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Fouling, corrosion, and icing are common causes of increased compressor blade
roughness due to special operating conditions and natural environment. Roughness
increase would influence on flow field, especially in supersonic compressor cascades
where incident waves can interact with reflected shock waves. Studies have shown that
the boundary layer condition of the blade varies with wall roughness, which affects both the
incident shock wave and the reflected shock wave. In order to study the effect of the
distribution of roughness, the flow field under different roughness settings is simulated. The
results show that flow loss is reduced with increasing roughness at the incidence point of
an incident wave and the trailing edge of the suction side.
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INTRODUCTION

With the development of high-speed compressors, the phenomenon of the supersonic flow field
inside the cascade is very common. In the cascade, the shock wave interacts with the supersonic flow
field. When the shock wave interacts with the laminar boundary layer, even a very weak shock wave
can cause the laminar boundary layer to separate, leading to a decrease in performance. The
interaction between shock waves and the laminar boundary layer is unsteady in some cases, which
leads to blade vibration and shock wave oscillation in cascade flow. The shock wave oscillation causes
pressure fluctuations and blade load changes.

Fouling, erosion, corrosion, and fatigue oxidation on the blade surface are inevitable phenomena
in the working process of the compressor. These cause changes in the surface roughness of the
compressor blade (Aldi et al., 2014). However, surface roughness affects the resistance and flow
condition of the blade surface (Boyle et al., 2001; Boyle and Stripf, 2008; Seung et al., 2010; Back et al.,
2012), making the interaction between the shock wave and boundary layer more complex, which
affects the separation of the boundary layer (Graham and Kost, 1979; Hou et al., 2011), the
distribution of Mach number, and the wake inevitably (Irimpan and Menezes, 2018). Then, the
resistance and loss of the blade surface change, which changes blade performance. Surface roughness
also can control the boundary layer flow. Compared with other boundary layer flow control methods
such as suction and jet flow, surface roughness can change blade surface separation and the transition
process without increasing structural complexity, thus affecting compressor profile loss and integral
stage performance. Therefore, it is very important to study the effect of surface roughness on the flow
field in the compressor cascade. Schilichting used Nikuradse data to correlate different roughness
types and put forward the concept of equivalent gravel roughness in practice (Li et al., 2016). Syverud
et al. show that the increase in roughness has the most obvious effect on the discharge coefficient
(Melino et al., 2011).
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Yunfei Zhao et al. have studied the influence of different
shapes of models and different roughness on the downstream
flow field. The results show that roughness causes the
formation of flow streaks and shear layers in the wake,
thereby increasing the non-uniformity of the downstream
flow field stability (Syverud and Bakken, 2006; Rainer et al.,
2009). The results of the study by Fouflias and Kurz, et al.
(Tweedt et al., 1988; Yao and Carson, 2006; Zhao et al., 2016)
show that the increase in suction surface roughness has a more

TABLE 1 | Main parameters of the compressor cascade.

Design parameter Value

Blade chord length 85 mm
Leading edge radius/chord 0.00128
Solidity 1.5294
Maximum blade thickness/chord 0.0255
Stagger angle 146.93°

Designed inflow Mach number 1.75
Inlet angle of fluid 147.5°

FIGURE 1 | Cascade geometric parameters.

FIGURE 2 | Grid of the cascade.

FIGURE 4 | Flow field contours of the cascade. (A) Mach number
contours of the supersonic cascade. (B) Schlieren diagram of the shockwave.

FIGURE 3 | Effect of different turbulence models on isentropic Mach
number on the blade surface.
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obvious effect on cascade performance. Aldi studied the
performance curve changes of NASA stage 37 under six
kinds of roughness with non-uniform linear distribution of
the blade span direction, and the results show that the increase
in blade tip roughness caused more serious performance
degradation (Yi et al., 2016). The results of Zhao’s study
(Zhou et al. (2016) show that the strength of the expansion
wave at the suction surface near the throat increases and the
intersection point of the shock waves and the reflected shock
wave at the suction side of the trailing edge moves downstream,
thus reducing the interference loss of shock waves.

Through the analysis of surface roughness, this study discusses
the relationship between surface roughness and compressor
cascade loss and provides a theoretical basis for a subsequent
compressor design.

MODEL AND RESEARCH OBJECT

Model
In this study, the supersonic cascade ARL-SL19 is taken as the
research object. According to reference (Tweedt et al. 1988), the
blade profile coordinates with chord length as dimensionless and
relevant main parameters are obtained. The specific parameters
are shown in Table 1 and Figure 1(Tweedt et al. 1988).

Grid of Model
To make sure y+ < 1 near the wall, the distance between the first
layer of the wall grid and the wall is 0.001 mm. The grid is
densified near the trailing edge and the leading edge of the
cascade. The cascade grid is shown in Figure 2.

NUMERICAL CALCULATIONMETHOD AND
VERIFICATION

Grid and Turbulence Independence
The simulation method used in this article is a steady method.
The viscosity setting is given by Sutherland’s law, and the wall
boundary condition is based on no-slip wall. The inlet Mach
number is 1.586, the outlet static pressure ratio (P2/P1) is 2.3, the
inlet static pressure is 101,325 Pa, and the inlet airflow angle is
57.5°. The model with grid numbers 7.1 × 104, 8.5 × 104,
9.8 × 104, 1.2 × 105, and 1.3 × 105 is calculated. Compared
with the experimental results, when the grid number reaches
1.2 × 105, further increasing the grid number will not affect the

FIGURE 5 | Shock function contours of the cascade.

FIGURE 6 | Pressure contours of the cascade.
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calculation results, which is basically consistent with the
experimental results. Therefore, this grid is used in the
subsequent calculation. Then, according to the Figure 3
isentropic Mach number distribution (SS is the suction
surface, and PS is the pressure surface), the effect of the SST
K-ω, K-ω and realizable K-ω turbulence models on the simulation
result is also studied in this article. According to the comparison
of simulation and experimental results, the SST K-ω turbulence
model is more consistent with the experimental data. So, the SST
K-ω turbulence model is used in the subsequent calculation.

Setting of Surface Roughness
In order to introduce surface roughness, the equivalent gravel
roughness ks of a rough wall is studied in this article. The
relationship between ks and contour arithmetic mean
deviation (Ra) is expressed as (1):

ks � 6.2Ra. (1)

CALCULATION AND ANALYSIS

Calculation Results of Smooth Surface
In the case of the smooth wall, the cascade is simulated and the
flow field is analyzed. The distribution of the flow field in the
cascade is shown in Figure 4. It can be seen that at the position of
about 0.7 times the chord length (0.7L) of the suction surface, the
shock wave is incident on the suction surface and the reflected
wave is generated and interacts with the boundary layer. The
Mach rod structure and local bubble separation can be seen from
theMach number contours. The interaction between shock waves
and the boundary layer will lead to boundary layer separation,
generation of separation bubble, and increase in flow loss. The
interaction between the shock wave and the boundary layer, the
size of the separation bubble and the size of the separation area at

the end of the blade are related to the flow state of boundary layers
and the strength of shock waves.

The shock function can better represent the interaction
between the shock structure and wave system in the cascade.
Its expression is as follows:

fshock � V · ∇p
a
∣
∣
∣
∣∇p

∣
∣
∣
∣

. (2)

In Equation 2, V is the velocity vector, ∇p is the pressure
gradient, and a is the local sound velocity. The value of shock
function is a scalar, and its size can directly reflect the
compression or expansion degree of flow. When the flow is
compressed, the value of shock function is positive; when the
airflow expands, the value of shock function is negative; if the
value of shock function is greater than 1, it indicates that
there is a shock wave or a strong compression wave in the
flow field.

Figure 5 shows the distribution of shock wave function. In
Figure 4, Mach number distribution and the Schlieren
diagram of the cascade are in good agreement with shock
function distribution. It can be seen that the working fluid
produces a shock wave at the inlet of the cascade. The shock
waves act on 0.7L of the suction surface and then generate a
reflected shock wave and a λ-type normal shock wave at the
trailing edge of the suction surface. Figure 6 shows
streamline distribution in the cascade. Compared with
Figure 5, it can be seen that the action of the incident
shock wave induces boundary layer separation at the
suction surface 0.7L; the interaction between the shock
wave and boundary layer at the trailing edge of the suction
surface and pressure surface under the action of a λ - type
normal shock wave induces backflow of the working fluid,
resulting in airflow blockage in the cascade. This weakens the
interaction of shock waves.

FIGURE 7 | Distribution of surface roughness of the cascade. FIGURE 8 | Variation of total pressure loss.
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FIGURE 9 | Shock function contours of the supersonic cascade and Partially enlarged.

FIGURE 10 | Mach number contours of the supersonic cascade and Partially enlarged.
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Position of Roughness Distribution
In Figures 4, 5, it can be seen that the incident shock wave and
the reflected shock wave act on the suction surface at 0.7L. In
order to explore the influence of different surface roughness
distribution positions on the cascade channel, rough surfaces
were set at the leading edge, shock wave reflection position, and
trailing edge of the cascade. The surface roughness is arranged
at 0.2, 0.6, 0.7, 0.8, and 0.9L of the suction surface, as shown in
Figure 7. The ks values at each position were set as 25, 50, 75,
100, 150, and 200 μm. For the convenience of description, they
are uniformly expressed, such as 0.2L–25, which means that
the roughness at 0.2 chord length is 25 μm. The total pressure
loss is used to represent the energy loss. Its expression is as
follows:

ω � pp
1 − pp

2

pp
1 − p1

. (3)

In Equation 3, pp
1 is the total pressure at the inlet, p1 is the

static pressure at the inlet, and pp
2 is the total pressure at

outlet.
The total pressure loss of the cascade under different working

conditions is shown in Figure 8. The results show that the total
pressure loss in cascades increases when uses of artificial
roughness are at 0.2 L. The total pressure loss is caused by the
friction between the gas and blade surface. As for 0.6L, the total
pressure loss becomes high with increased surface roughness.
When ks is 150 μm, the total pressure has most to lose. The total

pressure loss in cascades decreases when uses of artificial
roughness are at 0.7, 0.8, and 0.9 L. Adding roughness to the
rear of a reflected shock wave can effectively restrain the
formation of the separation bubble and reduce total pressure
loss. Compared with the smooth cascade, the maximum changes
in total pressure loss are 9.91 and -12.8% when the roughness
distribution is 0.6 and 0.7L, respectively.

FIGURE 11 | Pressure contours of the supersonic cascade and Partially enlarged.

FIGURE 12 | Variation of static pressure loss with roughness height.
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The Influence of Surface Roughness on the
Flow Field
Combined with Figure 8, the flow fields of the smooth surface,
0.6L–150, 0.7L–75, 0.8L–150, and 0.9L–150 are compared and
analyzed. The influence of the surface roughness of the cascade on
the flow field is discussed.

Figure 9 shows the distribution of shock wave function in
the cascade. The interaction points of the shock wave and
boundary layer are distributed at 0.7L under five conditions.
Compared with the smooth surface, the intensities of an
incident shock wave and reflected shock wave under
0.6L–150 working condition are increased and the intensity
of the λ-type normal shock wave near the pressure surface at

the trailing edge of the cascade is enhanced. At the same time,
the strength of the shock wave behind the trailing edge is
enhanced, and the strength of the shock train is enhanced.
Under the working conditions of 0.7L–50, 0.8L–150, and
0.9L–150, the intensities of the incident shock wave and
reflected shock wave is weakened. The intensity of the λ-
type normal shock wave, which is near the suction surface
at the trailing edge of the cascade, is obviously weakened. At
the same time, the strength of the shock wave and shock train
behind the trailing edge is weakened, which is most obvious
under the working condition of 0.9L–150.

Figures 10, 11 show theMach number and pressure distribution
in the cascade. Compared with Figures 10, 11, the shock-induced
bubble separation appears at the interaction position between the
suction surface shock wave and the boundary layer and at the
interaction between the reflected shock wave and the boundary layer
on the pressure surface. At the trailing edge of the suction surface
and the incident point of the reflected shock wave on the pressure
surface, the backflow is induced and the flow in the cascade is
blocked. Compared with the smooth surface, the separation bubble
size increases and the working fluid reflux area increases under the
working condition of 0.6L–150; the separation bubble size decreases,
and the working fluid reflux area decreases under 0.7L–75,
0.8L–150, and 0.9L–150 working conditions. The fluid reflux
area on the suction side under the 0.9L–150 working condition
is the smallest, but compared with 0.7L–75 and 0.8L–150 working
conditions, it has a larger fluid reflux area on the pressure side.

Figure 12 shows the pressure coefficient distribution curve on
the suction surface of the cascade. The pressure coefficient is
defined as follows:

Cp � pi − p1

pp
1 − p1

. (4)

In Equation 4, Pi is the static pressure value of the suction
surface of the cascade.

FIGURE 13 | Variation of turbulent intensity on the suction side with
roughness height.

FIGURE 14 | Variation of the skin friction coefficient on the suction side
with roughness height.

FIGURE 15 | Variation of velocity on the suction side with roughness
height.

Frontiers in Energy Research | www.frontiersin.org June 2022 | Volume 10 | Article 9137707

Wang et al. Surface Roughness on the Cascade

https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


The overall variation trend of the suction surface pressure
coefficient is the same under different working conditions.
However, with the increase of roughness, the pressure
coefficient from the leading edge of suction to 0.7L is
higher than that from 0.7L to the trailing edge, which is
higher than that of the smooth surface. Compared with the
smooth surface, the pressure coefficient at the trailing edge
increases under 0.6L–150 working condition and decreases
under 0.7L–75 and 0.8L–150 working conditions; 0.9–150
working condition is basically the same as 0.6–150 working
condition. The results show that there is a reverse pressure
gradient at 0.6L on the suction surface under 0.6L–150
working condition,, and the reverse pressure gradient at
the trailing edge increases at the same time. The flow state
of the working fluid becomes worse, and the backflow area at
the trailing edge increases, which increases the total pressure
loss. The pressure gradient at the trailing edge decreases
under 0.7L–75, 0.8L–150, and 0.9–150 working conditions,
which makes the total pressure loss smaller, and the total
pressure loss reaches the minimum under 0.7L–75 working
condition.

Figure 13 shows the turbulence intensity distribution on the
suction surface. It can be seen that setting roughness on the
suction surface can effectively improve the turbulence
intensity at the location where roughness is set. In
0.6L–150, 0.8L–150, and 0.9L–150 working conditions and
the starting and disappearing positions of the separation
bubble are the same as those of the smooth condition. But,
under 0.7L–75 working condition, the starting position of the
separation bubble moved 1.7% of chord length downstream,
which can also be clearly seen in Figures 14, 15. Figure 14
shows that the skin friction coefficient at the position where
roughness setting is greater at the smooth surface under
0.6L–150, 0.7L–75, and 0.8L–150 working conditions
because roughness setting on the suction surface can exert
stronger disturbance to the separation shear layer. Figure 14
also shows that the skin friction coefficient at 0.7L of 0.7L–75
working condition is the largest.

Figure 15 is the velocity distribution curve. There is little
difference in the velocity at the separation bubble position in
the five working conditions, but it can also be seen that the
velocity at the separation bubble position under 0.7L–75

working condition is slightly higher than that in the other
five working conditions. The aforementioned phenomenon
indicates that the roughness setting under 0.7L–75 working
condition can delay the separation in laminar flow and exert
stronger disturbance on the separation shear layer, which
inhibits the development of separation bubbles.

The Figure 16 is Figure 12 to Figure 12 Partial enlargement
of the curve

CONCLUSION

In this study, the supersonic cascade ARL-SL19 is taken as the
research object. In order to explore the influence of surface roughness
on the flow field inside the cascade, different roughness is set at the
incident point of a shock wave of the suction surface, in front of and
behind the incident point, and at the leading edge and trailing edge of
the suction surface. The numerical simulation result of different
roughness conditions are compared with the results of the original
model. The conclusions are as follows:

1) When the suction surface is smooth, an incident shock wave
is generated at the leading edge of the cascade. At the 0.7L
of the suction surface, Mach rod structures and separation
bubbles are formed because of the interaction between the
boundary layer and the incident shock wave. The combined
actions of the reflected shock wave and λ-type normal
shock wave at the trailing edge of the suction surface
disturbs the internal flow field of the cascade, resulting
in backflow between 0.5 L of the pressure surface and the
trailing edge of the suction surface, which increases total
pressure loss of the cascade.

2) There is no significant effect on the performance of the
cascade with artificial roughness at 0.2 L. The total
pressure loss changes in 1% when the roughness is set
at 0.2 L. The position of shock waves is far away from the
leading edge, and the working fluid at the leading edge of
the cascade suction side is diffused flow. Increasing the
roughness at the leading edge does not change the
shock state.

3) Increasing the roughness before the shock incidence point
will increase the total pressure loss. Under the condition

FIGURE 16 | Partial enlargement of the curve.
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of 0.6L–150, the strength of the shock wave at the suction
surface and the trailing edge is enhanced. The 0.6L of the
suction surface and reverse pressure gradient at the
trailing edge increases, which is not conducive to the
flow of working fluid. At the same time, the wake loss
increases. The total pressure loss of the cascade is
increased by 9.91%.

4) The total pressure loss can be reduced by increasing the
roughness at the shock incident point and the trailing edge
of the suction surface. After the roughness is set, the shock
intensity and the reverse pressure gradient are weakened, and
the backflow condition is improved; at the same time, the
separation bubble induced at the shock incident point is
reduced. Under the 0.7L–75 condition, the total pressure
loss of the cascade is reduced by 12.8%.

5) The roughness setting at 0.7L–75 working condition can delay
the separation in laminar flow and exert stronger disturbance
on the separation shear layer, which inhibits the development
of separation bubbles.
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