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Abstract: To explore the inlet boundary layer (IBL) influence on the tandem cascade aerodynamic
performance, this paper took the high subsonic compressor NACA65 K48 cascade and its modified
tandem cascade as the research object. The effects of the IBL thickness and the skewed IBL on the
aerodynamic performance of the original cascade and tandem cascade were analyzed based on the
numerical method. The results show that the tandem cascade effective design makes it better than
the original cascade in the aerodynamic performance under different IBL conditions. Compared
with the collateral IBL, the skewed IBL can effectively improve the aerodynamic performance of the
original cascade and tandem cascade by suppressing the endwall cross flow, but an increase in the
IBL thickness will suppress this advantage. In addition, the increase of incidence angle or the IBL
thickness will make the tandem cascade forward blade corner separation more serious and cause
the flow passage to be blocked, which seriously affects the rear blade diffusing capacity. In general,
the IBL thickness is positively correlated with the tandem cascade total pressure loss and negatively
correlated with the static pressure rise (except for the −6◦ incidence angle). The skewed IBL can
effectively reduce the total pressure loss and increase the static pressure rise within −4◦~7◦ incidence
angle, but the law is opposite at a −6◦ incidence angle. At a 0◦ or 2◦ incidence angle, the performance
improvement effect of the skewed IBL on the tandem cascade is the best, and this positive effect
diminishes as it tends towards a larger positive incidence angle or a smaller negative incidence angle.

Keywords: compressor; tandem cascade; inlet boundary layer thickness; skewed inlet boundary
layer; aerodynamic performance

1. Introduction

As the core component of an aero-engine, the compressor accounts for 35–40% of the
weight of the entire engine. Therefore, increasing the single-stage pressure ratio of the
compressor and achieving a higher stage load on fewer stages have become important
means to reduce the weight of the compressor, reduce the weight of the engine, and improve
the performance of the engine [1]. However, the use of a high-load compressor blade profile
will inevitably lead to the unique flow reverse pressure gradient and large circumferential
pressure difference in the compressor blade passage, so that the low-energy fluid in the
boundary layer of the blade passage accumulates on the blade suction surface trailing edge,
thereby blocking the blade passage. It becomes a unique flow instability phenomenon in
the compressor—three-dimensional (3D) corner separation [2,3]. In recent years, in order to
control the boundary layer and vortex structures in the compressor flow passage, some
flow control methods, such as tandem blades, vortex generator, and splitter blade, etc.,
have been extensively studied [4–6].

As a passive flow control method, tandem blades have the advantages of low loss and
a high airflow turning angle [7]. Without considering the 3D endwall effect, the aerody-
namic benefits of the tandem cascade are mainly due to its suppression of the development
of the suction surface boundary layer and the interaction between the forward blade (FB)
and rear blade (RB) [8]. In the past few decades, researchers have conducted a large number
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of theoretical and experimental studies on the two-dimensional (2D) structure of the tandem
cascade, and two relatively consistent conclusions can be drawn: (1) It is more beneficial
to carry out equal load distribution in the FB and RB [9,10]; (2) The combination of a high
percent pitch (PP) (the RB suction surface is close to the FB pressure surface and maintains
a certain distance) and low axial overlap (AO) can contribute to better performance [11,12].

For the tandem cascade, the 3D problem is far more complicated than the 2D problem.
In recent years, with the development of computational fluid dynamics and experimental
techniques, the research on the tandem cascade flow mechanism in the 3D corner region
is getting more attention. Taking the subsonic tandem cascade with the AO of 0.01, the
FB and RB load distribution ratio, and the chord ratio (CR) of 1 as the object, through
the multicolor oil-flow display technology, Heinrich et al. [13] found that, compared with
the conventional single cascade, the tandem cascade greatly reduced the range of corner
separation. McGlimphy et al. [12] investigated the tandem cascade corner separation with
the help of a numerical simulation and found that the aerodynamic characteristics of the
FB were the same as the conventional single blade, and the RB flow was largely affected
by the FB outlet airflow. Hertel et al. [14] revealed the change of the flow field in the 3D
corner region through oil-flow experiments and verified McGlimphy’s conclusion with the
experimental results. The study found that, with the increase of the incidence angle, the
flow topology in the FB corner region changed similarly to that of the conventional blade.
However, the RB flow topology was not changed significantly, and even the separation
range near the trailing edge was reduced. Tesch et al. [8] investigated the tandem stator
in a low-speed compressor stage. Both numerical and experimental results showed that
as the compressor flow rate decreased, tandem blades load increased gradually, and
the RB separation range decreased, while the FB loss became larger. In addition, some
researchers have recently used other flow control methods (endwall boundary layer suction,
nonaxisymmetric endwall profiling, etc.) to control the endwall secondary flow while
utilizing tandem blades to control the 2D boundary layer separation, and finally achieved
a good effect [15,16].

The inflow conditions that affect the compressor endwall secondary flow all have
a crucial impact on the 3D corner separation. One of the important factors is the inlet
boundary layer (IBL). Studies on the IBL can be divided into two aspects: the IBL thickness
and the IBL skew [17]. On the one hand, based on the previous research conclusions [18–21],
it can be known that the change of the IBL thickness has a positive correlation with the
development of the conventional single blade corner separation and the corresponding loss,
but it does not affect the flow structure of the corner separation. On the other hand, the
IBL skew is a kind of interstage effect of the compressor, which occurs in the hub with the
alternating rotor and stator or the tip of the rotor blade with the shroud [22]. At a position of
0.1 times the axial chord length upstream of the cascade leading edge, Demargne et al. [23]
set a discharge groove on the endwall, and the IBL flow was skewed to the pressure surface
due to the circumferential flow viscosity in the groove when passing through the groove.
The cross flow velocity in multiple sets of grooves was tested experimentally, and the
results showed that the separation and loss in the corner region decreased with the increase
of the circumferential leakage flow. This conclusion was also verified by Böhle et al. [24]
with a numerical study. Böhle defined the inlet velocity distribution with a skewed IBL
and found that the skewed IBL could inhibit the development of corner separation. In
the expression of the stall determination factor D constructed by Lei et al. [25], the inverse
correlation between the development of the corner separation and the degree of the IBL
skew was also reflected. Li et al. [26] analyzed in detail the effect of the skewed IBL on
the blade passage flow field and found that, with the increase of the incidence angle, the
performance improvement caused by the skewed IBL decreased. The same conclusion was
also shown in Bode’s research [27].

In general, studies on the impact of the IBL have mostly focused on the conventional
single cascade, and less work has combined the IBL thickness and the IBL skew. In addition,
the tandem stator is located in the middle or rear stage of multistage compressors in the
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current practical application, so the IBL influence on the aerodynamic performance of the
tandem blades cannot be ignored, but there are few related studies at present. Therefore,
in this paper, the tandem design of the conventional single blade was firstly carried out.
Then, the effects of the conventional collateral IBL and the skewed IBL on the flow field
structure and aerodynamic performance of the single blade under different IBL thicknesses
were compared and analyzed. Finally, for the designed tandem cascade, the effects of
the incidence angle and the IBL (thickness and skew) on its flow field characteristics and
aerodynamic performance were analyzed in detail.

2. Researched Compressor Cascade and Numerical Method

In this paper, a high subsonic compressor stator cascade based on the NACA65 K48
blade profile was selected as the original cascade. The design parameters are shown in
Table 1. In the design state, the inlet Mach number (Ma1) is 0.67 and the Reynolds number
based on blade chord length and inlet velocity is 5.6 × 105. In addition, the low aspect ratio
design of the original cascade is a classical middle-stage compressor blade design, so as to
focus on the development of the endwall secondary flow in the corner separation.

Table 1. Original cascade design parameters.

Parameter Value

Chord C/mm 40
Blade span h/mm 40
Blade pitch S/mm 22
Aspect ratio h/C 1
Blade solidity C/S 1.82

Stagger angle βs/(◦) 22.5
Inflow angle β1/(◦) 42

Turning angle ∆β/(◦) 42
Inlet Mach number Ma1 0.67

Under the condition of ensuring that the modeling parameters of the original cascade
remained unchanged, the tandem modification design of the original blade profile was
carried out in this paper. A more detailed tandem cascade blade design process can be
found in Chen’s work [28]. The 2D blade profile and the 3D straight blade of the original
cascade and tandem cascade are given in Figure 1. It should be pointed out that in order to
obtain tandem cascades with better performance, after referring to the relatively consistent
conclusions in the previous literature [9–12], this paper selected the values of five geometric
parameters of the tandem cascade, as shown in Table 2. AO represents the axial overlap,
PP represents the percent pitch, CR represents the chord ratio, TR represents the camber
ratio, and KBB represents the approximate incidence angle of the RB.

This paper adopted the commercial computational fluid dynamics software ANSYS
CFX to perform the 3D steady Reynolds-averaged Navier–Stokes (RANS) simulations
for the original and tandem cascades. The space term discretization adopted the high-
resolution difference format, which can guarantee the second-order accuracy, and the time
term was discretized using the second-order backward Euler method. Considering fully
developed turbulence and near-wall turbulence simulations, the SST k-ω turbulence model
was used [29,30]. It has been proven by previous literature studies that it can predict the
flow field characteristics of the compressor well [31,32]. Taking the tandem cascade as
an example, Figure 2 shows the schematic diagram of the computational domain. The
computational domain is a single blade passage, and a periodic boundary was applied as
translational extension in the circumferential direction of the linear cascade. Both the blade
and endwall were set as adiabatic nonslip walls. At the same time, owing to the cascade
flow symmetry in the spanwise direction, a symmetrical boundary condition was adopted
at the midblade position. So, only half of the blade span was simulated to reduce the
computational cost. In addition, the computational domain inlet was selected at 0.8 times
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axial chord length (Ca) away from the FB leading edge, and the total temperature, total
pressure distribution, flow direction, turbulence intensity (4%), and turbulence length scale
(0.004 m) were given at the inlet. The outlet was situated at 2.5 Ca away from the RB trailing
edge to reduce the reflections influence from the outlet boundary on the results obtained
from the test plane (0.4 Ca) away from the RB trailing edge. We adjusted the static pressure
at the outlet to ensure an inlet Mach number (Ma1) of 0.67. It is worth mentioning that
the aerodynamic parameters on the test plane were selected by this study to conduct the
cascade performance analysis, so it is the real outlet in this paper.
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Figure 2. Computational domain of the tandem cascade.

Three different IBL thicknesses (0 mm, 2 mm, and 5 mm) were selected according
to the cascade parameters, and their relative blade height ratios are 0%, 5%, and 12.5%,
respectively. The corresponding calculational domain inlet boundary conditions were
given according to the total pressure spanwise distributions, which are shown in Figure 3a.
In addition, this paper used a moving endwall to introduce a boundary layer skew, and
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the numerical simulation principle of the boundary layer skew is shown in Figure 3b. As
shown in Figure 2, the moving hub was set in the range of 0.1–0.8 Ca upstream of the FB
leading edge, and its speed is 200 m/s.
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(b) Generation of boundary layer skew.

In the present investigation, the structured multiblock O4H-type topological grids of
the original cascade were automatically generated by the AutoGrid5 in NUMECA software.
The tandem cascade grids were formed by periodically matching and connecting the O4H-
type topological grids of the FB and RB, thereby ensuring that the grid orthogonality is
greater than 10◦. Additionally, we locally densify the blade surface and endwall meshes to
meet the requirement that the y+ value near the wall is less than 1 in the SST k-ω turbulence
model. Figure 4 shows the variation of Ma1 and the overall total pressure loss coefficient
(ζ) of the original and tandem cascades with different grid numbers for grid independence
verification. The total pressure loss coefficient is defined as:

ζ =
Pt1 − Pt

Pt1 − p1
(1)

where the inlet total pressure, inlet static pressure, and local total pressure are represented
by Pt1, p1, and Pt, respectively. Under the premise of considering the computational cost
and accuracy, the total grid numbers of the original and tandem cascades were finally
selected as 1.78 million and 2.86 million, respectively. Figure 5 shows the endwall meshes
of the tandem cascade, and an enlarged view of the partial mesh at the leading edge (LE),
the trailing edge (TE), and the gap between the FB and RB are also shown.

Energies 2022, 15, x FOR PEER REVIEW 6 of 22 
 

 

and accuracy, the total grid numbers of the original and tandem cascades were finally 
selected as 1.78 million and 2.86 million, respectively. Figure 5 shows the endwall meshes 
of the tandem cascade, and an enlarged view of the partial mesh at the leading edge (LE), 
the trailing edge (TE), and the gap between the FB and RB are also shown. 

  
(a) (b) 

Figure 4. Grid independence validation at design condition: (a) Original cascade; (b) Tandem cas-
cade. 

 
Figure 5. The endwall meshes of the tandem cascade. 

In order to further verify the accuracy of the numerical method, in terms of the outlet 
total pressure loss coefficient and outlet flow angle distributions along the spanwise di-
rection, the numerical and experimental results [33] of the original cascade are compared 
at the design condition, which is shown in Figure 6. It can be found that the outlet airflow 
angle of numerical simulation is in good agreement with the experimental results, but 
there are some errors concerning the total pressure loss coefficient near the endwall region. 
However, this was relatively common in previous literature studies [33,34]. In addition, 
based on the endwall limiting streamlines of the original cascade, Figure 7 compares the 
oil-flow experimental results [35] with the simulated results. Obviously, the simulated 
flow patterns on the endwall show a good agreement with the experimental flow patterns, 
including the saddle point S , node N , suction side leg of horseshoe vortex (HV ), pres-
sure side leg of horseshoe vortex (HV ), cross flow, and corner separation regions, which 
gives us confidence to draw conclusions about the change of flow fields and cascade per-
formance. 

Figure 4. Grid independence validation at design condition: (a) Original cascade; (b) Tandem cascade.



Energies 2022, 15, 6850 6 of 20

Energies 2022, 15, x FOR PEER REVIEW 6 of 22 
 

 

and accuracy, the total grid numbers of the original and tandem cascades were finally 
selected as 1.78 million and 2.86 million, respectively. Figure 5 shows the endwall meshes 
of the tandem cascade, and an enlarged view of the partial mesh at the leading edge (LE), 
the trailing edge (TE), and the gap between the FB and RB are also shown. 

  
(a) (b) 

Figure 4. Grid independence validation at design condition: (a) Original cascade; (b) Tandem cas-
cade. 

 
Figure 5. The endwall meshes of the tandem cascade. 

In order to further verify the accuracy of the numerical method, in terms of the outlet 
total pressure loss coefficient and outlet flow angle distributions along the spanwise di-
rection, the numerical and experimental results [33] of the original cascade are compared 
at the design condition, which is shown in Figure 6. It can be found that the outlet airflow 
angle of numerical simulation is in good agreement with the experimental results, but 
there are some errors concerning the total pressure loss coefficient near the endwall region. 
However, this was relatively common in previous literature studies [33,34]. In addition, 
based on the endwall limiting streamlines of the original cascade, Figure 7 compares the 
oil-flow experimental results [35] with the simulated results. Obviously, the simulated 
flow patterns on the endwall show a good agreement with the experimental flow patterns, 
including the saddle point S , node N , suction side leg of horseshoe vortex (HV ), pres-
sure side leg of horseshoe vortex (HV ), cross flow, and corner separation regions, which 
gives us confidence to draw conclusions about the change of flow fields and cascade per-
formance. 

Figure 5. The endwall meshes of the tandem cascade.

In order to further verify the accuracy of the numerical method, in terms of the
outlet total pressure loss coefficient and outlet flow angle distributions along the spanwise
direction, the numerical and experimental results [33] of the original cascade are compared
at the design condition, which is shown in Figure 6. It can be found that the outlet airflow
angle of numerical simulation is in good agreement with the experimental results, but
there are some errors concerning the total pressure loss coefficient near the endwall region.
However, this was relatively common in previous literature studies [33,34]. In addition,
based on the endwall limiting streamlines of the original cascade, Figure 7 compares the
oil-flow experimental results [35] with the simulated results. Obviously, the simulated
flow patterns on the endwall show a good agreement with the experimental flow patterns,
including the saddle point S0, node N0, suction side leg of horseshoe vortex (HVss), pressure
side leg of horseshoe vortex (HVps), cross flow, and corner separation regions, which gives
us confidence to draw conclusions about the change of flow fields and cascade performance.
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3. Results and Discussion
3.1. Original Cascade Aerodynamic Performance

Firstly, in order to highlight the advantages of the tandem cascade design, this pa-
per uses the total pressure loss coefficient (ζ) and static pressure rise coefficient (Cp) for
evaluation. The static pressure rise coefficient is defined as:

Cp =
p − p1

Pt1 − p1
(2)

where the inlet total pressure, inlet static pressure, and local static pressure are represented
by Pt1, p1, and p, respectively. Figure 8 shows the variation of the overall outlet total
pressure loss coefficient and the static pressure rise coefficient with the IBL thickness for
the original cascade and tandem cascade under different IBL conditions (collateral and
skewed) at the design incidence angle. Under the same condition, the parameter differences
between the tandem cascade and the original cascade are shown in Tables 3 and 4. “Ori”
means original cascade and “Tan” means tandem cascade. It can be seen that, compared
with the original cascade, the tandem cascade can effectively reduce the loss and improve
the diffusing capacity under different working conditions. In addition, compared with
the skewed IBL cases, the advantage of tandem cascade in the collateral IBL cases is more
obvious. Regarding the IBL influence on the tandem cascade, this paper will conduct
a detailed analysis in Section 3.2.
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Table 3. The total pressure loss coefficient difference between the tandem cascade and the origi-
nal cascade.

IBL Thickness Ori Collateral Tan Collateral Ori Skewed Tan Skewed

0 mm – −10.27% – −7.05%
2 mm – −5.05% – −5.09%
5 mm – −3.99% – −3.42%

Table 4. The static pressure rise coefficient difference between the tandem cascade and the origi-
nal cascade.

IBL Thickness Ori Collateral Tan Collateral Ori Skewed Tan Skewed

0 mm – +7.36% – +4.50%
2 mm – +6.52% – +4.85%
5 mm – +6.95% – +4.62%

For the original cascade, the skewed IBL can effectively reduce the loss and increase
the diffusing capacity compared with the collateral IBL. However, it can be found from
Figure 8 that an increase in the IBL thickness suppresses the advantage of the skewed IBL.
The detailed analyses are as follows.

Figure 9 shows the limiting streamlines and static pressure contours of the original
cascade endwall and suction surface. Here, “0 mm collateral” means that the IBL thickness
is 0 mm, and it is collateral IBL. As shown in Figure 9a, the saddle point S(N1) located
on the suction surface and endwall is the starting point of the 3D corner separation. The
region composed of saddle point S(N1), suction surface separation line (SL), and endwall
reverse flow line is the 3D corner separation region. As shown in Figure 9b, when the IBL
thickness increases, the low-energy fluid in the endwall increases, which leads to stronger
cross flow and reverse flow. Therefore, the saddle point S(N1) moves to the blade leading
edge (LE), and the range of the reverse flow line and SL becomes wider. This indicates
a more serious corner separation. In addition, the concentrated shedding vortex (CSV)
located on the suction surface of Figure 9a disappears.
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Figure 9. The limiting streamlines and static pressure contours of the original cascade endwall and
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Since the flow direction of the fluid in the skewed IBL upstream of the blade passage
is opposite to the cross flow direction on the endwall, it inhibits the development of the
endwall cross flow, i.e., it leads to a weaker cross flow. As shown in Figure 9c,d, the saddle
point S(N1) moves towards the blade trailing edge (TE) and the range of the reverse flow
line and SL narrows. In general, compared with the collateral IBL, the skewed IBL can
alleviate the cascade corner separation, thus reducing the loss and increasing the diffusing
capacity, which can be seen in the static pressure contours.

In order to quantitatively analyze the IBL effect, Figure 10 shows the Cp distributions
of the blade surface along the normalized axial chord (Ca) of the original cascade at 5% h
and 50% h. At 5% h, the influence of the IBL thickness as well as the skewed IBL is obvious.
It can be seen that the thickened IBL reduces the blade load (pressure difference between
suction and pressure surfaces) and axial inverse pressure gradient within 0–50% Ca. It is
mainly due to the more blade passage flow blockage caused by the low energy fluid in the
boundary layer. In addition, the skewed IBL increases the blade load within 0–50% Ca. and
the axial reverse pressure gradient within 0–100% Ca at 0 mm cases, thus increasing the
blade diffusion capacity. However, in the 5 mm cases, although the skewed IBL still has
a positive effect on the blade diffuser capacity, the effect is small. The Cp distributions at
50% h are generally similar to that at 5% h, and the IBL effect is not obvious.

The distributions of the mass pitch-averaged outlet total pressure loss coefficient and
the outlet flow angle of the original cascade along the spanwise are shown in Figure 11. As
shown in Figure 11a, it is evident that the thickened IBL directly increases the loss within
the full span. In addition, the skewed IBL has lower losses within approximately 5–50% h,
but higher losses within 0–5% h. Through outlet flow angle profiles, we can get the law of
the IBL influence on the outlet flow angle. The thickened IBL will aggravate the outlet flow
angle overturning and underturning, while the influence of skewed IBL is the opposite.
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According to Watzlawick’s description [36], it can be known that the NACA65 K48
cascade outlet flow angle distribution is mainly affected by the passage vortex (PV). It is well
known that PV is formed by the circumferential flow (cross flow) of the endwall low-energy
fluid in the blade passage. Figure 12 shows the axial velocity (Vz) contours and streamlines
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of the cut planes (90% Ca) perpendicular to the axial direction for further analyses. When
the IBL thickness increases, the low-energy fluid near the endwall increases, which leads
to a stronger cross flow and PV vorticity and structure scale, while the low-energy fluid
further develops along the spanwise (as shown in Vz contours), thus causing the loss and
outlet flow angle distributions seen in Figure 11. Furthermore, as shown in Figure 12c,
the skewed IBL has a suppressive effect on the cross flow and PV development, so the PV
structure scale is smaller and the vortex core is at a lower spanwise position. This explains
the skewed IBL effect on the loss and outlet flow angle distributions in Figure 11. Finally, as
shown in Figure 12d, in the thick IBL cases, the inhibitory effect of the skewed IBL on PV is
weakened, but it also has a certain influence on the PV vortex core circumferential position.
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3.2. Tandem Cascade Aerodynamic Performance

In this section, a detailed analysis of the IBL effect on tandem cascade is carried
out. First of all, the flow field characteristics and aerodynamic performance at the design
incidence angle (0◦) and 4◦ incidence angle are analyzed in turn. Finally, the overall aerody-
namic performance of the tandem cascade is evaluated by the overall outlet total pressure
loss coefficient and the static pressure rise coefficient in the range of full incidence angles.

3.2.1. Flow Patterns and Aerodynamic Performance at 0◦ Incidence Angle

Figure 13 shows the streamlines and Mach number (Ma) contours of the tandem
cascade at 5% h and 50% h under different IBL conditions. As we all know, the tandem
blade (2D) control principle can be divided into two parts. On the one hand, the flow
deceleration and diffusion of the tandem blades are realized on the FB and RB, respectively,
and this structure inhibits the development of the boundary layer on the blade surface.
Comparing Figures 9 and 13, we can also observe this feature. On the other hand, it can be
seen from Figure 13a that there is a high-momentum fluid in the passage formed between
the FB trailing edge pressure surface and the RB leading edge suction surface, which is
called “gap flow” in this paper. The gap flow can effectively weaken the mixing of the
FB and RB wakes near the RB trailing edge. Comparing Figure 13a and 13b, it can be
found that the thickened IBL will weaken the momentum of the gap flow. At the same
time, the thickened IBL increases the low-energy fluid in the FB wake, so in Figure 13b,
the low-energy fluid in the FB wake and the RB wake are seriously mixed. This results
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in a larger circumferential range of low energy near the RB trailing edge, and the same
phenomenon can also be observed in Figure 13d.
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Figure 13. The streamlines and Mach number contours of the tandem cascade at 5% h and 50% h
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skewed; (d) 5% h, 5 mm skewed; (e) 50% h, 0 mm collateral; (f) 50% h, 5 mm collateral; (g) 50% h,
0 mm skewed; (h) 50% h, 5 mm skewed.

Comparing the “0 mm collateral” case and the “0 mm skewed” case at 5% h, the gap
flow strength is about the same, but the low energy fluid in the RB wake is significantly
less at the “0 mm skewed” case. The reason is that the skewed IBL effect inhibits the flow
near the endwall (cross flow) towards the RB suction surface, as in the analyses of Figure 9c
above. Then, as shown in Figure 13e–h, the IBL has little effect on the tandem cascade main
flow area (50% h).

Figure 14 shows the Cp distributions of the blade surface along the normalized axial
chord of the tandem cascade at 5% h and 50% h. Comparing Figures 10 and 14, at 5% h we
find that the original cascade diffusing capacity decreases significantly after 50% Ca, but the
tandem cascade decreases after 80% Ca. At 50% h, the original cascade diffusing capacity
near the trailing edge region is slightly decreased, especially for the “5 mm collateral” case,
but this does not occur in the tandem cascade. From Figure 14a, it can be directly seen that
the IBL thickness reduces the FB load and the axial reverse pressure gradient, but the effect
of the skewed IBL seems to be small. In the “0 mm collateral” case, the RB diffusing capacity
near the trailing edge region (80–100% Ca) disappears, implying that severe boundary layer
separation occurs here. In the “5 mm collateral” case, the RB has weaker boundary layer
separation. The reason is that the presence of the IBL increases the low-energy fluid near
the endwall and causes the blockage of the flow passage, which reduces the RB load and
the axial reverse pressure gradient. Combining Figures 13a and 14c, we can find that the
skewed IBL effect on the weakening RB boundary layer separation is positive. In addition,
from the Cp distributions in Figure 14b, we can again find that the IBL has little effect on
the tandem cascade aerodynamic performance.

In order to clearly understand the tandem cascade 3D corner separation under the
IBL influence, Figure 15 shows the 3D streamlines of the blade passage under different IBL
conditions. Two cut planes (S1 and S2) perpendicular to axial direction Vz contours are also
shown in Figure 15. It should be noted that S1 is located in the FB corner separation region,
and S2 is located in the RB corner separation region. In addition, for the 3D streamlines, red
represents the streamlines about the FB corner separation, black represents the streamlines
about the RB corner separation, blue represents the gap flow streamlines near the endwall,
and green represents the PV streamlines. As shown in Figure 15a, the gap flow effectively
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inhibits the mixing of the low-energy fluid in the FB wake and the RB corner region. The
low-energy fluid of the RB corner separation comes from the middle of the upstream blade
passage, and the FB passage is free of PV.
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As shown in Figure 15b, when the IBL thickness increases, it can be seen that the PV
of the FB appears, and the FB wake increases significantly. In addition, there is a stronger
cross flow here to create the RB corner separation, and the suppression of the gap flow
becomes less. As shown in Figure 16, the gap flow in the endwall region has lower
normalized axial momentum (NAM) under the thicker IBL. It can also be found in Figure 16
that the skewed IBL will reduce the gap flow momentum, but the effect is very small.
Comparing Figures 15a and 15c, it can be found that the skewed IBL effectively inhibits
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the development of the blade passage cross flow, so there is a smaller PV structure scale
and FB wake, and a weaker RB corner separation.
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Figure 16. The gap flow normalized axial momentum under different IBL conditions.

Figure 17 shows the distributions of the mass pitch-averaged outlet total pressure loss
coefficient and the outlet flow angle of the tandem cascade along the spanwise. Comparing
Figures 11a and 17a, in the mainstream area (40–50% h), the tandem cascade 2D performance
advantage is well reflected. The IBL thickness is positively correlated with the tandem
cascade loss, which is the same as the original cascade. Comparing Figures 11b and 17b,
under the same IBL conditions, the tandem cascade outlet flow angle has a weaker un-
derturning, stronger overturning, and smaller overturning range. This indicates that the
tandem cascade PV vorticity is stronger, but the PV structure scale is smaller. In addition,
compared with the collateral IBL, the skewed IBL increases the tandem cascade loss, and the
suppression of the outlet flow angle overturning and underturning are obvious. However,
as the IBL thickness increases, this inhibitory effect weakens. Especially in the case of 5 mm,
it can be found from Figure 17b that the distributions of the outlet flow angle are almost
the same under the conditions of the collateral IBL and the skewed IBL.
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3.2.2. Flow Patterns and Aerodynamic Performance at 4◦ Incidence Angle

Figure 18 shows the streamlines and Mach number contours of the tandem cascade at
5% h under different IBL conditions. Compared with Figure 13, it can be found that, when
the incidence angle increases, the strength of the gap flow decreases, which explains the
serious mixing of the FB and RB wakes in Figure 18a. Furthermore, when the IBL thickness
increases, the RB wake decreases significantly. Combined with the Cp distributions of the
blade surface along the normalized axial chord of the tandem cascade at 5% h, as shown
in Figure 19, we find that the reason is that, under the influence of incidence angle and
IBL thickness, the FB boundary layer serious separation and caused serious blade passage
blockage. Consequently, the RB diffuser capacity is reduced and there is less boundary
layer separation. In addition, combined with Figure 18c,d, and Figure 19, it can be known
that the skewed IBL has a positive effect on inhibiting the FB boundary layer separation
(the “5 mm” case) and the RB boundary layer separation (the “0 mm” case).
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Figure 19. The Cp distributions of the blade surface along the normalized axial chord of the tandem
cascade at 5% h.

Figure 20 shows the 3D streamlines of the blade passage and Vz contours under
different IBL conditions. The positions of the two cut planes (S1 and S2) perpendicular to
the axial direction and the color coding of the 3D streamlines are the same as in Figure 15.
When the incidence angle is 4◦, the overall characteristics of the flow field are the same as
when the incidence angle is 0◦, but the cross flow strength and the PV vorticity increase.
Moreover, with the increase of the incidence angle, the FB wake loss increases, but the RB
wake loss decreases, which is consistent with the analysis of Figure 18. In addition, Figure 21
shows the distributions of mass pitch-averaged outlet total pressure loss coefficient of the
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tandem cascade along the spanwise. Compared with Figure 17a, it can be seen that after
the incidence angle increases, the IBL effect on the loss distribution remains unchanged.
Moreover, after the incidence angle increases, the high loss range expands to the mainstream
area (40–50% h).
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3.2.3. Overall Performance

Figure 22 shows the variation of the total pressure loss coefficient and the static pres-
sure rise coefficient with the incidence angle under different IBL conditions. The first
discussion is the influence of the IBL thickness. From Figure 22, we can intuitively see
the positive correlation between the IBL thickness and the loss, and the negative correla-
tion between the IBL thickness and the static pressure rise (except for the −6◦ incidence
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angle). Furthermore, the IBL thickness has no effect on the incidence angle characteristic
distribution as a whole, except for changing the minimum loss point (from 0◦ to −2◦).

Energies 2022, 15, x FOR PEER REVIEW 18 of 22 
 

 

Figure 20. The 3D streamlines of the blade passage and 𝑉  contours at 4° incidence angle under 
different IBL conditions: (a) 0 mm collateral; (b) 5 mm collateral; (c) 0 mm skewed; (d) 5 mm skewed. 

 
Figure 21. The distributions of mass pitch-averaged outlet total pressure loss coefficient of the tan-
dem cascade along the spanwise. 

3.2.3. Overall Performance 
Figure 22 shows the variation of the total pressure loss coefficient and the static pres-

sure rise coefficient with the incidence angle under different IBL conditions. The first dis-
cussion is the influence of the IBL thickness. From Figure 22, we can intuitively see the 
positive correlation between the IBL thickness and the loss, and the negative correlation 
between the IBL thickness and the static pressure rise (except for the −6° incidence angle). 
Furthermore, the IBL thickness has no effect on the incidence angle characteristic distri-
bution as a whole, except for changing the minimum loss point (from 0° to −2°). 

  
(a) (b) 

Figure 22. The variation of the total pressure loss coefficient and the static pressure rise coefficient 
with the incidence angle under different IBL conditions: (a) Total pressure loss coefficient; (b) Static 
pressure rise coefficient. 

Then, we will analyze the influence of the skewed IBL. Under the same IBL thickness, 
the parameter differences compared with the collateral IBL are shown in Tables 5 and 6. 
In the range of the −4°~7° incidence angle, the skewed IBL can effectively reduce the loss 

Figure 22. The variation of the total pressure loss coefficient and the static pressure rise coefficient
with the incidence angle under different IBL conditions: (a) Total pressure loss coefficient; (b) Static
pressure rise coefficient.

Then, we will analyze the influence of the skewed IBL. Under the same IBL thickness,
the parameter differences compared with the collateral IBL are shown in Tables 5 and 6.
In the range of the −4◦~7◦ incidence angle, the skewed IBL can effectively reduce the loss
and increase the static pressure rise. However, at the −6◦ incidence angle, especially for
the static pressure rise, the skewed IBL has a negative effect. Interestingly, at the 0 mm
case, the minimum loss incidence angle is 2◦. In addition, at the 0◦ incidence angle or the
2◦ incidence angle, the performance improvement effect of the skewed IBL on the tandem
cascade is the best. The positive effect of the skewed boundary layer diminishes as it tends
towards a larger positive incidence angle or a smaller negative incidence angle. Finally,
at the same incidence angle, when the IBL thickness increases, the positive effect of the
skewed IBL is continuously weakened.

Table 5. The total pressure loss coefficient difference.

i −6◦ −4◦ −2◦ 0◦ 2◦ 4◦ 6◦ 7◦

0 mm −2.45% −10.83% −11.18% −14.43% −15.67% −14.96% −10.96% −7.38%
2 mm −0.66% −6.21% −7.11% −9.90% −9.45% −6.99% −5.80% −3.87%
5 mm +2.91% −4.31% −5.54% −7.07% −6.84% −6.09% −5.28% −4.02%

Table 6. The static pressure rise coefficient difference.

i −6◦ −4◦ −2◦ 0◦ 2◦ 4◦ 6◦ 7◦

0 mm −2.27% +4.34% +3.30% +4.29% +4.29% +3.96% +2.93% +1.85%
2 mm −3.17% +3.16% +3.11% +4.48% +3.66% +2.44% +2.41% +1.88%
5 mm −8.99% +2.91% +3.39% +4.26% +3.53% +2.99% +2.89% +2.51%

4. Conclusions

This paper took the high subsonic compressor NACA65 K48 cascade as the original
cascade, which was designed in a reasonable tandem structure. Using the numerical simu-
lation method, the IBL (thickness and skewed) influence on the 3D flow field structure and
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aerodynamic performance of the original cascade and tandem cascade were investigated.
The main conclusions obtained are as follows:

(1) Under different IBL conditions, the tandem cascade effective design makes it better
than original cascade in the aerodynamic performance. In addition, compared with the
collateral IBL, the skewed IBL can effectively improve the aerodynamic performance
of the original cascade and tandem cascade. However, an increase in the IBL thickness
will suppress this advantage.

(2) The tandem cascade gap flow strength decreases with the increase of the incidence
angle. When the IBL thickness increases, the gap flow strength near the endwall
decreases, so the mixing of the FB wake and the RB wake in the near-endwall region
is more serious. Moreover, the skewed IBL has little effect on the gap flow strength.

(3) The increase of incidence angle or IBL thickness will make tandem cascade FB corner
separation more serious and cause the flow passage to be blocked, which seriously
affects (reduces) the RB diffusing capacity. Furthermore, the skewed IBL effectively
alleviates the FB and RB corner separation by suppressing the development of the
endwall cross flow.

(4) The IBL thickness is positively correlated with the tandem cascade total pressure loss
and negatively correlated with the static pressure rise (except for the −6◦ incidence
angle). The skewed IBL can effectively reduce the total pressure loss and increase the
static pressure rise within the −4◦~7◦ incidence angle, but the law is opposite at the
−6◦ incidence angle. At the 0◦ or 2◦ incidence angle, the performance improvement
effect of the skewed IBL on the tandem cascade is the best, and this positive effect
diminishes as it tends towards a larger positive incidence angle or a smaller negative
incidence angle.
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Nomenclature

Symbols
Ca Axial chord length
Cp Static pressure rise coefficient
i Incidence angle
Ma Mach number
NAM Normalized axial momentum
p1 Inlet static pressure
p Local static pressure
Pt1 Inlet total pressure
Pt Local total pressure
y+ Nondimensional wall distance
Vz Axial velocity
ζ Total pressure loss coefficient
β2 Outlet flow angle
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Abbreviations
2/3D Two/Three-dimensional
AO Axial overlap
CR Chord ratio
CSV Concentrated shedding vortex
FB Forward blade
IBL Inlet boundary layer
KBB Rear blade approximate incidence angle
LE Leading edge
PP Percent pitch
PS Pressure surface
PV Passage vortex
RB Rear blade
SL Separation line
SS Suction surface
TE Trailing edge
TR Camber ratio
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