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Three-dimensional separation is an inherent flow feature in the blade-end

corner of compressors passage, which is a primary source of entropy

generation and loss. This paper researches the effect of key geometrical

parameters (camber angle, solidity, dihedral angle of compound lean blade)

and incoming condition (Mach number) on the evolution of corner separation in

a low aspect ratio linear cascade. The underlying flowmechanism is explored in

detail. The evolution of typical flow characteristics with the variation of inlet

Mach number, camber angle and solidity is interpreted. For different blade

loading levels, there are different corner separation forms and vortex structures.

The influence of dihedral angle on the flow field structure and flow loss is

analyzed, thus the effect mechanism of the compound lean blade in different

flow environment is explored. Without the trailing edge shedding vortex,

positive dihedral angle alleviates the low momentum fluid accumulation and

corner separation at the incidence angle about 0°, but exacerbates the

deteriorating corner separation at large positive incidence angle. When the

trailing edge shedding vortex and the suction surface separating vortex exist

together, positive dihedral angle promotes the upstream migration of the

trailing edge shedding vortex, which helps to truncate the suction surface

separating vortex. This variation of vortex structures is conducive to weaken the

development of corner separation and delay corner stall.
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1 Introduction

As the trend of compressor development is high loading and high efficiency, it’s

required to increase the pressure ratio per stage and improve flow structure (Tang and Liu,

2020; Tang et al., 2020). With the blade tip speed constraints, enhancing loading per stage

is a commonmethod to obtain the pressure ratio per stage (Dickens and Day, 2011). With

the low-reaction design, the rotor flow control strategy is simplified (Qiang et al., 2008;
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Sun et al., 2018; Sun et al., 2020; Sun et al., 2021), while the inlet

Mach number and the static pressure rise of the stator are

significantly increased (Sun et al., 2019; Zhang et al., 2019;

Sun et al., 2022). Increasing Mach number enhances the

compressibility and shear stress of the flow, which results in

suction surface entropy generation, wake loss, and possibly

boundary layer separation loss increasing rapidly. Moreover,

the peak suction surface velocity will reach sonic conditions

when inlet Mach number is about 0.7. The supersonic region is

terminated by a normal shock in general, which leads to shock

loss (Denton, 1993; Shi and Ji, 2021).

With the subsonic inflow, the main method to increase the

static pressure rise of the stator is to increase the turning angle. As

the blade loading and flow turning is raised, the pressure gradient

transverse to the main flow direction enhances (Koller et al.,

2000; Kusters et al., 2000; Song et al., 2002; Song et al., 2006; Song

et al., 2008). This caused significant cross-passage flow, which

transports low momentum fluid into the suction-hub corner

region. The low momentum fluid accumulated in the corner

region suffers adverse pressure gradient and forms three-

dimensional separation, which is an inherent flow feature in

the blade-end corner of compressors passage (Zheng et al., 2021;

Tang et al., 2020). Large coverage of boundary layer separation

and complicated disordered vortex structures significantly

impair the stage efficiency (Ju et al., 2020; Li et al., 2020;

Zhao et al., 2020; Hu et al., 2021; Vuong and Kim, 2021).

Solidity is one of the most significant geometrical parameters

in preliminary design, which have remarkable impact on flow

turning capacity, blade loading, and effective operating range

(Howell, 1945; Zweifel, 1945; Carter, 1950; Lieblein et al., 1953).

With pursuit of empirical solidity inputs in mean-line and

through-flow design, performance prediction models

containing solidity are necessary for multistage compressor.

Bruna et al. (2006) chose inlet flow angle, inlet Mach number,

AVDR, Reynolds number, and solidity as model parameters to

study profile loss. Sans et al. (2014) updated the correlations for

CDA blades. In our previous studies, the influence of maximum

thickness position, solidity and camber angle on aerodynamic

performance is quantitative assessed, and the optimal maximum

thickness position matching solidity and camber angle is

provided for high loading stator airfoil (Tao et al., 2021).

Compound lean blade, a kind of 3D stacking, is employed for

controlling the corner separation and cutting down the flow

losses since 1980s (Wang, 1981). The physical mechanism is that

compound lean blade alters spanwise pressure gradient to off-

load the endwall region relative to the mid-span section.

Weingold et al. (1995) employed controlled diffusion airfoil

(CDA) and compound lean stator in a 3-stage compressor.

Experimental data verified the effectiveness of the compound

lean stator in reducing corner separation and detailed the

quantitative efficiency increment in a multistage environment.

Gümmer et al. (2001) combined sweep and compound lean and

applied this concept to the transonic compressor stators of the

BR710 engine and published results. A three-dimensional

Navier–Stokes code used for numerical assessment

demonstrated that the low momentum fluid near endwall

tends to be transported toward mid-span, enhancing the

radial mixing process. Nowadays, compound lean blade was

associated with other flow control methods, such as boundary

layer suction (Song et al., 2006; Ding et al., 2018), vortex

generator jet (Li et al., 2016; Li et al., 2017), and non-

axisymmetric endwall (Lin et al., 2014). To reveal the

universal application conditions of compound lean blade, Xu

and Du et al. established performance characteristics prediction

models for the compound lean blade and presented the

interaction of solidity, aspect ratio and dihedral angle in

NACA65 compressor cascade (Xu et al., 2019; Xu et al.,

2018). Due to flow complexity, high experimental costs and

reducing sharply effective operating range with the increment

of Mach number, the systematic investigation on the application

conditions of compound lean blade are lacking and worthy of

attention in high subsonic flow circumstance.

In this paper, the numerical calculation carried out in

abundant low aspect ratio linear cascades has been applied to

explore the effect of key geometrical parameters and incoming

condition on the evolution of corner separation mechanism. The

flow phenomenon in cascades with five camber angles, nine

solidities and six dihedral angles is compared under two different

incoming flow conditions of medium subsonic (Ma = 0.5) and

high subsonic (Ma = 0.8). The underlying pressure fields and

vortex structures are revealed subsequently. The typical flow

evolution brought by the high subsonic inlet and the high loading

blade is observed and explained. For the deteriorated corner

separation under high subsonic inlet conditions, the compound

lean blade is applied to control the flow field and corner

separation. The development law of the flow field with

dihedral angle of compound lean blade is discussed in

different flow environments. The current research is launched

in order to acquire a better understanding of the flowmechanism

in high loading cascades, and is of great significance to the

guidance of compound lean blade application.

2 Investigation programs and
numerical method

2.1 Investigation programs

The investigated cascades are used for the second stage

stator of a 3-stage compressor. The airfoil features CDA

velocity distribution. The investigation about the selected

airfoil has been detailed in reference (Tao et al., 2021).

Geometrical parameters are shown in Table 1. The straight

blade refers to α = 0°. Maximum thickness is normalized by

chord length. The research ranges cover the usually used values

in high subsonic cascade applications. The geometric
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parameters of airfoil geometry are presented in Supplementary

Figure S1.

The stacking line of compound lean blade is perpendicular to

the chord length direction, consisting of a straight line at mid-

span and two Bezier curves in endwall region. The schematic

diagram of stacking line is shown in Supplementary Figure S1B,

where P1 and P2 are the dimensionless control parameters of

Bezier curves. The parameters C1 and C2 are the compound lean

height. According to the results of reference (Ling et al., 2014),

the total pressure loss is the lowest when compound lean height is

50% blade height in linear cascade. Therefore, the compound

lean height is selected as 50%h in this paper. The parameters α1
and α2 are the dihedral angle at hub and shroud respectively. As

the stacking line is symmetrical in linear cascade, P1 = P2, C1 = C2,

α1 = α2.

2.2 Numerical method and validation

The NUMECA IGG/AutoGrid5 module is applied for

structured grids generation (NUMECA International, 2015).

The computation domain mesh has a mixed O-and H-block

topology, as shown in Supplementary Figure S2. The inlet and

outlet of the computational domain are located 100%b ahead of

the leading-edge and 100%b behind the trailing-edge,

respectively. The measurement plane is located 40%b behind

the trailing-edge. The thickness of the first grid layer is 10−6 m,

and 5 m × 10−6 m near the hub and shroud, to insure y+ <3 at

solid boundary and satisfy the solving demands of the selected

turbulence model.

The grid independence investigation is carried out including

six meshes with 0.6–2.2 million cells. As shown in Supplementary

Figure S3, when further refining the mesh with grids number

beyond 1.97million, the results almost have nomodification. The

spanwise distribution of total pressure loss coefficient and

deviation angle of different meshes is drawn in Supplementary

Figure S4. When the number of grids is above 1.65 million, the

spanwise distribution of total pressure loss coefficient and

deviation angle varies with the number of grids not

significantly. Therefore, the spanwise node number adopted is

73 in this study, and the total grids number is about 1.97 million.

The code solver ANSYS CFX™ is used to solve the Reynolds-

Averaged Navier-Stokes (RANS) equations with the finite

volume technique. The equations governing the flow domain

are written in a tensor form as follows:

zρ

zt
+ ∇ · (ρU) � 0 (1)

z(ρU)
zt

+ ∇ · (ρU · U) � −∇p + ∇ · τ (2)
z(ρh)
zt

+ ∇ · (ρUh) � ∇ · (λ∇T) + τ · ∇U (3)

where the stress tensor τ, is related to the strain rate by the

constitutive equation of the Newtonian fluid as follows:

τ � μ(∇U + (∇U)T − 2
3
δ∇ · U) (4)

A high-resolution scheme was used for the advection scheme

and turbulence modeling. The two-equation turbulence models

SST coupled with γ-Reθ transition model was finally chosen for

its capability to accurately predict complex flows Average

Inlet boundary conditions are prescribed with total pressure

(430 kPa), total temperature (440 K) and inflow angle. No-slip

and adiabatic conditions are imposed at the solid walls, while

translational periodic boundary condition is used in the

pitchwise direction. The mass-flow specified at the outlet is

modified to achieve Ma = 0.8 at the inlet. Non-reflecting

boundary conditions are used at inlet/outlet planes.

The MOGA profile in literature (Song and Ng, 2006; Song

et al., 2006) is selected to validate the calculation methods. Inlet

total pressure is 121 kPa, while total temperature is 319 K. The

inflow angle is 48.4°. No-slip and adiabatic conditions are

imposed at the solid walls, while translational periodic

boundary condition is used in the pitchwise direction. The

Mach number at the inlet is 0.6–0.95, which includes the

Mach number of this research. The comparison between

TABLE 1 Parameters and flow conditions of research.

Parameters Value

Chord b/(m) 0.0242

Blade height h/(m) 0.0243

Solidity σ 1.4 1.5 1.6 1.7 1.8 1.9 2.0 2.1 2.2

AVDR 1.25

Inlet Blade angle β1p/(°) 50° 54° 56° 58° 60°

Outlet Blade angle β2p/(°) 10°

Camber angle θ/(°) 40° 44° 46° 48° 50°

Maximum thickness cmax 4.5%

Dihedral angle α/(°) −30° ~30°
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experimental and numerical results at different incoming Mach

number is shown in Supplementary Figure S5. It can be seen that

the trend of numerical simulation is basically consistent with

experiments. The error of losses between numerical simulation

and experiments is about 5%–10% and due to the combined

effects of CFD under-prediction and AVDR influence.

3 Results discussion

3.1 Effect of mach number on the straight
cascades

3.1.1 Performance parameters changing with
incidence angle

In order to evaluate the effect of Ma on the straight cascades

quantitatively, Supplementary Figure S6 shows the performance

parameters (total pressure loss coefficient ω and diffusion factor

D) at different incidence angles. The mass-averaged total

pressure loss coefficient and diffusion factor are determined as

follows:

D � 1 − v2
v1

+ Δvu
2v1σ

(5)

ω � P1
* − P2

*

P1
* − P1

(6)

where, v1,v2, and Δvu are inlet velocity, outlet velocity and

tangential velocity variation. P1
* and P1 are total and static

pressure at the cascade inlet, while P2
*and P2are total pressure

and static pressure at the outlet.

When the camber angle increases, ω and D gradually

increase, while the effective operating range gradually

narrows. As the Mach number increases from 0.5 to 0.8, ω

and D continue to increase, while the effective operating

range gradually narrows further. Under high subsonic

condition, the effective operating range is less than 1° when

camber angle is 50°. By exploring the change of flow with camber

angle and Mach number, it is possible to search for methods to

maintain a steady working range and to improve the overall

performance of high loading cascade.

3.1.2 Distribution of performance parameters
In order to detect in more detail how Ma variation affects

the distribution of loss, spanwise distribution of total pressure

loss coefficient under differentMa and θ at i = 0.5°are compared

in Supplementary Figure S7. It is observed that the rise of

camber angle and inlet Mach number increases both the loss

near the endwall and the mid-span loss, while the loss near the

endwall increases more significantly. This observation means

that the coverage of the region affected by the endwall cross-

passage flow and the low momentum fluid accumulated in the

corner region tends to expand with the increase of Ma and θ.

On the other hand, the increase ofMa and θ enhances the shear

stress of the flow, resulting in the entropy generation of the

blade.

The variation of axial distribution of surface static pressure

coefficient not only reflects the load distribution at different

spanwise positions, but also determines the development of

boundary layer. The axial distribution of surface static

pressure coefficient varies with Ma and θ at i = 0.5° are

presented in Supplementary Figure S8. It shows that the rise

of Ma and θ will increase not only the pressure difference

between the suction surface and pressure surface, but also the

streamwise adverse pressure gradient on the suction surface and

pressure surface. The increase of the pressure difference between

the suction surface and pressure surface promotes the endwall

cross-passage flow, which intensifies the accumulation of low

momentum fluid in the corner region. The low momentum fluid

in the corner region suffers enhanced streamwise adverse

pressure gradient, which results in more complex boundary

layer separation. These lead to significant growth of endwall loss.

3.1.3 Evolution of 3D corner separation flow
In order to reveal the separation mechanism leading to the

loss variation, comparisons of the three-dimensional corner

separation structures are made in more detail. Supplementary

Figures S9–S12 depicts the radial pressure gradient and surface

limiting streamlines on the suction surface, the transverse

pressure gradient and surface limiting streamlines on the

endwall, as well as the distribution of total pressure loss

coefficient across the trailing edge when camber angle is

40°–48°. Through these figures, the evolution of flow

separation with the increase of camber angle, Mach number

and incidence angle can be observed.

At Ma = 0.5, the corner separation is not serious when

camber angle is 40° (as shown in Supplementary Figures

S9A,C,E,G,1). With the increase of incidence angle, the trend

of the surface limiting streamlines on suction surface converging

to the mid-span intensifies. The onset of the separation migrates

forward as the incidence angle increases. At the incidence angle

of 4°, small reverse flow of the suction-hub corner region begins

to appear near the trailing edge (as shown in Supplementary

Figure S9G). The coverage of the corner separation and the

reverse flow expand with the growth of incidence angle, which

results in the rise of loss in suction-hub corner region.

The increase of camber angle leads to the intensification of

the convergence trend of suction surface limiting streamlines, as

well as the expansion of the coverage of corner separation and

reverse flow. At the incidence angle of 0°, small reverse flow of the

suction-hub corner region occurs near the trailing edge when

camber angle is 44° (as shown in Supplementary Figure S10C).

For camber angles of 46° and 48°, the reverse flow exists at all

incidence angles (as shown in Supplementary Figures S11, S12).

When the incidence angle exceeds 4.5°, the corner separation

almost extends to the mid-span (as shown in Supplementary

Figure S12I). As a result, the high loss area of the end region
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across the trailing edge almost extends tomid-span, while the loss

increased sharply.

When the Mach number rises to 0.8, both the transverse

pressure gradient of the endwall and the radial pressure gradient

of the suction surface increase (as shown in Supplementary

Figures S9B,D,F,H,J). The varied pressure gradient field

enhances the trend of the suction surface limiting streamlines

converging to the mid-span of the blade. The form of corner

separation maintains, while the coverage of the corner separation

and the reverse flow expand, especially under the condition of

large positive incidence angle. Reverse flow of the suction-hub

corner region begins to appear earlier than Ma = 0.5. Expanded

corner separation and reverse flow results in the growth of

endwall loss and the narrowing of the effective operating

range under high subsonic inlet condition.

Supplementary Figure S13 depicts the radial pressure

gradient and surface limiting streamlines on the pressure

surface, the transverse pressure gradient and surface limiting

streamlines on the endwall, and the distribution of total pressure

loss coefficient across the trailing edge when camber angle is

40°–48°. With the growth of camber angle, the radial pressure

gradient on the pressure surface rises gradually, which is more

significant at the incidence angle of −0.5° than 0°. Enhanced by

higher radial pressure gradient, the limiting streamlines of the

pressure surface converge towards the mid-span. The pressure

surface separation of the mid-span occurs at the camber angle of

48° even (as shown in Supplementary Figures S13G,H). Large

separation coverage leads to the sharply rise of the loss at the

mid-span of pressure surface, especially at large negative

incidence angle (as shown in Supplementary Figure S13G).

Therefore, the available working range of negative incidence

angle gradually narrows with the increase of camber angle.

Supplementary Figures S14, S15 depict the flow fields of

suction surface and pressure surface respectively at θ = 50°.

Impacted by higher radial pressure gradient, the corner

separation almost extends to the mid-span, especially at Ma =

0.8. Moreover, the mid-span separation occurs near the trailing

edge, resulting in the growth of mid-span loss. Due to the

interaction of corner separation and mid-span trailing edge

separation on the suction surface, the flow structure

deteriorates and the corner stall is more easily to occur. The

minimum loss incidence angle is the critical incidence angle.

When the incidence angle continues to increase by 0.1°, it will

cause the interaction between corner separation on both sides

(expansion on one side and suppression on the other side, as

shown in Supplementary Figure S14J). Corner stall will lead to a

sharp increase of the total pressure loss and a decrease in the

diffuser factor, which can be observed in Supplementary

Figure S6.

It can be reflected in Supplementary Figure S15 that large-

scale separation occurs at the mid-span of pressure surface at

Ma = 0.8, which causes the loss of the mid-span on the pressure

side to enhance (as shown in Supplementary Figures

S15B,D,F,H,J). This phenomenon gradually improves with the

increase of the incidence angle. With the suction-hub corner stall

and the narrow effective operating range, the large-scale

separation at the mid-span of the pressure surface exists from

surge to stall.

Research above illustrates that the increase of Mach number

and camber angle not only increase the blade loading, but also

aggravate the corner separation of suction surface, especially in

the cascade with a camber angle of 50° under the condition of

high subsonic flow. Under the condition of high subsonic inlet,

the effect of flow control on the typical flow phenomena is worth

studying in high-loaded cascades.

3.2 Effect of dihedral angle on high-loaded
cascade

Because compound lean blade alters spanwise pressure

gradient to off-load the endwall region, it is applied to affect

the flow in high loading cascades. We provide the evaluation of

dihedral angle action in high-loaded cascades under high

subsonic inlet conditions systematically.

3.2.1 Performance parameters changing with
incidence angle

Supplementary Figure S16 shows the incidence

characteristics of both straight blade and compound lean

blade with different camber angels and solidities at Ma = 0.8.

With the increase of solidity, the incidence characteristics of total

pressure loss coefficient move upper right, and the characteristics

of diffusion factor moves towards the right. When the camber

angle is 40°–48°, the effective operating ranges of compound lean

blades are narrower than straight blades. It is worth noting that

positive dihedral angle widens the effective operating ranges in

cascades with a camber angle of 50°.

3.2.2 Effect of solidity on blade loading
Focusing on the straight blade with a camber angle of 44°, it is

discussed why the incidence characteristics of total pressure loss

coefficient move towards the right with the growth of solidity.

The axial distribution of surface static pressure coefficient varies

with solidity are depicted in Supplementary Figure S17. It can be

observed that the blade loading decreases with the growth of

solidity, while the distribution of surface static pressure

coefficient at mid-span gradually assumes the characteristics

of negative attack angle. The reason is that the throat width

and the throat location vary due to the change of the solidity,

resulting in the variation of the relative shrinking degree of the

passage. Therefore, the fluid near the leading edge twists, and the

attack angle acting on the leading edge is different from the

incidence angle.

Supplementary Figure S18 depicts the effect of solidity on the

flow fields of suction surface at θ = 44°. As the increase of solidity
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reduces the blade loading, the transverse pressure gradient on the

endwall decreases. The lowmomentum fluid accumulation in the

corner is weakened, while the coverage of corner separation and

reverse flow shrinks. This leads to the reduction of end loss. In

addition, the reduced blade loading is also effective to control the

thickening of the boundary layer, which reduces the loss at the

mid-span. By combining the limiting streamlines and the

distribution of surface static pressure coefficient, it can be

found that the effect of increasing the solidity on the flow is

similar to the negative incidence angle. This results in the

migration towards the right of the incidence characteristics of

total pressure loss coefficient with the increase of solidity.

3.2.3 Flow in cascadeswith normal camber angle
In order to evaluate the effect of compound lean blades on

corner separation, the comparison of incidence characteristics

among different dihedral angles with the camber angle of 40°–48°

is given in Supplementary Figure S19. The positive dihedral

angles reduce the total pressure loss at small incidence angle,

but increase the loss under the condition of large positive

incidence angle. At θ = 44°, the incidence characteristics of

two negative dihedral angles are depicted moreover. The effect

of negative dihedral angle on the incidence characteristics is

opposite to that of positive dihedral angle.

In the cascade with the camber angle of 40°, the total pressure

loss is mainly caused by the corner separation of the suction

surface, so the influence of dihedral angle on the flow of the

suction surface is explored. Supplementary Figure S20 depicts the

effect of dihedral angle on the flow fields of suction surface at

three different incidence angles. The increase of dihedral angle

will increase the radial pressure gradient, which propels the

suction surface limiting streamlines to converge towards the

mid-span more dramatically. At the incidence angle of 4°, the

limiting streamlines on the suction surface converges to the mid-

span significantly, while the corner separation coverage of

straight blades expands (as shown in Supplementary Figure

S20C). Therefore, the effect of dihedral angle on corner

separation is more significant at large positive incidence angles.

To compare the effect of positive and negative dihedral angle

on the corner separation, the cascades with the camber angle of

44° is investigated. Influence of the dihedral angle on the

spanwise distribution of total pressure loss coefficient across

the trailing edge at three different incidence angles are shown

in Supplementary Figure S21. At the incidence angle of 0°,

positive dihedral angle reduces the end loss. At the incidence

angle of 2° and 4°, positive dihedral angle increases the end loss

and enlarges the high loss region near the endwall. The effect of

negative dihedral angle on end loss is opposite to that of positive

dihedral angle. In addition, under the incidence angle of 0°, the

positive dihedral angle will also cause the loss of mid-span to

increase. As a result, the total pressure loss coefficient at this

incidence angle is not significantly reduced by positive dihedral

angle, which is reflected in Supplementary Figure S19.

Since compound lean blade mainly alters the pressure

gradient near the endwall, Supplementary Figure S22 shows

the axial distribution of surface static pressure coefficient at

95% relative height position with different dihedral angles.

The axial location of the lowest pressure on the suction

surface moves forward when the dihedral angle is 30°, while

the adverse pressure gradient of the suction surface reduces near

the endwall. Moreover, positive dihedral angle increases the

attack angle acting on the leading edge. The effect of negative

dihedral angle on the pressure gradient near the endwall is

opposite to that of positive dihedral angle.

Supplementary Figure S23 draws the flow fields on suction

surface of the blades with a camber angle of 44° at three different

incidence angles. The positive dihedral angle increases the radial

pressure gradient of the suction surface, which promotes the low

momentum fluid in the corner region to the mid-span. This

intensifies the trend of the suction surface limiting streamlines

converging towards the mid-span (as shown in Supplementary

Figures S23J,K,L). Negative dihedral angle has the opposite effect.

At the incidence angle of 0°, the reverse flow near the trailing edge

is small, and the positive dihedral angle reduces its size (as shown

in Supplementary Figures S23G,J). At the incidence angle of 4°,

the reverse flow near the trailing edge of the straight blade is large

and close to the mid-span (as shown in Supplementary Figure

S23I). The positive dihedral angle fails to limit the reverse flow to

a small range, resulting in high local loss (as shown in

Supplementary Figure S23L). The negative dihedral angle

weakens the tendency of the limiting streamlines converging

to the mid-span, and limits the reverse flow near the trailing edge

to a small spanwise range (as shown in Supplementary Figures

S23C,F).

In order to detect the location of vortex core in the corner

separation region, the vortex identification Q criterion is used,

which is defined as follows:

Q � 1
2
(ΩijΩij − SijSij) (7)

where, Ωij is the vorticity tensor; Sij is the shear strain tensor. Q

represents the local balance between the shear strain rate and

vorticity magnitude (Chakraborty et al., 2005). When Q

decreases, vortex structures can be captured completely.

However, if Q is too low, too many broken small vortex will

be captured. Therefore, the vortex structures in the cascade can

be completely and clearly observed only by properly selecting the

Q. Supplementary Figure S24 provides the comparison of vortex

structures identified by the iso-surface of Q = 5,000 between

straight blade and compound lean blade with the dihedral angle

of 30° at the incidence angle of 0°. For the straight blade, the

pressure leg of horseshoe vortex (HPV) develops and migrates

towards the suction surface of adjacent blades. The passage

vortex (PV) and the separating vortex on suction surface

(SSV) grow and expand, until SSV covers PV. The SSV

continues to develop and gradually separates from the solid
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wall, forming a lamellar separation vortex, whose boundary on

suction surface is the corner separation line. The reverse flow is

stuck between the lamellar separation and the suction surface.

The SSV and reverse flow are the main sources of loss in the

whole cascade.

As compound lean blade increases the radial pressure

gradient, more low momentum fluid in the corner region is

squeezed towards the mid-span, and HPV merges with the PV

of adjacent blades later. The PV and the layered SSV form

earlier than that in the straight cascade. The two vortexes

merge with each other to form a large suction surface corner

separation. The reverse flow between the suction surface and

SSV is smaller than that of straight cascade, which effectively

reduces the end loss.

Supplementary Figure S25 depicts the vortex structures

identified by the iso-surface of Q criterion of straight blade

and compound lean blade with the dihedral angle of 30° at the

incidence angle of 4°. At the incidence angle of 4°, the

evolution of each vortex structure is similar to that at the

incidence angle of 0°, but their size is larger than 0°, especially

the SSV. For the compound lean blade with a dihedral angle

of 30°, the SSV is significant at 10% relative axial chord

location. Moreover, complex separation structures exist

near the trailing edge. The above two aspects result in the

increase of the loss of compound lean blade with a dihedral

angle of 30°.

Supplementary Figure S26 illustrates the flow fields on

suction surface of the blades with a camber angle of 48°. The

effect of dihedral angle on the flow fields of suction surface is

similar to Supplementary Figures S20, S23. Near the

incidence of 0°, the positive dihedral angle reduces the

total pressure loss effectively, because the positive dihedral

angle shrinks the reverse flow. However, when the incidence

angle is large, the positive dihedral angle increases the actual

attack angle acting on the leading edge near the endwall. The

reverse flow near the trailing edge extends to the mid-span,

which leads to the end loss and the overall loss increase

at the same time (as shown in Supplementary Figures

S26F,I,L).

3.2.4 Flow in high-loaded cascades
The effect of compound lean blades is the most significant

when the camber angle is 50°. Incidence characteristics with

different dihedral angles for the camber angle of 50° are given in

Supplementary Figure S27. Positive dihedral angle not only

reduces the total pressure loss at the minimum loss incidence

angle, but also widens the effective operating range to 2°,

although that is less than 1° of straight blade.

The spanwise distribution of total pressure loss coefficient

across the trailing edge at the incidence angle of 0.5° is shown

in Supplementary Figure S28. Positive dihedral angle reduces

the end loss and increases the loss of mid-span

simultaneously.

Supplementary Figure S29 shows the flow fields on suction

surface with θ = 50° at five different incidence angles. The trailing

edge separation line expands towards the leading edge with the

increase of dihedral angle, and the loss at the mid-span of suction

surface increases correspondingly. The separation line of corner

separation is “cut off” by the trailing edge separation line. So the

corner separation line cannot continue to expand towards the

mid-span, which expands to the mid-span in the straight cascade

originally. It is the reason why positive dihedral angle reduces the

end loss. This flow phenomenon can also be observed through

the 3D streamlines depicted in Supplementary Figure S30.

Supplementary Figure S31 shows the flow fields on pressure

surface with θ = 50°. There are large-scale limiting streamlines

entrainment and spiral points at the mid-span of the pressure

surface, as well as a high loss area at the pressure surface across

the trailing edge correspondingly. The large-scale separation and

high loss region expand with the rise of positive dihedral angle.

Comparison of vortex structures between straight blade and

compound lean blade with the dihedral angle of 30° at the

incidence angle of 0.5° is provided in Supplementary Figure

S32. Different from the vortex structures in the cascade with a

camber angle of 44°, an obvious trailing edge shedding vortex

(TESV) near the trailing edge of the suction surface and a large-

scale concentrated shedding vortex (CSV) at the mid-span of the

pressure surface can be observed. As the TESV restricts the

spanwise development of the SSV, the TESV of the positive

dihedral angle of 30° expands upstream and limits the SSV in a

small area. As the corner separation is limited, corner stall is

effectively delayed, which is the reason for widening the effective

operating range. Moreover, positive dihedral angle pushes the

fluid near the endwall to the mid-span, which enlarges the CSV

and causes more loss at the mid-span of pressure surface.

It can be concluded from above analysis that the effect of

solidity on corner separation is linear. Different from solidity, the

influence of dihedral angle on corner separation depends on the

vortex structures. When only the SSV exists but the TESV

doesn’t, the positive dihedral angle intensifies the convergence

of the limiting streamlines to the mid-span on the suction

surface. At the incidence angle about 0°, the coverage of the

corner separation and reverse flow is small, when the positive

dihedral angle squeeze more fluid near the endwall into the mid-

span. This helps to alleviate the low momentum fluid

accumulation and corner separation, and reduce the endwall

loss. At large positive incidence angle, the corner separation

extends to the mid-span. At this time, the positive dihedral angle

fails to control the corner separation and reverse flow in a small

range, which result in increasing endwall loss. When the TESV

and the SSV exist together, the positive dihedral angle makes the

TESVmove upstream. This helps to truncate the SSV in advance,

which result in controlling the further development of corner

separation and delaying corner stall. Therefore, the endwall loss

is effectively reduced and the available positive operating range is

widened
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4 Conclusion

The effect of key geometrical parameters (camber angle,

solidity, dihedral angle) and incoming condition (inlet Mach

number) on the evolution mechanism of the 3D corner

separation has been investigated in a linear compressor cascade

with low aspect ratio. The main conclusions are as follows:

1) Although the increase of Mach number and camber angle

increases the blade loading, it also aggravates the low momentum

fluid accumulation and suction-hub corner separation. Especially

in the cascade with a camber angle of 50° under high subsonic

inlet condition, the rapidly deteriorating corner separation

reduces the effective operating range to less than 1°.

2) With the growth of solidity, the blade loading decreases and

the surface static pressure distribution assumes the characteristics

of negative attack angle acting on the leading edge. The

accumulation of low momentum fluid is weakened, as well as

the coverage of corner separation and reverse flow. Because the

effect of increasing the solidity on the flow is similar to the negative

incidence angle, the incidence characteristics of total pressure loss

coefficient migrate towards the right.

3) Positive dihedral angle reduces the adverse pressure gradient

of the suction surface near the endwall, increases the attack angle and

the radial pressure gradient of the suction surface. The variation of

pressure field promotes the low momentum fluid in the corner

region to the mid-span. At the incidence angle about 0° without the

TESV, positive dihedral angle alleviates the low momentum fluid

accumulation and corner separation, and reduces the endwall loss.

When the incidence angle is large and positive, the corner separation

extends towards the mid-span. At this time, the positive dihedral

angle exacerbates the deteriorating corner separation, which results

in increasing endwall loss. The effect of negative dihedral angle on

the flow field is opposite to that of positive dihedral angle.

4) When the TESV and the SSV exist together, positive

dihedral angle promotes the upstream migration of the TESV,

which helps to truncate the SSV. This variation of vortex

structures helps to weaken the development of corner

separation and delay corner stall. Therefore, positive dihedral

angle effectively reduces the endwall loss and widens the effective

operating range from less than 1°–2°.
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SUPPLEMENTARY FIGURE S1
(A) Geometric parameters of airfoil geometry (B) Stacking line of
compound lean blade.

SUPPLEMENTARY FIGURE S2
Configuration of calculation mesh grids (A) Grids diagram; (B)Mesh grids
at the leading edge; (C) Mesh grids at the trailing edge.

SUPPLEMENTARY FIGURE S3
Effect of grid points number on the loss and deviation angle (A) Total
pressure loss coefficient; (B) Deviation angle.

SUPPLEMENTARY FIGURE S4
Effect of grid points number on the spanwise distribution of loss and
deviation angle (A) Total pressure loss coefficient; (B) Deviation angle.

SUPPLEMENTARY FIGURE S5
Variation of total pressure loss coefficient at outlet with incoming Mach
number and axial isentropic Mach number distribution at the inlet Mach
number of 0.77 (A) Variation of total pressure loss coefficient at outlet
with incoming Mach number; (B) Axial distribution of isentropic Mach
number at the inlet Mach number of 0.77.

SUPPLEMENTARY FIGURE S6
Influence of Mach number on incidence characteristics of total
pressure loss coefficient and diffusion factor with different camber
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angels (h/b= 1, σ= 1.8) (A) Total pressure loss coefficient; (B)Diffusion
factor.

SUPPLEMENTARY FIGURE S7
Spanwise distribution of total pressure loss coefficient at the measure
plane under different Mach numbers and camber angels (h/b = 1, σ = 1.8,
i = 0.5°).

SUPPLEMENTARY FIGURE S8
Axial distribution of surface static pressure coefficient at 70% and 95%
relative height position under different Mach numbers and camber
angels (h/b = 1, σ = 1.8, i = 0.5°) (A) 70% relative height position; (B) 95%
relative height position.

SUPPLEMENTARY FIGURE S9
Radial pressure gradient and surface limiting streamlines on the suction
surface, transverse pressure gradient and surface limiting streamlines on
the endwall, and the distribution of total pressure loss coefficient across
the trailing edge (h/b= 1, σ= 1.8, θ= 40°) (A) i= −1.5°,Ma=0.5; (B) i= -1.5°,
Ma=0.8; (C) i=0°,Ma=0.5; (D) i=0°,Ma= 0.8; (E) i= 2°,Ma=0.5; (F) i=
2°,Ma=0.8; (G) i=4°,Ma=0.5; (H) i= 4°,Ma=0.8; (I) i=6°,Ma=0.5; (J)
i = 6°, Ma = 0.8.

SUPPLEMENTARY FIGURE S10
Radial pressure gradient and surface limiting streamlines on the suction
surface, transverse pressure gradient and surface limiting streamlines on
the endwall, and the distribution of total pressure loss coefficient across
the trailing edge (h/b = 1, σ = 1.8, θ = 44°) (A) i = −1°, Ma = 0.5; (B) i = -1°,
Ma=0.8; (C) i=0°,Ma=0.5; (D) i=0°,Ma= 0.8; (E) i= 2°,Ma=0.5; (F) i=
2°,Ma=0.8; (G) i=4°,Ma=0.5; (H) i=4°,Ma=0.8; (I) i= 5°,Ma=0.5; (J)
i = 5°, Ma = 0.8.

SUPPLEMENTARY FIGURE S11
Radial pressure gradient and surface limiting streamlines on the suction
surface, transverse pressure gradient and surface limiting streamlines on
the endwall, and the distribution of total pressure loss coefficient across
the trailing edge (h/b = 1, σ = 1.8, θ = 46°) (A) i = −0.5°, Ma = 0.5; (B)
i = −0.5°,Ma = 0.8; (C) i = 0°,Ma = 0.5; (D) i = 0°,Ma = 0.8; (E) i = 2°,Ma =
0.5; (F) i = 2°,Ma = 0.8; (G) i = 4°,Ma = 0.5; (H) i = 4°,Ma = 0.8; (I) i = 5°,
Ma = 0.5; (J) i = 5°, Ma = 0.8.

SUPPLEMENTARY FIGURE S12
Radial pressure gradient and surface limiting streamlines on the suction
surface, transverse pressure gradient and surface limiting streamlines on
the endwall, and the distribution of total pressure loss coefficient across
the trailing edge (h/b = 1, σ = 1.8, θ = 48°) (A) i = −0.5°, Ma = 0.5; (B)
i = −0.5°,Ma = 0.8; (C) i = 0°,Ma = 0.5; (D) i = 0°,Ma = 0.8; (E) i = 2°,Ma =
0.5; (F) i= 2°,Ma = 0.8; (G) i= 4°,Ma = 0.5; (H) i= 4°,Ma = 0.8; (I) i= 4.5°,
Ma = 0.5; (J) i = 4.5°, Ma = 0.8.

SUPPLEMENTARY FIGURE S13
Radial pressure gradient and surface limiting streamlines on the pressure
surface, transverse pressure gradient and surface limiting streamlines on
the endwall, and the distribution of total pressure loss coefficient across
the trailing edge (h/b= 1, σ= 1.8,Ma= 0.8) (A) θ= 40°, i= −0.5°; (B) θ= 40°,
i = 0°; (C) θ = 44°, i = −0.5°; (D) θ = 44°, i = 0°; (E) θ = 46°, i = −0.5°; (F) θ =
46°, i = 0°; (G) θ = 48°, i = −0.5°; (H) θ = 48°, i = 0°.

SUPPLEMENTARY FIGURE S14
Radial pressure gradient and surface limiting streamlines on the suction
surface, transverse pressure gradient and surface limiting streamlines on
the endwall, and the distribution of total pressure loss coefficient across
the trailing edge (h/b= 1, σ= 1.8, (A) θ= 50°) i=0°,Ma=0.5; (B) i=0°,Ma=
0.8; (C) i = 0.1°,Ma = 0.5; (D) i = 0.1°,Ma = 0.8; (E) i = 0.25°,Ma = 0.5; (F)
i = 0.25°,Ma = 0.8; (G) i = 0.5°,Ma = 0.5; (H) i = 0.5°,Ma = 0.8; (I) i = 0.7°,
Ma = 0.5; (J) i = 0.7°, Ma = 0.8.

SUPPLEMENTARY FIGURE S15
Radial pressure gradient and surface limiting streamlines on the pressure
surface, transverse pressure gradient and surface limiting streamlines on
the endwall, and the distribution of total pressure loss coefficient across
the trailing edge (h/b= 1, σ= 1.8, θ= 50°) (A) i=0°,Ma=0.5; (B) i=0°,Ma=
0.8; (C) i = 0.1°,Ma = 0.5; (D) i = 0.1°,Ma = 0.8; (E) i = 0.25°,Ma = 0.5; (F)

i = 0.25°,Ma = 0.8; (G) i = 0.5°,Ma = 0.5; (H) i = 0.5°,Ma = 0.8; (I) i = 0.7°,
Ma = 0.5; (J) i = 0.7°, Ma = 0.8.

SUPPLEMENTARY FIGURE S16
Influence of solidity and dihedral angle on incidence characteristics of
total pressure loss coefficient and diffusion factor with different camber
angels (h/b = 1, Ma = 0.8) (A) θ = 40°, α = 0°; (B) θ = 40°, α = 20°; (C) θ =
40°, α = 30°; (D) θ = 44°, α = 0°; (E) θ = 44°, α = 20°; (F) θ = 44°, α = 30°; (G)
θ= 48°, α=0°; (H) θ= 48°, α= 20°; (I) θ= 48°, α= 30°; (J) θ= 50°, α=0°; (K)
θ = 50°, α = 20°; (L) θ = 50°, α = 30°.

SUPPLEMENTARY FIGURE S17
Axial distribution of surface static pressure coefficient at 50% relative
height position at different solidities (h/b = 1,Ma = 0.8, θ = 44°) (A) i = 1°;
(B) i = 2°.

SUPPLEMENTARY FIGURE S18
Radial pressure gradient and surface limiting streamlines on the suction
surface, transverse pressure gradient and surface limiting streamlines
on the endwall, and the distribution of total pressure loss coefficient
across the trailing edge (h/b = 1, θ = 44°,Ma = 0.8) (A) i= 1°, σ= 1.4; (B) i=
1°, σ = 1.8; (C) i = 1°, σ = 2.2; (D) i = 2°, σ = 1.4; (E) i = 2°, σ = 1.8; (F) i =
2°, σ = 2.2.

SUPPLEMENTARY FIGURE S19
Influence of dihedral angle on incidence characteristics of total pressure
loss coefficient with different camber angels (h/b = 1, Ma = 0.8, (A) σ =
1.8) θ = 40°; (B) θ = 44°; (C) θ = 48°.

SUPPLEMENTARY FIGURE S20
Radial pressure gradient and surface limiting streamlines on the suction
surface, transverse pressure gradient and surface limiting streamlines on
the endwall, and the distribution of total pressure loss coefficient across
the trailing edge (h/b = 1, θ = 40°,Ma = 0.8, σ = 1.8) (A) α = 0°,i = 0°; (B) α =
0°,i=2°; (C) α=0°,i= 4°; (D) α= 10°,i=0°; (E) α= 10°,i=2°; (F) α= 10°,i= 4°;
(G) α = 20°,i = 0°; (H) α = 20°,i = 2°; (I) α = 20°,i = 4°; (J) α = 30°,i = 0°; (K)
α = 30°,i = 2°; (L) α = 30°,i = 4°.

SUPPLEMENTARY FIGURE S21
Influence of dihedral angle on the spanwise distribution of total pressure
loss coefficient across the trailing edge (h/b= 1,Ma= 0.8, θ= 44°, σ= 1.8)
(A) i = 0°; (B) i = 2°; (C) i = 4°.

SUPPLEMENTARY FIGURE S22
Influence of dihedral angle on the axial distribution of surface static
pressure coefficient at 95% relative height position (h/b = 1,Ma = 0.8, θ=
44°, σ = 1.8) (A) i = 0°; (B) i = 2°; (C) i = 4°.

SUPPLEMENTARY FIGURE S23
Radial pressure gradient and surface limiting streamlines on the suction
surface, transverse pressure gradient and surface limiting streamlines on
the endwall, and the distribution of total pressure loss coefficient across
the trailing edge (h/b = 1, θ = 44°,Ma = 0.8, σ = 1.8) (A) α = -30°,i = 0°; (B)
α = -30°,i = 2°; (C) α = -30°,i = 4°; (D) α = -10°,i = 0°; (E) α = -10°,i = 2°; (F)
α = -10°,i = 4°; (G) α = 0°,i = 0°; (H) α = 0°,i = 2°; (I) α = 0°,i = 4°; (J) α =
30°,i = 0°; (K) α = 30°,i = 2°; (L) α = 30°,i = 4°.

SUPPLEMENTARY FIGURE S24
Vortex structures identifiedby the iso-surfacewithQ=5,000of straight blade
and compound lean blade with the dihedral angle of 30° at the incidence
angle of 0° (h/b = 1, Ma = 0.8, θ = 44°, σ = 1.8) (A) α = 0°; (B) α = 30°.

SUPPLEMENTARY FIGURE S25
Vortex structures identifiedby the iso-surfacewithQ=5,000of straight blade
and compound lean blade with the dihedral angle of 30° at the incidence
angle of 4° (h/b = 1, Ma = 0.8, θ = 44°, σ = 1.8) (A) α = 0°; (B) α = 30°.

SUPPLEMENTARY FIGURE S26
Radial pressure gradient and surface limiting streamlines on the suction
surface, transverse pressure gradient and surface limiting streamlines on
the endwall, and the distribution of total pressure loss coefficient across
the trailing edge (h/b = 1, θ = 48°,Ma = 0.8, σ = 1.8) (A) α = 0°,i = 1°; (B) α =
0°,i= 2°; (C) α= 0°,i= 3°; (D) α= 10°,i= 1°; (E) α= 10°,i= 2°; (F) α= 10°,i= 3°;
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(G) α=20°,i= 1°; (H) α= 20°,i=2°; (I) α=20°,i= 3°; (J) α= 30°,i= 1°; (K) α=
30°,i = 2°; (L) α = 30°,i = 3°.

SUPPLEMENTARY FIGURE S27
Influence of dihedral angle on incidence characteristics of total pressure
loss coefficient with a camber angel of 50° (h/b = 1, Ma = 0.8, σ = 1.8).

SUPPLEMENTARY FIGURE S28
Influence of dihedral angle on the spanwise distribution of total pressure
loss coefficient across the trailing edge at the incidence angle of 0.5° (h/
b = 1, Ma = 0.8, θ = 50°, σ = 1.8).

SUPPLEMENTARY FIGURE S29
Radial pressure gradient and surface limiting streamlines on the suction
surface, transverse pressure gradient and surface limiting streamlines on
the endwall, and the distribution of total pressure loss coefficient across
the trailing edge (h/b= 1, σ= 1.8, θ = 50°) (A) α= 0°, i=0°; (B) α= 20°, i= 0°;
(C) α = 30°, i= 0°; (D) α= 0°, i = 0.1°; (E) α = 20°, i = 0.1°; (F) α = 30°, i = 0.1°;
(G) α= 0°, i= 0.25°; (H) α= 20°, i=0.25°; (I) α= 30°, i= 0.25°; (J) α=0°, i=
0.5°; (K) α = 20°, i = 0.5°; (L) α = 30°, i = 0.5°; (M) α = 0°, i = 0.7°; (N) α = 20°,
i = 0.7°; (O) α = 30°, i = 0.7°.

SUPPLEMENTARY FIGURE S30
3-D streamlines and distribution of total pressure loss coefficient across
the trailing edge of straight blade and compound lean blade with the
dihedral angle of 30° at the incidence angle of 0.5°. (h/b = 1, Ma = 0.8,
θ = 50°, σ = 1.8) (A) α = 0°; (B) α = 30°.

SUPPLEMENTARY FIGURE S31
Radial pressure gradient and surface limiting streamlines on the pressure
surface, transverse pressure gradient and surface limiting streamlines on
the endwall, and the distribution of total pressure loss coefficient across
the trailing edge (h/b= 1, σ= 1.8, θ = 50°) (A) α= 0°, i=0°; (B) α= 20°, i= 0°;
(C) α = 30°, i = 0°; (D) α= 0°, i= 0.1°; (E) α = 20°, i = 0.1°; (F) α = 30°, i = 0.1°;
(G) α= 0°, i= 0.25°; (H) α= 20°, i=0.25°; (I) α= 30°, i= 0.25°; (J) α=0°, i=
0.5°; (K) α = 20°, i = 0.5°; (L) α = 30°, i = 0.5°; (M) α = 0°, i = 0.7°; (N) α = 20°,
i = 0.7°; (O) α = 30°, i = 0.7°.

SUPPLEMENTARY FIGURE S32
Vortex structures identified by the iso-surface with Q = 5,000 of straight
blade and compound lean blade with the dihedral angle of 30° at the
incidence angle of 0.5° (h/b = 1,Ma = 0.8, θ = 50°, σ = 1.8) (A) α = 0°; (B)
α = 30°.
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Nomenclature

Abbreviations

h/b aspect ratio

h blade height

b chord

R2 coefficient of determination

kk curvature of camber

D diffusion factor

P* total pressure

T* total temperature

v velocity

c thickness

i incidence angle

Ma Mach number

e/b maximum thickness location

t Pitch

P static pressure

Cp2 static pressure rise coefficient

Greek symbol

βp blade angle

θ camber angle

ω the total pressure loss coefficient

ΔD errors of diffusion factor

δω Total loss variation

δD improvement of diffusion factor

δCp2 improvement of static pressure rise coefficient

δθ improvement of camber angle

Δv velocity-difference

σ solidity

Δi errors of incidence

ΔCp2 errors of static pressure rise coefficient

Δω errors of total pressure loss coefficient

Subscripts

o minimum incidence

Mod model

u tangential

1 inlet

2 outlet

max maximum

min minimum
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