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Abstract. The investigation of supersonic channel flow with periodic oscillatory back-
pressures at the outlet of the channel was performed using large-eddy simulation for
the inlet free-stream Mach number 4 and the Reynolds number approximately 5.2 x 10*
based on the height of the channel. Results have been validated carefully against our
experimental data. Three typical backpressures are considered for constant backpres-
sure and both periodic oscillatory backpressures with low and high frequency. The
oscillatory backpressure can obviously influence the flow features occurring up to the
middle region of the channel for the low frequency case and the downstream region
for the high frequency case. Obvious differences of phase-averaged quantities at dif-
ferent phases are observed for the low frequency backpressure while the differences
are relatively small for the high frequency backpressure. The spectral analysis reveals
that the flow field experiences a periodic-like evolution of flow structures including
shocks and vortices for the low frequency backpressure, resulting in the enhancement
of turbulence fluctuations due to the complicated interaction of shocks and vortices.
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1 Introduction

The supersonic air breathing propulsion system includes the inlet and the isolator which
are the precombustion compression components [1,2]. In the inlet, the incoming flow
is compressed through a series of shocks before entering the combustion chamber. To
isolate the effect of flight conditions on the precombustion shock structure, a nearly par-
allel walled duct named isolator is placed between the inlet and the combustor [3-5].
The isolator contains a time-varying shock train system providing a stable flow to the
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combustion process and is highly susceptible to the flow induced instabilities. Hence,
the pressure change caused by the combustion will lead to complicated flow phenomena
and mechanisms in the isolator [6].

The unsteady properties of the internal flow caused by high backpressure were in-
vestigated. Wagner et al. [7] dealt with the dynamics of internal flow influenced by the
backpressure generated by a deflecting flap at the downstream end of the isolator by
means of the PIV measurement and observed that the unsteadiness of the internal flow
is associated with boundary layer separation. Tan et al. [8] experimentally investigated
the unstart flows of a rectangular hypersonic inlet at a freestream Mach number of 5
and demonstrated the typical external/internal flow patterns and the unsteady behav-
iors of surface pressures. Recently, Li et al. [6] designed a two-dimensional hypersonic
inlet/isolator model to investigate the complicated flow structures experimentally. They
found that the upstream-propagating shocks in the isolator play an important role on the
flow properties and the formations of the upstream-propagating shocks are related to the
downstream-propagating compression waves/shock waves that encounter the throttling
section.

On the other hand, some numerical simulations were carried out to investigate the
flow behaviors in the inlet-isolator system. Koo et al. [5] performed a large-eddy sim-
ulation (LES) of the Mach 5 inlet-isolator system adopted by the experiment [7]. Two
cases including a started isolator and transient unstart propagation were considered to
analyze the characteristics of flow separation and shock waves. It is demonstrated that
the LES technique is able to predict fully started flow accurately and to capture the large-
scale features of the unstart process. Ingenito et al. [9] also performed the LES of the
HyShot combustor system to analyze the effects of mixing and combustion. Cocks et
al. [10] carried out a detached-eddy simulation (DES) of supersonic combustor to study
the characteristics of the cavity flameholder and identified that the prescription of inflow
turbulence plays an important role on the accurate prediction of the shock train. Kr-
ishnan et al. [11] also performed the LES of Mach 8 inlet system to analyze the transition
mechanisms on the compression ramps and the statistical characteristics of the flow field.

Actually, the backpressure caused by the combustion downstream has remarkable
variation. Although the unsteadiness of the internal flow in an isolator has been widely
investigated, the situations with periodic oscillatory backpressure are rarely studied. Bur
et al. [12] performed an experiment on the periodic motions of shocks in transonic chan-
nel flow, where the motion was generated by the rotating elliptical or rectangular shaft at
the exit of the channel. The influence of the rotating shaft shape on the shock oscillation
in the channel was investigated. Based on the experimental measurement, the numerical
simulation by means of the two-dimensional unsteady Reynolds-averaged Navier-Stokes
(RANS) solution was also done. Further, Bruce and Babinsky [13] experimentally investi-
gated an oscillating normal shock wave subjected to unsteady periodic forcing in a duct,
where the periodic backpressure was generated by an elliptical cam placed in the down-
stream of the duct. The interaction between the moving shock and the boundary layer
was analyzed and an inviscid analytical model was proposed to reproduce the dynamics
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of the unsteady shock motion. Recently, Cheng et al. [14] carried out an experimental
study on the unsteady features of the oblique shock train in a Mach 2.7 flow and noted
that the oblique shock train undergoes a periodic oscillation motion in the streamwise
direction with the periodic downstream pressure perturbations.

Moreover, some numerical simulations on the internal flow with time-dependent
backpressure were carried out. Su et al. [15] investigated the effects of periodic backpres-
sure on the flow field unsteadiness in an internal flow and identified that the frequency
and amplitude of backpressure have an important influence on the pressure distribu-
tion in the flow field. Xu et al. [16] simulated the oblique shock train using Fluent and
proposed the relationship between the pressure variation and the sudden sharp forward
movement of the shock train. Trapier et al. [17] investigated the supersonic inlet buzz
in a rectangular inlet with Mach 1.8 by means of DES. Moreover, the internal flow influ-
enced by high backpressure can induce complicated flow behaviors including significant
time-varying flow evolutions and turbulent features, which also have an important influ-
ence on aerodynamic performance and safety of the flight [7,18]. However, the physical
mechanisms dictating the complicated phenomena are still fully unclear and are of great
interest for further detailed studies.

In the present study, the isolator is simplified into a supersonic channel. The statis-
tical properties of the internal flow inside supersonic channel with periodic oscillatory
backpressure are investigated by means of LES for the inlet free-stream Mach number 4
and the Reynolds number approximately 5.2 x 10* based on the height of the channel. The
characteristics of flow structures and statistical turbulence features caused by the periodic
backpressure is investigated for a better understanding of the underlying mechanisms.

This paper is organized as follows. The mathematical formulation, numerical method,
computational overview and validation are presented in Section 2. Detailed results and
discussion are then given in Section 3 and the concluding remarks are finally addressed
in Section 4.

2 Computational strategy

2.1 Mathematical formulation and numerical method

We here simplified the isolator of our previous experiment [6] as a supersonic turbulent
channel flow with its configuration schematic shown in Fig. 1. To investigate the super-
sonic turbulent channel flow, the three-dimensional Favre-filtered compressible Navier-
Stokes equations in generalized coordinates are employed. The equation of state for an
ideal gas is used and the molecular viscosity is assumed to obey the Sutherland law. To
non-dimensionalize the equations, the free stream variables including the density p.., the
temperature To, and the speed of sound 4., and the height of the channel  are used. The
LES is implemented in the present work for turbulence closure. Some terms in the Favre-
filtered equations arise from unsolved scales and need to be modeled in terms of resolved
scales. Then, dynamic subgrid-scale models for compressible flows are employed. A de-
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Figure 1: Schematic of the channel model for a simplified isolator.

tailed description of the mathematical formulation of the non-dimensionalized equations
and the subgrid-scale models has been given in our previous papers [19-21].

The inflow boundary condition is treated using a synthesized approach [22,23] which
has been extensively tested in previous literature [23-26]. The velocity disturbances at
the inlet are determined and the random velocity fluctuations with a maximum ampli-
tude 4% of the free-stream velocity are added to the velocity components according to
previous studies [23-27].

2.2 Computational overview and validation

As shown in Fig. 1, the inlet free-stream Mach number is M;, =4, the total pressure and
total temperature at the inflow condition are Py =1.27MPa and Ty = 810K, respectively,
and the Reynolds number based on the height of the channel is 5.2x10%. In addition,
we have performed the experimental investigation for the configuration and parameters
described above [6], which can be used to validate the present calculation.

In this study, the flow domain is discretized by equally spaced grids along the stream-
wise (x) and spanwise (y) directions and a stretched grid in the wall-normal direction
(z), so that there are enough points near the two walls to capture the boundary layer in-
formation. Based on careful examination, the computational domain is used as —6<x <20
in the streamwise direction and —1.25<y<1.25 in the spanwise direction, where the coor-
dinates x, y and z are non-dimensionalized by the height of the channel. A ramp with an
angle of 14° is placed before the lower wall which ends at x=0. The periodic condition is
applied in the spanwise direction. The no-slip and adiabatic wall conditions are applied
on the walls. In addition, an inlet region exhibited by the shaded area in Fig. 1 is used to
simulate the inlet flow, and its computational domain covers —6 <x <0 in the streamwise
direction, —1.25 <y <1.25 in the spanwise direction and 1 <z <7 in the normal direction.
The details of the grid resolution for the computational domain are shown in Table 1.

The backpressure is added at the outlet of the channel and three typical cases are con-
sidered for constant backpressure and both oscillatory backpressures with low and high
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Table 1: Details of grid resolution for computational domain.

Channel region | Inlet region 4
(NexNyxN2) | (NgxNyxNy) | @B/ D | Az

Grid1 | 951x81x201 501 x 81 x 201 0.0005 <1
Grid2 | 801x71x161 301 x71x 161 0.0005 | <1
Grid3 | 601x51x121 | 251x51x121 0.001 <1

Case

frequency. The constant backpressure is prescribed as 140p. and the periodic oscillatory
backpressure is presented as

py =P+ Apsin(27tkst), (2.1)

where p =140ps, Ap is the amplitude of the pressure oscillation, which is chosen as
5pe, and kg is the Strouhal number. Furthermore, the physical frequency is chosen as
fL =200Hz with Strouhal number St; = ks = fih/ae = 0.01 for low frequency backpres-
sure case and fiy =2000Hz with Sty = ks =0.1 for high frequency case based on some
experiments [6,28,29]. Due to the oscillatory backpressure, the phase T/4 with T being
the oscillatory period experiences the backpressure peak with its value 145p.,, and the
phase 3T /4 experiences the valley with 135p,.

Some symbols used in this paper are introduced as follows: (¢) means the average
in time and in the spanwise direction, and {¢} = (p¢) /(o) with a variable ¢. Then, the
fluctuations are obtained as ¢’ =¢— (¢) and ¢"" =p—{¢}, respectively.

Assessment of grid resolution on calculated results has been carried out. Fig. 2(a)
shows the distributions of the pressure fluctuation p;,,; on the upper wall for constant
backpressure 140p.,, which are calculated by different grid resolutions in Table 1. It is
identified that the results for grids 1 and 2 nearly collapse together with the increase of
grid resolution, indicating a reasonable convergence for the grid resolutions. To make
the prediction accurate, the results given below were calculated using the finest grid res-
olution of grid 1.

Moreover, a comparison between numerical result and experimental data [6] is per-
formed. Fig. 2(b) shows the distribution of the mean pressure averaged in time and the
spanwise direction. The calculated result without the backpressure agrees reasonably
with the experimental data [6]. Meanwhile, the distributions of the mean pressure with
constant backpressures 135p., and 140p are also shown. The pressure distributions
with constant backpressures are similar to that without the backpressure in the upstream
region of the channel and then exhibit a significant increase in the downstream region.
Moreover, the pressure increase caused by the backpressure 135p., reasonably locates
further downstream of the channel compared to the pressure increase location induced
by the backpressure 140p..

We further analyze the appropriateness of the grid resolution used in this study in
terms of the Kolmogorov scale. The Kolmogorov scale # is estimated as 1/h~ O (10*2)

and the grid spacing is 6/h ~ O (10"?). Then, the ratio is /7 ~ O(1). Usually 6/ ~
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Figure 2: Validation of the present calculation: (a) pressure fluctuation p},.;/ P on the upper wall calculated
by different grid resolutions, (b) comparison of the mean pressure on the upper wall <pup>/poo between the
calculated results and experimental data [6] without the backpressure. The profiles of the mean pressure on the
upper wall <pup>/poo with backpressures 135ps, and 140ps are also plotted for comparison, where the mean
pressure (p) is calculated by the average in time and the spanwise direction.

@ (102) in the LES of turbulent flow [30], thus the grid resolution used here is more
sufficient to resolve turbulence. In addition, the present numerical strategy has already
been applied with success to a wide range of turbulent flows, such as compressible flows
over a wavy cylinder [20] and past an aerofoil [31], and a jet from a blunt body opposing
a supersonic flow [21].

3 Results and discussion

3.1 Flow field statement

3.1.1 Instantaneous flow field

We first discuss the influence of the backpressures on the flow structures based on the
instantaneous flow fields in Fig. 3. As shown in Fig. 3(a) for the flow structure with
the constant backpressure in Eq. (2.1), the main features of flow field consist of a series
of shock waves which are reflected between the two walls in the upstream region of
the channel. The incident shock (IS) caused by the upper wall impinges near the end
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Figure 3: Numerical schlieren-like visualizations by contours of ||Vp|| in the x—z plane for (a) the constant
backpressure, (b) the low frequency backpressure and (c) the high frequency backpressure at the phase T/4.
The label IS represents the incident shock, SS the separation shock, RS the reflected shock, SSS the secondary
separation shock, and SRS the secondary reflected shock.

of the ramp and induces a local flow separation. Then the induced separation shock
(SS) and the reflected shock (RS) impact on the upper wall. A small separation bubble
is generated by the RS, which further causes a secondary separation shock (SSS) and a
secondary reflected shock (SRS). The SRS is somewhat not obvious due to the influence
of the backpressure, while the relevant influence on the flow structures in the upstream
region of the channel (x < 6) is weak, which means the backpressure capability in the
channel [6,32]. The location of the flow separation caused by the backpressure is related
to the impingement location of the shock. Hence, there exist complicated flow structures
in the region of x <10, including shock waves, flow separations and shear layers. In the
downstream region of x > 10, the shock waves almost disappear and the flow properties
are dominated by fully developed turbulence.

Figs. 3(b) and (c) show the instantaneous flow fields for the low and high frequency
backpressures at the phase T /4, respectively. The low frequency backpressure induces a
serious adverse pressure gradient behind the SSS in Fig. 3(b), which results in the further
upstream location of the SSS, the disappearing of the SRS and the enhancement of the
flow separation on the upper wall. The similar features are also observed for the high
frequency backpressure in Fig. 3(c). The flow separation on the upper wall becomes
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weak and experiences a reattachment. The SRS still appears under the influence of the
high frequency backpressure. In addition, the existence of the oscillatory backpressure
also enhances the unsteadiness of the flow separation.

3.1.2 Mean pressure and local Mach number

The distributions of mean pressure and local Mach number along the centerline are
shown in Fig. 4, where the mean value is calculated by the average in time and the span-
wise direction. As shown in Fig. 4(a), the distributions of the mean pressure for the three
cases coincide with each other for x <3 because of weak backpressure capability. As the
oscillatory amplitude of the SSS increases under the influence of low frequency backpres-
sure, the distribution exhibits a change for 3 < x <7. Besides, the mean pressure for the
other two cases exhibits a tendency of first increasing and then decreasing for 3 <x <7,
and achieves a peak value at x =5 due to the oscillation of the SSS. As the existence of
the SRS, the mean pressure has a quick increase to the peak for the constant and high
frequency backpressure around x =7, which exhibits an increase for the low frequency
backpressure.

To understand the flow feature related to the shock/turbulence interaction, the pro-
files of mean local Mach number along the centerline are plotted in Fig. 4(b). The distribu-
tions of the local Mach number clearly distinguish the supersonic and subsonic regions.
For x <10, the oblique shock wave system exists in the channel, which exhibits a super-
sonic region. While in the downstream of the channel, the flow is decelerated across the
shocks and the turbulence is enhanced due to the unsteadiness of separated shear layers.
As the influence of the low frequency backpressure, the flow separation zone on the up-
per wall becomes large and the SSS experiences a large range oscillation, which results
in a change of the Mach number for 3 < x <7. Because of the slight oscillation of the SSS
in the other two cases, the profiles exhibit somewhat smaller distribution. Further, the
disappearance of the SRS for the low frequency backpressure leads to a gradual decrease
of the Mach number when x > 7, while a quick decrease is observed for the other two
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Figure 4: Distributions of (a) the mean pressure and (b) the mean Mach number along the centerline of the
channel.
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cases.

3.1.3 Phase-averaged flow field

In order to investigate the flow behaviors at different phases of oscillatory backpressure,
Fig. 5 shows the profiles of phase-averaged sonic line. It is observed from Fig. 5(a) that
there exists the change of sonic line during one cycle due to the influence of oscillatory
backpressure. At the phases T/4 and 3T /4, the flow separation region on the upper
wall is smaller than that at 2T /4. The supersonic region is the longest at 4T /4 and the
shortest at 2T /4. For comparison, the profiles of phase-averaged sonic line for the high
frequency backpressure are also shown in Fig. 5(b). The profiles have a little difference
among several phases, indicating that there exists weak influence on the flow structure
subject to the high frequency backpressure.

Fig. 6 shows the distributions of the phase-averaged pressure along the centerline.
The profiles at different phases demonstrate obvious difference for the low frequency
backpressure in Fig. 6(a). The curves at T/4 and 3T /4 are nearly coincident with the
mean pressure (p) for the constant backpressure, while obvious differences occur at 2T /4
and 4T /4. The profile at 2T /4 has a peak around x =4, which is related to the forward
motion of the SSS caused by the flow separation on the upper wall. Meanwhile, the strong
separation also leads to large oscillation of the SSS, which further induces a pressure rise.
Thus the curve at 2T /4 exhibits a quick increase around x =6 due to the flow separation
zone increase on the lower wall. At 4T /4, the profile is lower than that for the constant
backpressure in the region 4 < x <7, which corresponds to the flow separation decrease
on the lower wall. Moreover, the pressure at 4T /4 has a peak around x =5 which is
associated with the downstream motion of the SSS.

Fig. 6(b) also shows the profiles of the phase-averaged pressure for the high frequency
backpressure. It is seen that the distributions at various phases exhibit somewhat small
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7] S 4 VZR— AT/A
1
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0

(b) 3

5 10 15

Figure 5: The distributions of the phase-averaged sonic lines in the x—z plane for (a) the low frequency
backpressure and (b) the high frequency backpressure.
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Figure 6: Streamwise distributions of the phase-averaged pressure along the centerline for (a) the low frequency
backpressure and (b) the high frequency backpressure. The solid line denotes the mean pressure (p) averaged
in time and spanwise direction for the case with constant backpressure.

difference. The unsteadiness of flow structure in the region of 6 < x <10 results in small
deviations of the phase-averaged pressure from the mean pressure (p). Moreover, an ob-
vious periodic-like variation is observed in the downstream for x >12 induced by the pe-
riodic backpressure. This feature indicates that the high frequency backpressure mainly
influences the flow structure in the downstream region of the channel.

The correlation coefficient of the pressure fluctuation p’ determined at a reference
location x is discussed, which is calculated by [33]

RP(X)Z <p/(x0)p,(x)> 3.1)

(P’ (o)) 2 (p! ()Y

where x is the streamwise coordinate along the centerline. Fig. 7 shows the distribution
of the correlation coefficient of p’ along the centerline. Two typical reference locations are
selected. One locates at xo=23.85 near the SSS, and the other at x; =19.8 close to the outlet
of the channel. As shown in Fig. 7(a), the correlation coefficient exhibits a peak at x =3.85
for the constant backpressure and approaches zero in the downstream of the channel,
indicating a weak relationship of the fluctuations in the upstream and downstream of
the channel. Moreover, the profile of the correlation coefficient for the high frequency
backpressure exhibits the similar behavior to the constant backpressure case. For the low
frequency backpressure, the profile also reaches another peak value around x =6 except
for the peak at xo =3.85, which is associated with the oscillation of the reflected shock of
SSS. Then, the correlation decreases gradually to a negative distribution near the outlet
of the channel, which is related to the phase difference between the backpressure and the
oscillation of SSS.

It is observed from Fig. 7(b) that the peak of correlation coefficient at xo =19.8 de-
creases quickly for the constant backpressure, indicating that the oscillatory backpressure
can enhance the correlation in the downstream of the channel. The correlation is nearly
zero in the whole flow field for the constant backpressure. Moreover, the correlation for
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Figure 7: Distributions of the correlation coefficient of pressure fluctuation between xy and various positions
along the centerline for (a) xp=23.85 and (b) xy=19.8.

the low frequency backpressure exhibits higher value distribution when x >15 and grad-
ually decreases in the upstream region. The negative correlation also occurs for 3 <x <13
due to the phase change between the forward and backward motion of flow structure and
the oscillatory backpressure. Further, the correlation for the high frequency backpressure
has a remarkable negative distribution around x =14, indicating that the influence of the
oscillatory backpressure on the flow structures mainly appears in the downstream region
of the channel. The correlation for 4 <x <10 exhibits an obvious variation which is related
to the high frequency oscillation of flow structure.

3.2 Turbulent statistical features

3.2.1 Turbulent kinetic energy

From the preceding analysis on the shock waves, flow separations and their complicated
interactions, these intricate flow phenomena have a significant influence on the turbulent
fluctuations. To assess the turbulent features, the specific turbulent kinetic energy (TKE)
defined as k= {u"u";} /2U?2 is investigated in terms of the phase-averaged quantities.
The vertical distributions of the phase-averaged TKE at several streamwise locations
are shown in Fig. 8 for low frequency backpressure. From Fig. 8(a) at x =1.75, the curves
at different phases nearly collapse together, indicating that the disturbances from the
oscillatory backpressure have little influence on the flow behaviors. There exist two peaks
near the walls, which are associated with the local flow separations on the walls. Then,
from Fig. 8(b) at x =5, as a result of the oscillation of the SSS induced by the strong
flow separation on the upper wall, the distributions at different phases exhibit significant
discrepancies. Two peaks are also observed near the walls, while the peak value near the
upper wall becomes higher due to the flow separation on the upper wall. Then, the more
severe flow separation occurs on the lower wall at x=7.5 and the peak near the lower wall
dominates the TKE again as shown in Fig. 8(c). Meanwhile, compared to the positions
x=1.75 and 5, the phase-averaged TKE exhibits an increase near the centerline because
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Figure 8: The vertical distributions of the phase-averaged TKE for low frequency backpressure at several
streamwise locations x= (a) 1.75, (b) 5, (c) 7.5 and (d) 18, respectively. The solid line denotes the TKE for
the constant backpressure.

of turbulence developing in the core region of the channel. Furthermore, fully developed
turbulence dominates flow features in the downstream of the channel in Fig. 8(d) and
the TKE exhibits gentle variation in the channel except for the near-wall regions. The
variation of the TKE distributions is obviously influenced by the oscillatory backpressure
in the downstream of the channel.

Fig. 9 shows the vertical distributions of the phase-averaged TKE for the high fre-
quency backpressure. The distributions in Fig. 9(a) at x = 1.75 match with those in
Fig. 8(a). Then, from the profiles in Fig. 9(b) at x =5, the TKE exhibits a lower peak
value near the upper wall in comparison with that near the lower wall, which is related
to the local flow separations near the walls. In the downstream, the profiles in Figs. 9(c)
and (d) have the similar behavior to the counterparts in Figs. 8(c) and (d). Essentially, the
distributions at several phases exhibit relatively small difference among them compared
to the low frequency backpressure in Fig. 8.
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Figure 9: The vertical distributions of the phase-averaged TKE for high frequency backpressure at several
streamwise locations x= (a) 1.75, (b) 5, (c) 7.5 and (d) 18, respectively. The solid line denotes the TKE for
the constant backpressure.

3.2.2 Turbulent shear stress

As the oscillatory backpressure has an important influence on the evolution of shear
layer, the relevant features are further investigated. Fig. 10 shows the profiles of local
turbulent shear stress T/, ={u" yu",} /U2, along the shear layers near the walls, where the
location of shear layer is determined in terms of local peak magnitude of shear stress [21,
34,35].

For the low frequency backpressure, the shear stress along the shear layer near the
upper wall in Fig. 10(a) exhibits an obvious change at different phases. At 2T /4, the
turbulent shear stress first experiences an increase around x =2.7 due to strong flow sep-
aration. At T/4 and 3T /4, the flow separation evolves downstream, resulting in a delay
position for the increase of turbulent shear stress. The small flow separation at 4T /4 leads
to a small peak of the shear stress. Then in the downstream of the SSS, the shear stress
has a quick decrease and even becomes negative. At 2T /4, the shear stress experiences a
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Figure 10: Distributions of the phase-averaged turbulent shear stress along the shear layer near the upper wall
for (a) low and (b) high frequency backpressure, and along the shear layer near the lower wall for (c) low and
(d) high frequency backpressure.

gradual decrease and reaches its lowest value around x =7. With the suppression of flow
separation at T /4 and 3T /4, the separation reattachment occurs and then leads to a sharp
variation of the shear stress. Then the reattached boundary layer separates again due to
high adverse pressure gradient, which results in an increase of the shear stress as well.
Moreover, the pressure gradient is the smallest at 4T /4, thus the shear stress has a slight
change. On the other hand, for the high frequency backpressure, as shown in Fig. 10(b),
the profiles of the shear stress have the similar tendency to those in Fig. 10(a) with small
differences among different phases. The shear stress has larger peak value and more for-
ward position of the peak at T/4 and 2T /4 for x <7, which corresponds to the forward
expanding of flow separation on the upper wall. For x >7, the flow separation reattaches
at all phases, which results in the shear stress decreasing first and increasing again.

Because of the oscillation of flow separation on the lower wall for x > 7, the profiles
of the shear stress also exhibit the corresponding change under the influence of the os-
cillatory backpressure, especially for the low frequency backpressure in Fig. 10(c). Com-
pared to the situation near the upper wall, the shear layer due to the flow separation
on the lower wall becomes weaker, which results in small shear stress too. Similar to
the separated shear layer on the upper wall, the shear stress on the lower wall for the
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high frequency backpressure has small difference among different phases as shown in
Fig. 10(d). As the high frequency backpressure mainly influences the downstream flow
field, the higher instantaneous backpressure leads to the stronger separation at T/4 and
2T /4, which further results in the lower peak values of the turbulent shear stress.

3.2.3 Pressure fluctuation

The pressure fluctuation is important to understand the flow features in supersonic chan-
nel flow with the oscillatory backpressure. To analyze the statistical behaviors of the pres-
sure fluctuation, Fig. 11 shows the probability density functions (PDFs) of the pressure
fluctuation p’ at various phases in the region 5 < x < 10. It is seen that the positive pres-
sure fluctuation is favor over the negative one and the positive tails are “fatter” than the
negatives ones. Moreover, as shown in Fig. 11(a) for the low frequency backpressure, the
PDFs of the pressure fluctuation have obvious difference among different phases. The
PDF at 2T /4 has broader range due to the influence of the significant flow separation
and shock movement. The PDFs are more skew to the positive pressure fluctuation at
T/4 and 3T /4, indicating that both the forward and backward evolutions of flow sep-
aration are more inclined to produce positive pressure fluctuation. Moreover, for the
high frequency backpressure in Fig. 11(b), the PDFs of the pressure fluctuation exhibit
little discrepancy among different phases, and the tendency of the skewness of the PDFs
becomes relatively weak.

Fig. 12 shows the streamwise distributions of the phase-averaged rms value of pres-
sure fluctuation, p;,,,, along the centerline for the oscillatory backpressures. The p,,, for
the constant backpressure is also plotted for comparison. As shown in Fig. 12(a), the py,,
for the constant backpressure exhibits several peaks when x <5 due to the oscillation of
shocks. Further, because of the unsteadiness of SSS and its reflected shock, p,,,, increases
to a peak value around x =7 and then decreases quickly. The shear layer induced by the

(b)

PDF
PDF

Figure 11: The probability density functions (PDFs) of the pressure fluctuation p’ at various phases in the
region 5< x <10 for (a) low frequency backpressure and (b) high frequency backpressure.
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(b

Figure 12: Streamwise distributions of phase-averaged pressure fluctuation p},, along the centerline for the
case with (a) low frequency backpressure and (b) high frequency backpressure. The solid line denotes p},,, for
the case with constant backpressure.

flow separation on the lower wall also has a remarkable oscillation around x =10, result-
ing in another peak of p},,;. In the downstream of the channel for x > 11, the pressure
fluctuation decreases gradually.

As shown in Fig. 12(a), there exist obvious differences among various phases for the
low frequency backpressure. In the upstream of the channel (x <5), the pressure fluctua-
tion at 4T /4 behaves as the constant backpressure case, while the profiles at other three
phases are obviously higher. As shown in Fig. 5(a), a small flow separation on the upper
wall at 4T /4 results in the pressure fluctuation. At 2T/4, obvious flow separation on
the upper wall and the movement of the SSS induce a peak value of p,,,, around x =4.
Meanwhile, the movement of the SSS at T /4 and 3T /4 also leads to higher peak value of
the pressure fluctuation. The pressure fluctuation at T /4 and 4T /4 exhibits a peak value
around x =7. Owing to the reduction of flow separation on the upper wall, the pres-
sure fluctuation at 4T /4 has a peak value around x =7 which is lower than that for the
constant backpressure. The unsteadiness of the shear layers is also enhanced by the flow
separation on the upper wall at T /4, which leads to a higher peak value of the pressure
fluctuation as well. In the downstream of the channel (x >12), the pressure fluctuation at
several phases tends to collapse together.

The profiles of the phase-averaged pressure fluctuation for the high frequency back-
pressure are shown in Fig. 12(b). The flow oscillation in the region x <7 has an influence
on the increase of the pressure fluctuation, especially at T/4 and 2T/4. In the down-
stream of the channel, the oscillatory backpressure results in higher pressure fluctuation
at T/4 and 2T /4 and lower pressure fluctuation at 3T /4 and 4T /4.

3.3 Unsteady features of the flow field
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3.3.1 Evolution of flow separation on the wall

From the preceding discussion, the oscillatory backpressure has an important influence
on the flow structures and their unsteady evolution. To obtain a deep insight into the
flow physics, the unsteady features of the flow separation are discussed further. Here,
the evolution of the flow separation on the upper wall is analyzed. Fig. 13(a) shows
the location of the upstream edge of the flow separation zone on the upper wall for the
oscillatory backpressure. The upstream edge of the separation zone is located at the
position where the skin friction coefficient experiences a zero value and becomes negative
in the downstream [36].

The oscillatory motion of the flow separation for the low frequency can be clearly
demonstrated in Fig. 13(a). The location of the upstream edge experiences a global varia-
tion with a region ranging from x=2.5 to 3.8. Moreover, a local high frequency oscillation
is also observed from the time-dependent location, which is associated with the back-
pressure capability. The local oscillation magnitude of the upstream edge at x =2.5 is
obviously larger than that at x =23.8, which is related to the greater adverse pressure gra-
dient due to the flow separation. Furthermore, the upstream edge of the flow separation
zone for the high frequency backpressure oscillates ranging from x =3 to 3.8, indicating
that the high frequency backpressure has a relative weak influence on the evolution of
flow structures in the upstream region. However, the evolution of the flow separation
zone is not so obvious under the influence of the high frequency backpressure.

Furthermore, the power spectral densities (PSDs) of the flow separation position are
shown in Fig. 13(c). The PDF profiles contain some discrete peaks for the two cases. The
PSD has a peak at St =0.01 for the low frequency backpressure and St =0.1 for the high
frequency one. These dominant frequencies correspond to the oscillatory backpressure
frequencies, which reveals the influence of the oscillatory backpressures on the unsteady
features of the flow structures.

On the other hand, the peak value at St =0.01 for the low frequency backpressure is
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Figure 13: The time history of the position of the upstream edge of flow separation zone on the upper wall
for (a) low frequency backpressure and (b) high frequency backpressure; (c) the power spectral densities of the
separation position.
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higher than that at St =0.1 for the high frequency one, indicating that the low frequency
backpressure has a greater influence on the unsteady evolution of the flow structures
with respect to the high frequency backpressure case.

3.3.2 Energy spectra of the streamwise velocity fluctuation

The unsteadiness of the flow structures is further investigated by the energy spectra of
the velocity fluctuation. Fig. 14 shows the contour of the energy spectra of the streamwise
velocity fluctuation as a function of the wave number m and time t. The dominant wave
number exhibits a periodic-like variation for the low frequency backpressure in Fig. 14(a),
while the periodic-like variation is not obvious for the high frequency backpressure in
Fig. 14(b). The periodic-like variation of the dominant wave number demonstrates the
temporal change scale of flow structures. On the other hand, compared with the location
of flow separation in Fig. 13(a), the period with high wave number experiences the high
frequency oscillation of the flow separation on the upper wall when its upstream edge
tends to x =2.5, while the period with low wave number corresponds to the forward and
backward movement of the flow separation zone.

The scale change of flow structure will result in significant pressure fluctuation.
Hence, the conditional average pressure and pressure fluctuation for high and low wave
numbers during a time period are investigated for the low frequency backpressure. The
distributions of the conditional average pressure and pressure fluctuation along the cen-
terline for the two typical periods are shown in Fig. 15. Because of the evolution of the
flow separation as discussed above, as shown in Fig. 15(a), the conditional average pres-
sure for high wave number achieves a higher value with respect to the mean pressure
for the constant backpressure, and a lower value for low wave number. Moreover, the
backpressure experiences a reduction in high wave number period, which leads to lower
mean pressure near the outlet of the channel for high wave number and higher mean
pressure for low wave number.
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Figure 14: The energy spectra of the streamwise velocity fluctuation as a function of the wave number m and
time series for (a) low frequency backpressure and (b) high frequency backpressure.
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Figure 15: The conditional average (a) pressure and (b) pressure fluctuation for high and low wave number
during a time period along the centerline for the low frequency backpressure case. The solid line denotes the
mean pressure in (a), and pressure fluctuation in (b) for the constant backpressure case.

The distributions of the conditional average pressure fluctuation are shown in
Fig. 15(b). In the upstream of the channel (x <10), the pressure fluctuation for high wave
number has relatively higher value in comparison with that for low wave number. In the
downstream of the channel, the time period with low wave number also has significant
pressure fluctuation under the influence of the flow separation on the lower wall, while
the peak value locates around x =11. In the near outlet region (x >17), the profiles of the
pressure fluctuation for the oscillatory backpressure are higher than that for the constant
backpressure.

3.3.3 The power spectral analysis

Fig. 16 shows the pressure spectra as a function of the Strouhal number St for the stream-
wise location along the centerline of the channel. As shown in Fig. 16(a), the dominant
frequency is St=0.01 for the low frequency backpressure. In addition, the dominant fre-
quency of St=0.1 for the high frequency backpressure is also observed in Fig. 16(b), con-
sistent with the oscillatory frequency of backpressure. Similarly, the peak value at St=0.1
in Fig. 16(a) is larger than that at St =0.01 in Fig. 16(b), indicating that the low frequency
backpressure has a greater influence on the periodic-like oscillation of flow structures
than the high frequency case. Moreover, the pressure spectra for the constant backpres-
sure is shown in Fig. 16(c). The dominant frequency is not obvious as demonstrated in
the oscillatory backpressure cases. Nevertheless, a dominant frequency of St =0.012 can
be observed around x =5, which should be responsible for the local enhancement of the
pressure fluctuation.

For a further comparison of the dominant frequency between the low frequency and
the constant backpressure, the spatial structures of the low-frequency Fourier mode at
St =0.01 are examined in Fig. 17 by means of the treatment [29]. As the oscillation fre-
quency of SSS is approximately St =0.01, the evolution of the SSS has an important in-
fluence on the unsteadiness of the flow field. Nevertheless, the energy levels have lower
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Figure 16: The pressure spectra for (a) the low frequency backpressure, (b) the high frequency backpressure
and (c) the constant backpressure.
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Figure 17: Fourier mode at St=0.01 of the pressure fluctuation for (a) the low frequency backpressure and (b)
the constant backpressure.

order for the constant backpressure compared with that for the low frequency backpres-
sure. This implies that the resonance effect of the oscillatory frequency of backpressure
and the oscillation frequency of the SSS enhances the unsteadiness of the shock and in
turn the pressure fluctuation.

4 Concluding remarks

Numerical investigation on the complex flow phenomena and mechanisms in supersonic
channel flow with periodic oscillatory backpressures at the outlet of the channel was car-
ried out by means of the LES technique. Three kinds of backpressure for constant back-
pressure and both oscillatory backpressures with low and high frequency were consid-
ered. The statistical features of flow field and pressure fluctuations were examined. Vari-
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ous fundamental mechanisms dictating the complex flow phenomena, including moving
shock waves, flow separations, shear layers, were investigated.

It is found that the low frequency backpressure leads to a periodic-like oscillation of
flow structures and the enhancement of the flow separation on the upper wall, while the
high frequency backpressure relatively has a weak influence on the periodic-like motion
of flow structures. The averaged flow structures demonstrate that the similar structures
occur for different backpressures. Based on the analyse of the phase-averaged quantities,
it is identified that there exists the phase difference of flow structures for the low fre-
quency backpressure. The oscillatory backpressures have a significant influence on the
statistical features. Because the oscillatory backpressure is applied, the flow separation
on the upper wall is enhanced, which leads to an enhancement of the oscillation of the
separation shock. As a consequence, turbulence intensities are also enhanced. In particu-
lar, due to the influence of the low frequency backpressure, the phase-averaged turbulent
kinetic energy has an obvious phase dependence. Moreover, large pressure fluctuation is
observed for the low frequency backpressure at various phases, especially in the middle
region of the channel.

The unsteadiness of flow field has been examined by the evolution of flow structures.
It is found that the flow structures globally have low frequency oscillation under the in-
fluence of the low frequency backpressure. The dominant frequency of the evolution
of the flow structures is close to the frequency of the oscillatory backpressure. More-
over, the low frequency backpressure leads to obvious periodic-like evolution of the flow
structures. Due to the resonance effect between the low frequency backpressure and the
oscillation of the secondary separation shock, the low frequency backpressure results in
an enhanced oscillation of the shock and a significant pressure fluctuation in the channel.
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