows that the low-energy
separation flow causes much higher shear losses than the baseline cascade when it develops
to the TE.

The advantages of cases c3 and c2 over case c1 are still significant. Under the influence
of the localized unit, case ¢3 and case ¢2 show more mitigated upstream corner reverse
flow and more intense downstream pre-mixing effect of the separation flow than case c1.
Therefore, the control of separation loss in cases c2 and c3 is better than case cl. case c3
leads to the slightest increase in loss among all end wall contouring cases due to its larger
weight factor of the localized unit than case c2.

In summary, although the corner separation is still not effectively suppressed at the
near-stall point, the new end wall contouring method shows its potential for flow control,
especially when combined with the previous experience. As already mentioned at the
beginning of Section 3, case cl represents the DPS designed by the traditional empirical
method. In comparison, the cases using two end wall contouring units perform better
under more than one incidence. What’s more, the intended flow control of the full-area
and localized units, including the effect of their weight factors, agrees very well with their
effects during the application. All these indicate that the new end wall contouring method
is superior to the traditional empirical method.
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4. Experiment on the Axial Compressor Test Rig

The following will check the performance of the new end wall contouring method in
an axial compressor through an experiment.

4.1. The Baseline Compressor Stage and the Design of End Wall Contouring

The compressor of the test rig is a single-stage high-speed axial flow compressor from
Northwestern Polytechnic University, as sketched in Figure 12a. The testing stations for the
total pressure of the compressor flow field are also illustrated. The diameter of the rotor
is 298 mm, with a design speed of 15,200 rpm. Experimental and numerical research on
this stage confirmed that when the rotor speeds up to 70% of the design speed, the rotation
will reach a relatively steady state for the stator testing, and there will be a considerable
corner separation in the casing end wall region of its stator, as shown in the oil-flow photos
in Figure 12b. The experiment thus designs end wall contouring on the casing of the stator
to improve the performance of the compressor operating at 70% speed.
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Figure 12. The compressor stage for the experiment. (a) Test rig; (b) Oil-flow in the corner region of

casing end wall captured at 70% design speed (top: peak-efficiency point; bottom: near-stall point).

According to the numerical results in the cascade, constructing a concave surface in
the front SS corner would raise the pressure gradient and negatively affect the initiation
of corner separation, especially when the incidence increases. Therefore, the new design
shows an improvement and adopts three units, with the parameters shown in Table 4. The
first unit is to suppress the end wall second flow. Here, we use a localized unit with a
large profiling area instead of a full-area unit to prevent aggravating the reverse flow in the
front SS corner. Its design parameter is listed in the first place of each blank, i.e., & = 0.2,
& =0.7,¢1=05,% =1,and w; = —0.25. The second localized unit aims to accelerate the
secondary climbing flow in the rear part of the SS corner, so the pitch-wise range of the
second localized unit is limited to 15% of the circumferential width of the passage (defined
with w) beyond the SS in the rear half of the SS. The third localized unit aims to reduce the
potential negative effect in the front SS corner area. The range of this unit thus spreads
within 30% w from the SS, forming a mild upslope surface to reduce the sinking end wall
due to the first localized unit. Figure 13 shows the geometry of the end wall contouring
and the photo of the experimental part.
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Table 4. The design parameter of the end wall contouring for the stator.
Parameters of the . .
Full-Area Units Parameters of the Localized Units
Number Number &1 & &1 & w
0 3 0.2;0.5;0.1 0.7;0.8;0.3 0.5; 0.85; 0.7 1,11 —0.25;0.5; 0.25

(a) (b)

Figure 13. The end wall contouring in the compressor stage (a) Normalized end wall contouring

height; (b) Stator component of baseline and end wall contouring for the experiment.

4.2. Results and Discussion

Figure 14 compares the overall performance of the stage before and after end wall
profiling. The experimental results confirmed the positive effect of end wall contouring on
the flow field when 7 > 0.83. The full-stage efficiency improved by 0.45% at the working
point of minimum stator loss (the normalized mass flow rate 7 equals 0.89). Note that
the total temperature ratio in Figure 14b is generally the same before and after the end
wall contouring, while the variation of the total pressure recovery coefficient (o) of the
stator in Figure 14d is very similar to the efficiency. The variation of o shows that the total
pressure loss in the stator is reduced by 10.44% of its original value. Thus, the change of
efficiency should be mainly associated with the stator loss rather than the rotor work. The
stall margin does not change much. It is noted that end-wall shaping does not improve
the total pressure ratio and efficiency when 7 < 0.83. Thus, the specific effect of end wall
contouring on the stator casing flow field will be discussed in the next step.
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Figure 14. Cont.
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Figure 14. The overall performance of the compressor stage at 70% design speed. (a) Total pressure
ratio of the stage; (b) Total temperature ratio; (c) Efficiency of the stage; (d) Total pressure recovery
coefficient of the stator (the values of the overall performance are not shown here for confidential
reasons. The figure shows only the normalized mass flow rate and the unit of the vertical axis).

Figure 15 selects two specific working points and compares the stators’ circumferential
averaged total pressure loss before and after end wall contouring. One is the working point
with the minimum stator loss (7 = 0.89). Herein, it is termed the best-matching point for
brevity, abbreviated as “BM.” Another is a working point during the throttling process
(m = 0.77), closer to the near-stall point but still relatively stable for the experiment. It is
termed the left-map working point in the following passage, abbreviated as “LM.” At the
LM point, the variation of ¢ indicates the overall total pressure loss increases by 1.95% of
its original value.
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Figure 15. The circumferential averaged loss coefficient of the stator at 70% design speed. (a) 71 = 0.89;
(b) m =0.77.

At the BM point, the end wall contouring shows a noticeable effect on reducing end
wall loss. According to the experimental data in Figure 15a, the total pressure loss coefficient
decreases by about 0.01 from 0.7span to the blade tip and nearly remains the same in other
regions. The reduction of the total pressure loss reaches 0.035 above 0.9span and 0.01-0.013
from 0.8span to 0.9span. The two-dimensional distribution of ¢ in the outlet plane of the
stator is given in Figure 16a,b. This reveals that the low value of ¢ significantly reduces and
moves farther away from the end wall than the baseline stator. This is apparently consistent
with the mechanism in the cascade and previous research [4,9].
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Figure 16. The two-dimensional distribution of total pressure recovery coefficient at the outlet plane
of the stator: (a) baseline, 71 = 0.89; (b) end wall contouring, 7 = 0.89; (c) baseline, 71 = 0.77; (d) end
wall contouring, 7 = 0.77.

At the LM point, the effect of end wall contouring on the loss coefficient extends
significantly from the blade top to the full-span region. Figure 15b shows that the loss
coefficient reduces by 0.01-0.03 above 0.85span, increases by 0.01-0.03 from 0.7span to
0.85span, and increases up to 0.023 from 0.6span to the hub. The variation of loss coefficiency
from 0.7span to the blade tip region should be affected by the end wall contouring. Although
part of this region increases the loss coefficient, this still shows more benefit than case c3
in the cascade: the loss coefficient close to the end wall reduces (Figure 15b), and the core
region of low ¢ at 0.75span is slightly relieved (Figure 16d). However, the range from
0.6span to the hub is beyond the end wall contouring’s direct influence. In Figure 16d, the
corresponding region shows a heavier wake in the end wall contouring case, indicating a
greater blade profile loss than the baseline stator. Thus, the increase of loss below 0.6span
should be associated with the spanwise variation of the throughflow under the same mass
flow rate. It should be the end wall contouring that relieves the blockage due to corner
separation on the top side of the blade passage, thereby reducing the mass flow rate of the
lower span range. As a result, the lower part of the passage is more throttled than ever,
thus generating a higher loss in return.

The above study generally verifies the effect of end wall contouring on the control
of corner separation and its contribution to the compressor’s performance. However, it is
still uncertain whether the control of secondary flow that leads to these improvements is
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consistent with the design intent shown by the variables in Table 4. This is further verified
below with the testing result from the end wall pressure taps.
It is known that near the end wall region, the boundary layer motion should obey the
N-S equation, i.e.,
oV 1
e V== 11
FTi \ 4% o Vp+t (11)
Suppose the end wall contouring surface has a relatively slight waviness to the scale
of the chord length, and the flow is constant; in this case, the N-S equation on the end wall
surface before and after the end wall contouring can be subtracted to obtain

1
VEwcVVEWC — Vbaseline V Vbaseline = *EV(PEWC — Poaseline) + TEWC — Thaseline  (12)

where the subscripts “EWC” and “baseline” represent the aerodynamic parameters before
and after using the end wall contouring, and their subtraction result thus represents the
variation of the parameters at the corresponding position on the S1 flow surface. The left
side is the variation of the acceleration due to the end wall contouring, which directly
changes the secondary flow on the end wall surface. Thus, the variation of pressure
gradient on the right side of Equation (12) should be the primary cause for the left-side
items, and thus the end wall secondary flow and corner separation. Taking into account
the convenience of the testing, here we define a new variable from the static pressure taken
by the end wall pressure taps according to

p=-v(L) -—v)y ) (13)
Pt Ewc Pt0 " baseline

where p;g represents the inlet total pressure of the rotor. The variable D represents a
quantitative measure of the driving force of the end wall contouring on the end wall

secondary flow. The magnitude of D is plotted in Figure 17, and the arrow illustrates
its direction.

Normalized width of the blade passage
Normalized width of the blade passage

D (m™) 00.1020304050.6070.809 1
Figure 17. The distribution of D on the end wall surface. (a) 77 = 0.89; (b) 71 = 0.77.
The contour of the BM point shows clear correspondence with the previously men-

tioned design intent. From LE to the 0.3C;, a high value of D pointing to the SS (marked
with a white dashed circle) agrees with the intent of the third localized unit. A wide range
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of D pointing to the PS (marked with a solid white circle) spreads from the outer SS corner
to the middle of the channel. This is associated with the second localized unit. Downstream
of 0.4C,, the direction of D near the SS corner points to SS from 0.4C; to 0.7C, and then
points to the PS direction downstream of 0.7C,. The distribution of D here is partially
associated with the flow control intent of the first localized unit, except for the region after
0.7C,. This is likely related to the downslope surface at the end wall, i.e., the side effect of
the localized unit mentioned in Section 2.

Compared to the BM point, the magnitude of D spreading along the SS corner area
generally decreases at the LM point. The changes of D with the working condition are
not significant. The primary difference lies in the front SS corner, where the direction
of D changes to the PS direction. It is possibly related to the reverse flow caused by the
separation at the LE corner region, but it can be seen from the figure that the D is not
opposed to the streamwise direction. Thus, this shows that end wall contouring somewhat
avoids the aggravation of reverse flow caused by the first localized unit. It may likely
explain why the end wall contouring, in this case, improves the flow field in the end wall
area even at the LM working point.

4.3. Summary of the Effects of the End Wall Contouring

According to the overall performance, the end wall contouring only benefits the right-
side operating map of the compressor stage. At the BM point of the compressor, the end
wall contouring increases the peak value of ¢ in the stator, thus making a 10.44% relative
reduction of stator loss, which finally increases the overall efficiency by 0.45%. At the LM
point, the decrease of o shows the stator loss increases relatively by 1.95%. Thus, the overall
efficiency of the stage decreases by 1.5%.

However, although the efficiency does not increase in all the working conditions,
the flow field shows that applying the new end wall contouring method can always
improve the corner separation. The tested end wall static pressure shows that the end wall
contouring suppresses the end wall secondary flow in the full range but accelerates the
cross and climbing flow in the SS corner. The corner separation is thus reduced, and the
total pressure loss coefficient in the end wall region reduces locally by 0.01-0.03 for both
the operating points.

For the reduction of efficiency at the LM point, the experimental data show it is likely
a side effect of suppressing the corner separation. Because the relief of corner separation
reduces the local blockage, the throughflow increases in the end wall region and decreases
in the main flow. As a result, the main flow region is more “throttled”, thus negatively
affecting the control of loss. It should be noted that this side effect does not have to increase
loss. Just as reported in Hu's research [7], if the main flow is robust, suppressing the corner
separation will not increase the loss in the main flow region. Otherwise, it could induce a
detrimental effect, as in Reising’s research [18], where severe corner separation occurs in the
opposite end wall and threatens the stall margin. Considering that even applying an end
wall suction of the boundary layer has been reported to increase the loss of main flow [28],
the side effect mentioned above should be regarded as a common limitation for all the end
wall flow control techniques. The blade row’s sensitivity to throttling determines whether
or not the loss will increase and how much it will increase. So, for the LM point of the
current study, the efficiency reduction reflects that the effect of the end wall contouring was
limited by the characteristics of the current compressor stator. The problem may be solved
by improving the blade profile.

Above all, the numerical and experimental results indicate that when applying the
newly developed end wall contouring method, the intended control of secondary flow
in the design space agrees with its actual effect and effectively suppresses the corner
separation under multiple inflow conditions. Thus, the results prove its effectiveness.
If looking at the empirical end wall contouring method in previously reported studies,
the traditional empirical method typically constructs the full area of the end wall surface
uniformly through a single analytical formula [2,7,8] or by manual adjustment [9]. In
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comparison, the newly developed method enables the parametric end wall to control
secondary flow in more than one local region under multi-operating conditions. Thus, the
control of secondary flow will be more adaptable to different compressors and produce
a much closer result to the optimization design, with a relatively small number of design
variables. Moreover, in the current new empirical method, the design variables show not
only an intuitive effect on the geometry but also a clear relation with the movement of
the secondary flow. The new method is thus more convenient for concluding the design
experience and shows a possibility to be applied in an optimization process.

5. Conclusions

This study proposes a new end wall contouring method based on the secondary
flow control mechanism established in previous research, then verified its effectiveness
numerically in a cascade and experimentally in an axial compressor stage. The following
conclusions were obtained:

1. The idea of the new end wall contouring method is to define multiple standard
surface “units” with particular effects on the end wall secondary flow. Then, we apply
a weighted superposition to the units to obtain a comprehensive flow control effect.
Compared with the traditional empirical method in the previous research, the design
space of the new method enables the parametric end wall to control secondary flow
intuitively in more than one local region with a proper amount of design variables,
thus showing more advantages.

2. The numerical and experimental research indicates two primary mechanisms of
applying the end wall contouring to control the corner separation, i.e., the local
acceleration of secondary flow at the SS corner and the full-range deceleration of the
secondary flow in the rear passage. The former will accelerate the corresponding
secondary climbing flow on the SS, thus mixing with the low-energy separation flow
and reducing the separation loss. The latter will suppress the accumulation of low-
energy fluid of the boundary layer at the SS corner, thus relieving the local reverse
flow. However, the above flow control may also be accompanied by the negative
effect of the inverse pressure gradient at the front SS corner, which may seriously
deteriorate the corner separation when it is under high incidence.

3. When applied to the stator casing end wall of an axial compressor, although the
efficiency only increases on the right part of the operating map, the experiment results
show that the intended control of secondary flow agrees with its actual effect and
suppresses the corner separation under multiple operating conditions. Its effectiveness
is thus verified. The reduction of efficiency at the small mass-flow-rate working
points reflects a limitation of the new method and is probably associated with the
characteristics of the current compressor stator.

The number of design variables in the newly developed end wall contouring method
is relatively small, and all of them show a clear and intuitive effect on the secondary
flow. The next step of the research should consider the optimization process. Three-
dimensional blading should also be included to overcome any shortages when suppressing
the corner separation.
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