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Abstract: To effectively reduce shock wave loss at the trailing edge of a supersonic cascade under
high back-pressure, a shock wave control method based on air jets is proposed. The air jet was
arranged on the pressure side of the blade in the upstream of the trailing-edge shock. The flow
control mechanism and effects of parameters were analyzed by computational methods. The results
show that the air jet formed an oblique shock wave in the cascade passage which decelerated and
pressurized the airflow. The resulting expansion wave downstream of the jet slot weakened the
strength of the trailing-edge shock. This could effectively change the normal shock into oblique shock
and thus weaken the shock loss. Optimal control effect was achieved when the mass flow rate ratio of
the jet to the passage airflow remained 0.35-1.11% and the distance from the jet slot to the shock foot
of the trailing-edge shock was about five times the thickness of the boundary layer. The proposed
method can reduce the total pressure loss of a supersonic cascade, with the maximum improvement
effect reaching 7.29% compared to the no-control state.

Keywords: supersonic compressor cascade; trailing-edge shock; air jet; shock control; total
pressure loss

1. Introduction

The relentless demand for highly loaded compressors with supersonic speed poses
great challenges for the design and development of compressor cascades [1,2]. As the
design Mach number increases, shock wave structures in the cascade passage tend to
become complex and the strength of shock waves increases, which results in increased
thickness of the boundary layer, shock wave/ boundary layer interaction (SWBLI) and flow
separation, or even a stall [3]. Shock wave losses account for an increasing proportion of
total losses in supersonic cascades [4]. In future studies of supersonic cascades, it is likely
that shock wave loss will receive more attention. Targeted blade optimization and flow
control has been carried out widely.

Much research has focused on numerical optimization. An advanced blade design
can lead to greater efficiency [5,6]. Song optimized cascades for a transonic fan stator
to control the SWBLI and reduced the losses induced by separation and shock [7]. Liu
proposed a rapid analytical shock-loss prediction method for tailoring the shock system,
which is practical for a quick search of the optimized shock structure [8]. Sun reduced
terminal-passage shock loss by optimizing the cascade profile [9]. Sonoda optimized the 2D
DLR-PAV-1.5 supersonic cascade and minimized the shock loss with about 24% reduction of
the total pressure loss coefficient [10]. In recent years, with the development of optimization
algorithms, more progress has been made in optimizing cascade profiles. Optimization
algorithms, such as differential evolution and genetic algorithms, have been combined
with CFD to improve computational efficiency and increase the chance of achieving better
optimization results [11,12]. In the above-mentioned work, the key factor was to reduce
shock loss by optimization.
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Flow control technologies are more powerful means, such as vortex generator, bump
structure, boundary layer suction, boundary blowing, plasma actuation, and self-sustaining
dual synthetic jets [13-19]. One of the effective control modes is to inject fluid into the
mainstream of the cascade. Ma retrained corner separation with a jet flow induced by
a blade end slot [20]. The total pressure loss coefficient was decreased by 9.7% and this
control method weakened the corner separation after the shock wave. Benini improved the
aerodynamic behavior of a transonic compressor rotor with synthetic jets numerically [21].
The flow was less detached and the SWBLI was less detrimental. Klinner applied air jet
vortex generators which produced streamwise vorticity and made the boundary layer less
prone to separation in a transonic cascade [22]. Meanwhile, injection can play an effective
role of the cooling of turbine blade rows [23,24]. Gao arranged a jet slot at the trailing
edge of a transonic turbine cascade [25]. The injection filled the momentum deficit of the
boundary layer and reduced the strength of the shock wave.

There is less research into the application of jet control on supersonic cascades com-
pared to other traditional control methods. However, the capability of jets to control shock
waves and separation induced by SWBLI in the supersonic flow field has been fully veri-
fied. Szwaba applied an air jet to control separation induced by normal shock [26,27]. This
technique entrained high-momentum fluid into the boundary layer, which counteracted
separation. Souverien reduced the size of the separation bubble induced by SWBLI with
the air jet [28]. The air was injected into mainstream from a row of holes and had an effect
similar to that of a vortex generator. Verma placed an array of steady micro-jets upstream
of a compression ramp and reduced the extent of separation effectively [29,30]. Existing
studies see the main role of the air jet is to inject high-momentum fluid into the boundary
layer, contain separation, and weaken the shock strength. The use of air jets to reduce shock
loss by affecting shock structures marks a different approach. Clearly, applying air jets to
supersonic cascades is worthy of further study.

In this paper, a shock loss control method for a supersonic cascade is proposed which
is based on a steady air jet. The air jet was mounted on the pressure side of a high incoming
Mach number supersonic cascade. Influence of different parameters of the air jet on the
flow control effect are discussed in detail. This paper is arranged as follows. Section 2
introduces the physical model and numerical method. Section 3.1 compares the flow fields
of the baseline and controlled case to discuss the effect of the air jet on the cascade. After
that, analysis of parameters is presented in Section 3.2. Finally, Section 4 offers conclusions.

2. Numerical Methods and Validation
2.1. Physical Model

The study of trailing-edge shock control using an air jet on the pressure side of the
supersonic cascade was based on a “shock-in-type” supersonic cascade. The SCM-1.75
supersonic cascade was selected, having been designed for a higher incoming Mach number
than conventional supersonic cascades [31]. The SCM-1.75 draws on the design principle of
the supersonic inlet in which multiple reflected shock waves are formed after the leading-
edge shock wave extends into the cascade passage. The main parameters of the studied
cascade are given in Table 1.

Table 1. Main parameters of the supersonic cascade SCM-1.75.

Parameter Value
Chord (mm) 155
Pitch (mm) 70
Incoming Mach number 1.75
Leading-edge radius (mm) 0.2
Trailing-edge radius (mm) 0.2
Stagger angle (°) 70
Geometric inlet angle (°) 70.5

Geometric outlet angle (°) 72
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A 2D Reynolds-Averaged Navier-Stokes solver of ANSYS Fluent was employed on a
single cascade passage with structured grid. Two-dimensional calculation simulates the
flow field of the blade with an infinite aspect length. The 3D effect near the end walls is
ignored, having little influence on the flow field near the middle spanwise of blade. This
helps to focus attention on the influence of the air jet on the boundary layer near the blade
surface, and the shock system structure in the blade passage. Grids were built by means of
Pointwise. The fluid was assumed to be an ideal gas.

The computational domain contained a single blade with the inlet boundary at 1 time
the chord length in front of the cascade and the outlet boundary at 1 time the chord length
behind the cascade. The first mesh height of the blade surface was set to 1 x 107° m to
ensure that the values of y* near blade surface were less than 1. Due to the complex shock
wave structure near the leading and trailing edges of the blade and the dramatic changes
in the flow field parameters, the grid needed to be encrypted. The computational domain
and grid are shown in Figure 1. The inlet boundary of the computational domain was the
pressure far-field boundary and the outlet boundary was the pressure outlet. The blade
wall was an adiabatic non-slip wall surface. The upper and lower boundaries of the domain
were set as translational periodic boundaries. The inlet boundary condition was given the
same total temperature and pressure as the experimental measurements [31]. The total
pressure was given as 380 kPa, the total temperature was given as 320 K, and the incoming
Mach number was 1.75, while the inflow angle was set at 70.5°. The pressure inlet was
used to simulate the effect of a micro jet. The width of jet slot was 1 mm.
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Figure 1. Computational domain and grid of cascade.

The control scheme of the air jet on the “shock-in-type” supersonic cascade is shown in
Figure 2. The jet slot was arranged on the pressure side of the blade located upstream of the
trailing-edge (TE) shock. The location of the air jet Al is defined as the distance between the
jet slot and the front foot of the A shock wave on the pressure side. The Al is dimensionless
as the ratio of actual distance to the local boundary layer thickness. The jet angle « is
defined as the angle between the direction of the air jet and the chordal direction of the
blade. The strength of the jet is measured by the mass-weighted average total pressure at
the outlet of the jet slot.
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Figure 2. Sketch map of the air jet control scheme and its geometrical definitions.

2.2. Turbulence Model Selection and Mesh Independent Validation

The work condition of the supersonic cascade was selected as the incoming Mach
number was 1.75 and the static pressure rise at the inlet and outlet pout/pin was 2.5. The
Spalart-Allmaras (SA), Standard k-¢ (k-¢), and SST k-w models were used. The standard
wall functions were used with the k-¢ model. The capability to predict the isentropic Mach
number distribution on the blade wall of three different turbulence models was compared,
to choose the most suitable turbulence model. The definition of isentropic Mach number is

=1

Pin \ 7 2
Ma;s = -1]- 1
b (ploca1> -1 @

where pin, Plocal denote the static pressure of inlet and the local static pressure, respectively.

The isentropic Mach number distribution on the wall was consistent with the exper-
iment [31] for all three turbulence models. The step of the wall isentropic Mach number
corresponded to the static pressure step on the blade wall. Therefore, the step of the isen-
tropic Mach number implied the flow deflection or even flow separation and reattachment
caused by the shock wave/boundary layer interaction. As is shown in Figure 3.
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Figure 3. Isentropic Mach number distribution on blade surface [31].
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Among the three models, the SA model gave a good prediction of the location of the
shock and separation zone, but the predicted pressure step was large. The possible reason
was that the wall friction predicted by the SA model was large. The prediction deviation of
the k-e model for shock locations was large because the wall function used in this model
predicted turbulence kinetic energy levels that were too high for the boundary, so that the
anti-separation capability of the fluid was great. The stress limiter in the SST k-w model
made the model suitable for predicting flow separation induced by shock wave boundary
layer interaction. Therefore, subsequent calculations were performed using the SST k-w
model. The total pressure loss coefficient is used to judge the cascade performance and is
defined as . i}

_ P 11; p().ut (2)

Pin =~ Pin

where pin*, Pout®, Pin are the total pressure of inlet and outlet and the static pressure of
inlet, respectively. The inlet pressure was taken on the cross-section of 10% axial chord
length from the inlet of the computational domain, and the outlet pressure was taken on
the cross-section of 10% axial chord length from the outlet of the computational domain.
The pressure was taken as the mass-weighted average pressure over the cross-section.
Grids of 80,000, 130,000, 200,000 and 240,000 cells were selected, and the total pressure
loss coefficient w obtained from the grid with 240,000 cells was used as a benchmark. The
total pressure loss coefficients obtained by the three grids were 16.60%, 16.56%, 16.55% and
16.54%, respectively. When the number of cells reached 130,000, the deviation of w was less
than 0.15%. Taking into account the computational efficiency, the grid of 130,000 cells was
used in subsequent work.

w

3. Results and Discussion
3.1. Analysis of the Effect of the Air Jet Control

Figure 4 shows the distribution of density gradient magnitude in the flow field with
and without air jet control. These contours provide a clear view of the structure of the
shock wave system and the mutual interference between shocks, as the density gradient

magnitude is given by
_ e dey?
Vel = \/((dx) + (@) ) ®)

where p is the density. The leading-edge shock of the cascade interfered with the blade
below, and a reflected shock was formed. Multiple reflected shocks in the passage of the
baseline cascade achieved the function of deceleration and pressurization of the incoming
airflow. When the blade was under high back-pressure, a strong normal shock was gener-
ated at the trailing edge. The normal shock disappeared after the application of the air jet.
Figure 5 shows the local enlargement near the trailing-edge shock and the corresponding
static pressure distribution on the pressure side of the blade surface. The coordinate system
used in Figure 5 is the same coordinate system of the calculation domain. The black curve
and the blue curve indicate the baseline and the controlled cases, respectively. The jet slot
is highlighted in red. Figure 5a shows that the structure of the normal shock was more
complex compared to the usual shock in the inflow field. The normal shock developed
into two A shocks near the trailing edge of the blade and pressure side of the upper blade,
respectively. Matsuo defined this structure as a bifurcated shock wave [32]. This structure
can also be understood as two shock waves intersecting to form a Mach stem. This implies
that the reflected shock in the passage was insufficient to pressurize the airflow and a Mach
stem was needed to match the extremely high pressure downstream.
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Figure 4. Density gradient magnitude contours for baseline and controlled cases: (a) baseline case;
(b) controlled case.

[ l [

|VP| 0 30 60 90 120 150

s ‘ g
£ T ! Control ﬁ § Contiol
S S 1 =~ &
o 2 I [5)
Hst g | 5 8
a = 5 L a S
=3 I <
S = ‘ s =
B g
g S 9 S Jet shock
B8 Y3
S = cooo foot S T TP
@ .005 0 0.005 0.01 0.015 0.02 0.025 D 4.005 0 0.005 0.01 0.015 0.02 0.025
X/m X/m
(a) (b)

Figure 5. Local enlargement near the trailing-edge shock and the corresponding static pressure
distribution on blade surface: (a) baseline case; (b) controlled case.

The air jet caused an obstructive effect on the flow field near the wall, deflecting the
airflow near the boundary layer and creating an oblique shock in the supersonic flow field.
The oblique shock induced by the air jet is referred to here as jet shock. Thus, the jet shock
affected the flow field downstream of the blade passage and coupled with the trailing-edge
shock. Figure 5b shows that the jet shock penetrated the entire flow field in the blade
passage and intersected with the trailing edge. The original bifurcated shock structure
became an oblique shock and the A shock foot on the pressure side disappeared. The Mach
stem no longer existed.

The jet shock had a deceleration and pressurization effect on the airflow upstream of
the trailing-edge shock, so the strength of the trailing-edge shock was reduced. As can be
seen from the static pressure distributions on the pressure side in Figure 5, wall pressure on
the windward side of the air jet increased. The static pressure distributions also shows that
the static pressure rise on the wall was more moderate and the peak static pressure dropped.
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It implies that the inverse pressure gradient in the passage near the trailing-edge shock
was weakened by the application of the air jet. Comparing the ends of the two curves in
Figure 5, the reverse pressure gradient at the trailing edge of the blade was also moderated.
As can be seen, the scope of impact of the air jet was enormous and continued up to the
trailing edge of the blade. The flow field was supersonic upstream of the trailing-edge
shock. Thus, the air jet did not change the structure of the leading-edge shock and the
reflected shocks.

The air jet injected additional flow into the flow field, with the total pressure loss
coefficient is defined as

Pin * Min + P} - 15 = Pout + (Min + 1)

(Pin = Pin) - i+ (pf — pj) -

4)

where py,, p5.is p;f, Pin, p; are the total pressure of inlet, outlet and air jet, the static pres-
sure of inlet and air jet, respectively; m;,, m; are the mass flow rates of inlet and air jet,
respectively. From the contours of total pressure loss coefficients in Figure 6, the loss in the
blade passage was effectively suppressed with the application of the air jet. The Mach stem
resulted in high loss. As the trailing-edge shock turned into an oblique shock, the shock
loss fell effectively due to the weakening of the shock strength.

a o 1 2 3 4 5
//m //m
(a) (b)

Figure 6. Total pressure loss contours for baseline and controlled cases: (a) baseline case;
(b) controlled case.

The obstructive effect of the air jet had an influence on the flow field near the blade
wall. Combined with the static pressure distribution curves, there was a local inverse
pressure gradient on the windward side of the air jet induced by the obstructive effect.
As can be seen from Figure 7, the air jet caused an increase in turbulent kinetic energy
level near the wall leading to an increase in local loss. Due to the limited proportion of
the boundary layer relative to the throughflow area in the entire blade passage, it can be
assumed that the local loss was low. In addition, after the air jet was applied, the turbulence
kinetic energy level near the trailing edge decreased. The air jet was therefore beneficial to
the overall performance of the cascade.
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Figure 7. Turbulent kinetic energy contours for baseline and controlled cases: (a) baseline case;
(b) controlled case.

3.2. Effect of Different Parameters
3.2.1. Effect of Strength of Air Jet

In order to investigate the influence of the jet strength, the total pressure of the air
jet was varied while the jet location Al was 50 and jet angle « was vertical to the chordal
direction. The effects on the shock structure in the blade passage and the mechanism of
improving the loss of flow are analyzed. The working condition of the cascade was the
design incoming flow condition with a back-pressure ratio of 2.5.

The total pressure loss coefficients of the cascade with different strengths of air jet
are given in Figure 8. The effect of jet strength on the loss of flow was significant. Table 2
shows the jet parameters for typical operating conditions. The mass flow rate ratio of the
air jet m, is defined as

My = m;/ Min @)

where m; is the mass flow rate of the air jet and m;, is the mass flow rate of the inlet. The
momentum flux ratio ] [33] is defined as

s
I= o ©)

"3y

where the subscript “j” indicates the air jet and “co” indicates the incoming flow. The
improved effect of the air jet Aw; is defined as the reduction in the total pressure loss
coefficient considering mass flow-rate variations. Awj is defined as
wo — (,U]'

Aw] =
wo

@)

where wy is the total pressure loss coefficient without control and wj is the coefficient with
air jet control.
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Figure 8. Profiles of variations of total pressure loss coefficient and improved effect with different
strengths of jet.

Table 2. Related parameters of various strength of air jet.

Ngifser T°;lrl;2‘t’s(i‘;f:)°f 111z (%) 7 W% W %) Awj (%)
Case 0 / / / 16,56 1656 /
Case 1 130 0.07 0.014 16.47 16.43 0.78
Case 2 145 0.18 0.051 16.24 16.13 2.57
Case 3 165 045 0.066 15.82 15.56 6.01
Case 4 175 0.84 0.070 15.79 15.35 7.29
Case 5 210 1.84 0.172 16.44 15.65 5.58

The flow field could be effectively improved with the application of the air jet. The
total pressure loss coefficient decreased as the jet strength increased. When the jet strength
reached a certain threshold, the control effect decreased, but the loss coefficient was still
lower than the baseline flow field. The optimal total pressure of the air jet was 175 kPa. A
noticeable effect could be achieved when the total pressure of the air jet was in the range
160-180 kPa, corresponding to a mass flow rate ratio of 0.35-1.11%.

The shock structure in the flow field of the cascade for typical operating conditions is
given in Figure 9. As the jet strength increased, the strength of the jet shock increased. The
weak jet shock could not penetrate the entire blade passage, so it could not decelerate and
pressurize the airflow anywhere in the entire passage. Thus, its effect on the downstream
normal shock wave was very limited. As shown in Figure 9c, the jet shock gradually
penetrated the flow field as the jet further strengthened. In this condition, the pressurization
effect of the jet shock on the airflow was enhanced and the expansion wave downstream of
the jet slot interfered with the trailing-edge shock leading to a shortening of the length of
the Mach stem. When the jet shock was strong enough to penetrate the entire passage, it
intersected the trailing-edge shock in Figure 9d. In this condition, it can be noticed that the
bifurcated shock structure disappeared and evolved into two oblique shocks after coupling
with the jet shock. Then, as shown in Figure 9a,e, Mach stem structure was formed at
the trailing edge of the blade below, and multiple weak shock structures were formed
downstream. As shown in Figure 91, excessive jet strength caused the jet shock to move
further forward and to no longer couple with the trailing-edge shock. Moreover, the jet
shock structure was A-shaped and was no longer an oblique shock. Meanwhile, the strength
of the trailing-edge shock increased. Even though the structural changes in the jet shock
and the trailing-edge shock had a more significant deceleration and pressurization effect on
the flow field, the loss induced by shocks was further increased compared to the previous
cases. It can be seen that a reasonable configuration of the strength of the jet shock and
the trailing-edge shock is the key to improving cascade performance, so that the airflow is
pressurized more gently.
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Figure 9. Density gradient magnitude contours with different strength of jet: (a) baseline;
(b) p]*-‘ = 130 kPa; (c) p;-‘ = 145 kPa; (d) p]’-‘ = 165 kPa; (e) p}k = 175 kPa; (f) p;-‘ = 210 kPa.

The static pressure distribution on the pressure side of the blade for typical operating
conditions is given in Figure 10. The static pressure on the wall in front of the jet slot
increased in all cases. The higher the peak of the static pressure, the further forward the
starting location of the static pressure rise. This was because the air jet at high strength and
perpendicular to the flow direction was more obstructive to the incoming airflow. Thus, the
jet shock moved forward and the windward side of the jet slot formed a separation zone
accounting for the pressure rise. As the strength of the trailing-edge shock was weakened,
two stages of pressure rises with large gradients on the blade wall caused by the trailing-
edge shock were more moderate, and the peak value of static pressure was significantly
lowered. In addition, as mentioned above, the air jet had a large range of influence shown
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in Figure 10. The inverse pressure gradient near the trailing edge was also alleviated and
the static pressure at the edge was increased.
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Figure 10. Static pressure distribution on blade surface with different strengths of jet.

Combined with the contours of static pressure distribution in Figure 11, it was found
that the changes in static pressure before and after the trailing-edge shock were moderated
with control of the air jet, thus reducing the loss of mainstream flow. As the strength of the
jet shock increased, the difference in static pressure before and after the jet shock was large,
which was the reason for the weakening of the control effect after the jet strength exceeded
the threshold.

P 100,000 120,000 140,000 160,000 180,000 200,000

Figure 11. Static pressure contours with different strengths of jet: (a) baseline; (b) p}* = 165 kPar;
(c) p;-‘ =210 kPa

3.2.2. Effect of Air Jet Location

To analyze the effect of the location of the air jet on the blade passage shock structure
and the mechanism of total pressure loss improvement, different jet locations are investi-
gated in this section. The flow field environment was at the design incoming flow condition
with a back-pressure ratio of 2.5. The jet angle « was at a vertical chordal direction. The lo-
cations of the air jet Al were, respectively, 25, 54, 86 and 106 upstream of the front foot of the
trailing-edge shock. The effect of the air jet is analyzed for these four operating conditions.

Due to static pressure varying in different locations of the blade surface, the mass flow
rate of the air jet varied greatly if the same jet total pressure was selected. Hence, the same
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jet strength was ensured in this section by adjusting the jet total pressure to make the mass
flow rate ratio of injection the same in each location.

Table 3 gives the total pressure loss coefficients of the cascade in different jet locations.
The total pressure loss coefficient of the cascade decreased and then increased as the air jet
was arranged from a location close to the shock foot to a location away from the shock foot.
The best control effect was achieved when the jet location Al was 5J. The control capability
was significantly weaker at longer distances, but the air jet was still effective in reducing
the loss of flow in the cascade.

Table 3. Related parameters of various locations of air jet.

Location of

Case Number Air Jet (5) my (%) w (%) wj (%) Aw; (%)
Case 6 2 0.45 15.99 15.75 491
Case 3 5 0.45 15.82 15.56 6.01
Case 7 8 0.45 16.02 15.77 4.79
Case 8 10 0.45 16.28 16.03 3.22

As shown in Figure 12, the air jet in any location could affect the shock structure near
the trailing edge. The jet location determined the location of shock induced by the air
jet under the same jet strength and thus affected the intersection of the jet shock and the
trailing-edge shock.

When the jet location Al was 27, the jet shock and trailing-edge shock combined as a A
shock. The intersection point was approximately in the middle of the passage. The Mach
stem of the trailing-edge shock almost disappeared, thus weakening the shock strength. As
the jet location moved further forward, the shock intersection point moved further away
from the pressure side of the blade and closer to the trailing edge of the blade below. The
expansion wave induced by the air jet on the leeward side of the slot interfered with the
trailing-edge shock, further improving the control effect. Intuitively, the trailing-edge shock
was broken down. When the jet location Al was 84, the trailing-edge shock was further
broken down. However, a A shock reappeared and the control effect was reduced, judged
by the total pressure loss coefficients. When the jet location Al reached 104, the same Mach
reflection structure as in the baseline flow field reappeared behind two oblique shocks.
Mach stem caused greater loss of flow than the oblique shocks, which was the reason why
the loss coefficient was higher in this condition compared to other conditions.

Thus, it can be found that as the air jet was arranged farther away from the trailing-
edge shock, the airflow had sufficient distance to re-accelerate after the jet shock. The airflow
downstream from the air jet reattached to the blade wall and generated an expansion wave.
The farther the air jet from the trailing-edge shock, the stronger the expansion wave.
Figure 13 shows that the longer distance and the stronger expansion wave fully promoted
the airflow decelerated by the jet shock accelerating again. This was the reason why the
downstream A front feet reappeared when Al was 8 and even the same Mach reflection
structure as the baseline case reappeared when Al was 106. The reappearance of A shock
and Mach stem was to decelerate the airflow in the blade passage. It can be seen that when
the distance between the air jet and the trailing-edge shock was great, the air jet could not
play the role of slowing down and pressurizing the airflow. As a result, it was impossible
to achieve the purpose of weakening the strength of trailing-edge shock.
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Figure 12. Density gradient magnitude contours with different locations of jet: (a) Al = 26;
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Figure 13. Mach number contours with different locations of jet: (a) Al = 54; (b) Al = 100.

Meanwhile, the change in back pressure affected the location of the trailing-edge
shock on the blade wall. Then, multiple jet slots could be laid along the chordal direction,
enabling the jet slot in the optimal control location to work selectively according to the
actual operating conditions.
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3.2.3. Effect of Angle of Air Jet

At the design incoming-flow condition with a back-pressure ratio of 2.5, the total
pressure and location of air jet were maintained as constants at p;‘ = 165 kPa and Al = 54,
respectively. To investigate the influence of the jet angle, Table 4 presents the relative
variations of the total pressure loss coefficient with different jet angles varying from 20° to
90° by 10° per condition (the 80° condition is ignored here as it is similar to the 90° result).
Figure 14 shows the static pressure distribution at the pressure side for each condition. It
was found that the effect of the jet angle on the loss control effect was relatively limited.
Meanwhile, the wall static pressure distributions under all conditions were similar. It is
probably due to that the momentum flux ratio ] was small and the penetration of the jet
into the flow field was weak, only lifting the fluid near the wall and thus deflecting the
fluid in the passage, so changes in the jet angle could not significantly affect the mainstream
flow field.

Table 4. Related parameters of various angles of air jet.

Angle of Total Pressure of

Case Number my (%) w (%) wj (%) Aw; (%)

Air Jet (°) Air Jet (kPa)

Case 9 20 165 5.83 15.82 15.49 6.43
Case 10 30 165 6.78 15.76 15.39 7.09
Case 11 40 165 6.66 15.76 15.39 7.06
Case 12 50 165 6.17 15.77 15.43 6.84
Case 13 60 165 5.69 15.78 15.47 6.59
Case 14 70 165 5.26 15.79 15.50 6.38
Case 15 90 165 4.54 15.82 15.56 6.01

0P
30°
40°
50°
60°
70°
90°

180,000

160,000

Static pressure/Pa

140,000

120,000

Figure 14. Static pressure distribution on blade surface with different angles of jet.

As the angle between the air jet and the mainstream of the flow field decreased, the
direction of the jet gradually deflected towards the incoming flow, which promoted the
entry of the jet mass into the flow field. Thus, as the jet angle decreased with the total
pressure of injection remaining constant, the mass flow rate of injection increased slightly,
which, to a certain extent, increased the shock strength induced by injection and thus
improved the control capability. When the jet angle was too small, the mass flow rate
dropped steeply. This was probably because the angle between the jet and the wall was too
small, and the blocking effect of the wall on the fluid had a greater impact on the air jet.
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As can be seen in Figure 14, as the jet gradually shifted towards the downstream
direction, the smaller the jet angle, the smaller the static pressure rise on the windward
side of the jet. This means that the obstructive effect of the air jet on the upstream flow
decreased, due to a decrease in the momentum component of the vertical flow direction
of the air jet. In addition, with the slight increase in injection strength and the deflection
of the jet direction, the tangential momentum injected by the air jet into the downstream
boundary layer increased, which was conducive to reduce the negative impact of the air jet
on the boundary layer.

Through the static pressure distribution in Figure 15, it was found that the static
pressure on the windward side of the jet in the passage was small when the jet angle « was
20°. This means that the shock induced by the air jet was weak. Thus, shock induced by
the air jet had an insufficient deceleration effect on the mainstream, resulting in a more
intense pressure increase on the mainstream after the trailing-edge shock. A larger pressure
gradient means higher loss. Too small a jet angle led to a decrease in the momentum of
injection, which in turn affected the tangential momentum of injection thereby weakening
the strength of jet shock. As the shock strength decreased, shock wave foot was further
back, so the intersection location of the jet shock and the trailing-edge shock was slightly
farther from the tailing edge of the blade. Thus, the weakening effect on the trailing-edge
shock was slightly weaker.

N | I | [ T

P 100,000 120,000 140,000 160,000 180,000 200,000

(b)

Figure 15. Static pressure contours with different angles of jet: (a) & = 20°; (b) a = 40°.

3.3. Discussion

As can be seen from Section 3.2, suitable jet parameters can further change the shock
structure, thereby reducing shock loss. Shock structure is closely related to boundary layer.
Figure 16a shows a simplified model of trailing-edge shock. Near the pressure side of the
blade, the trailing-edge shock can be seen as a A shock. The diffusion length I4 is defined as
the distance between the starting point of the shock effect on the boundary layer and the
location of the Mach stem.

As l4 increases, the length of the Mach stem decreases. Thus, the pattern of trailing-
edge shock changes. As shown in Figure 16b, the air jet upstream of the trailing-edge shock
increases the thickness of the boundary layer on the blade surface. Therefore, the air jet
increases ly. If the jet is too close to the trailing-edge shock, the increased 4 is not enough
to make Mach stem disappear. As shown in Figure 16c, the fluid will reattach to blade
wall if the jet is far from the trailing-edge shock. If the distance between the jet shock and
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trailing-edge shock is large, the expansion wave causes the decelerated fluid to re-accelerate
sufficiently. The deceleration effect of the jet shock is impaired.

Mach stem l

Mach stem Expansion

Slip line

Jet shock

Incoming flow Incoming flow

>

FA -

Pressure side I Separation e A Separation SEnIE b ‘ Separation
bubble bubble bubble
(a) (b) ()

Figure 16. Simplified models of trailing-edge shock near pressure side: (a) no control; (b) air jet close
to uncontrolled trailing-edge shock; (c) air jet far from uncontrolled trailing-edge shock.

4. Conclusions

In this paper, the influence of an air jet on a high incoming Mach number supersonic
cascade is numerically investigated. The air jet was used to control the trailing-edge shock.
Conclusions are drawn as follows.

1.  Under high back-pressure, a Mach reflection will form near the trailing edge of a
“shock-in-type” supersonic cascade. The air jet upstream of the trailing-edge shock
can effectively change the pattern of the trailing-edge shock, turning Mach reflection
into regular reflection. It forms an oblique shock wave in the cascade passage, so
that the airflow is decelerated and pressurized in advance, and the expansion wave
downstream of the jet slot interferes with the trailing-edge shock and weakens the
strength of the shock. The air jet can reduce the total pressure loss coefficient under
the same pressure rise with a total pressure loss improvement effect of 7.29%.

2. There is an optimal range for the strength of the air jet. Noticeable effect can be
achieved when the total pressure of the air jet is in the range 160-180 kPa, correspond-
ing to a mass flow rate ratio of 0.35-1.11%. The weak jet shock cannot decelerate and
pressurize the airflow in the entire passage. As the strength increases, the pressure rise
caused by the trailing-edge shock will be more moderate. Once the strength exceeds
the range, the control effect is weakened.

3. The location of the air jet determines the intersection location of the shock induced
by the air jet and the trailing-edge shock. If the intersection is in the passage, the air
jet cannot affect the trailing-edge fully. If the air jet is arranged far away from the
trailing-edge shock, the airflow will re-accelerate after the jet shock and the control
effect is weakened. The best control effect can be achieved when the distance from the
jet slot to the shock foot of the trailing-edge shock is about five times the thickness of
the boundary layer.

4. The angle of the air jet has limited effect on loss control due to the weak penetration of
the jet. As the direction of the air jet gradually deflects towards the incoming flow, the
mass flow rate of injection increases slightly and the tangential momentum injected
by the air jet into the downstream boundary layer increases. The negative impact of
the air jet on the boundary layer decreases. The best control effect can be achieved at
30° to 40°.

Two-dimensional calculation can be approximated as a three-dimensional simulation
of the slit air jet, which is difficult to achieve as uniform jet flow in engineering applications.
The calculation results of this paper are in an ideal state. The next step will focus on the
study of the porous air jet and observation of its three-dimensional effect.
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