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Abstract
The flow of high-speed air in ducts may result in the occurrence of multiple shock-wave/boundary-layer interactions. Under-
standing the consequences of such interactions, which may include distortion of the velocity field, enhanced turbulence
production, and flow separation, is of great importance in understanding the operating limits and performance of a number
of systems, for example, the high-speed intake of an air-breathing missile. In this paper, the results of a computational study
of multiple shock-wave/boundary-layer interactions occurring within a high-speed intake are presented. All of the results
were obtained using the in-house computational fluid dynamics solver of Glasgow University, HMB3. First simulations of
a Mach M = 1.61 multiple shock-wave/boundary-layer interaction in a rectangular duct were performed. The M = 1.61
case, for which experimental data is available, was used to establish a robust numerical approach, particularly with respect
to initial and boundary conditions. A number of turbulence modelling strategies were also investigated. The results suggest
that Reynolds-stress-based turbulence models are better suited than linear eddy-viscosity models. This is attributed to better
handling of complex strain, in particular modelling of the corner separation. The corner separations affect the separation at the
centre of the domain which in turn alters the structure of the initial shock and the subsequent interaction. Having established
a robust numerical approach, the results of a parametric study investigating the effect of Mach number, Reynolds number,
and confinement on the baseline solution are then presented. Performance metrics are defined to help characterize the effect
of the interactions. The results suggest that reduced flow confinement is beneficial for higher-pressure recovery.

Keywords Pseudo-shock · Shock train · Multiple shock-wave/boundary-layer interaction · MSWBLI · Parametric study ·
Corner flows · EARSM

1 Introduction

The key to the design of supersonic intakes is compressing
a large volume of air with minimal total pressure loss and
flow distortion while avoiding the possibility of unstart over
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awide operating range. This design objective can be achieved
inmanydifferentways, for example, using an isentropic com-
pression in a longduct, but themost reasonable, for a practical
air vehicle, appears to be splitting the overall compression
over a sequence of inclined shock waves. The overall effi-
ciencyof the intake then depends fundamentally on the nature
of the shocks, their interactionwith the intake boundary layer,
and the resultant flow. Thus, for most flight conditions, for-
mation of multiple shock-wave/boundary-layer interactions
(SWBLIs) inside the intake is expected.

Multiple SWBLIs are often referred to as shock trains
or pseudo-shocks. Although these terms are used, at times,
interchangeably, the term shock train refers to the series of
shocks and the pseudo-shock term refers to the entire region
of pressure rise [1].Referring toFig. 1a,which shows a sketch
of multiple normal SWBLI in a rectangular duct/intake, we
can identify a number of distinct regions. Firstly, we have the
pseudo-shock region, that part of the domain over which the
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(a)

(b)

Fig. 1 Schematic of a multiple shock-wave/boundary-layer interaction in a rectangular duct/intake (a) and of the employed numerical domain and
boundary conditions (b)

shock train acts to produce the ultimate compression. Next,
we identify a region downstream of the shock train termed
the mixing region. The end of this region is often determined
by the maximum of the wall pressure.

In addition to multiple SWBLI, oblique SWBLI and
reflected shocks are often present within the intake. For the
multiple normal SWBLI sketched in Fig. 1a, the first shock
imparts an adverse pressure gradient on the incoming bound-
ary layer developing on the walls of the rectangular duct.
If the adverse pressure gradient and wall stresses are large
enough, the boundary layer separates and a recirculating flow
region forms. This region leads to the formation of oblique
compression shocks (leading and trailing legs) which even-
tually join with the first shock to form a λ-shock structure.
Higher Mach numbers downstream of the first shock are
present near the corners of the duct, as the λ-shock structures
on adjacent walls interact [2]. The result of their interaction
is a weaker adverse pressure gradient at the corners of the
duct compared to the centreline. From the bifurcation (or
triple) point formed from the λ-shock structure, a secondary
shear layer can develop in the form of a slip line. Down-
stream of the first shock, the flow is subsonic; however, the
local streamline curvature re-accelerates the flow. Due to the
curvature, the supersonic flow downstream of the trailing
leg of the shock turns towards the wall. Depending on how
sudden the turn is (governed by the ratio of boundary layer
thickness δr to the duct half-height h), the flow may again
become supersonic and promote the formation of multiple
SWBLIs (MSWBLIs). For high Mach numbers (Mr), the
effect of flow confinement (δr/h) on the MSWBLI is less

pronounced [1]. At high Mach numbers, MSWBLIs form
even under low flow confinement. As the Mach number or
flow confinement increases, the SWBLI undergoes a transi-
tion froma single normal shock, tomultiple normal shocks, to
multiple oblique shocks. Multiple oblique shocks are almost
exclusively observed at high Mach numbers. The transition
from single SWBLI to multiple SWBLI is accompanied by
an increase in the interaction length.

The importance of these phenomena, their prediction, and
their control are paramount to effective intake design. For
this reason, a robust numerical method capable of predicting
multiple SWBLIs with an appropriate degree of accuracy
is required. Not only must the method be able to ade-
quately resolve shock-wave/boundary-layer interactions, but
it should also be able to accurately resolve the corner flows
present in ducts. Overestimation of the corner flows can lead
to overestimation of pressure oscillations on the wall of the
intake. Accurate prediction of the corner flow is also impor-
tant at high levels of flow confinement. Such flows are known
to be challenging for the linear eddy-viscositymodels used in
many industrial applications, as suchmodels are known to be
weak for flows containing complex strain, for example, the
shock-wave/boundary-layer interaction itself or in the corner
flow. However, higher-fidelity approaches, such as large-
eddy simulation (LES), require reduction in the Reynolds
number to be computationally tractable, and although they
capture the initial pressure rise well, downstream pressure
can be underpredicted, most likely due to incorrect boundary
layer growth rate. Hybrid Reynolds-averaged Navier–Stokes
(RANS)/LES methods such as the scale-adaptive simulation

123



Parametric study of multiple shock wave/turbulent boundary layer interactions with a… 257

(SAS) and the detached-eddy simulation (DES) in differ-
ent formulations rely on linear eddy-viscosity models in the
RANS regions and suffer from many of the limitations of a
pure RANS approach.

The objective of this paper is to explore the utility of non-
linear eddy-viscosity models for this flow. To do this, the
effect of Mach number (Mr), Reynolds number (Reh), and
level of flow confinement (δr/h) on an MSWBLI interaction
is studied. Sections 2 and 3 discuss the numerical method
and the problem set-up used in this work. The results in
Sect. 4 are presented as follows: first, a validation of the
approach is presented. This is followed by a parametric study
that investigates the effect of lower pre-shock Mach number,
lower Reynolds number, lower level of flow confinement,
and reduced aspect ratio. Efficiency metrics are calculated
for the shock train cases, each at different combinations of
outlet pressure, inlet Mach number, and Reynolds number.
The data are used to determine under which conditions the
resulting shock train achieves the highest pressure recovery
and lowest flow distortion, and conclusions are drawn as to
which shock train structure is the most suitable for efficient
flow deceleration.

2 Numerical method

Numerical simulations of the steady flow fields have been
performed using the Helicopter Multi-Block (HMB3) flow
solver [3,4]. The flow solver is a three-dimensional, fully
implicit, structured, multiblock unsteady Reynolds-averaged
Navier–Stokes (URANS) code solving the URANS equa-
tions in integral form using the arbitrary Lagrangian–
Eulerian (ALE) formulation for time-dependent domains,
which may include moving boundaries. The equations are
discretized using a cell-centred finite volume approach. The
spatial discretization of these equations leads to a set of ordi-
nary differential equations in time

d

dt

(
Wi, j,kVi, j,k

) = −Ri, j,k
(
Wi, j,k

)
, (1)

where i, j , and k represent the cell index, W and R are
the vectors of conservative flow variables and flux resid-
ual, respectively, and Vi, j,k is the volume of the cell i, j ,
and k. The Osher [5] approximate Riemann solver is used to
evaluate the convective fluxes, while the viscous terms are
discretized using a second-order central difference scheme.
The Monotonic Upwind Scheme for Conservation Laws
(MUSCL) approach developed by van Leer [6] is used to
provide high-order accuracy in space. In regions where large
gradients are encountered mainly due to shock waves, the
alternative form of the van Albada limiter [7] is activated to
avoid non-physical spurious oscillations. An implicit dual-

time stepping method is employed to perform the temporal
integration, where the solution is marching in pseudo-time
iterations to achieve a fast convergence,which is solved using
a first-order backward difference. The linearized system of
equations is solved using the generalized conjugate gradi-
ent method with a block incomplete lower–upper (BILU)
factorization as a pre-conditioner [8]. The solver offers sev-
eral one-equation, two-equation, three-equation, and four-
equation turbulence models. In addition, LES, DES, delayed
DES (DDES), improved DDES (IDDES), and SAS methods
are also available. The fully turbulent k–ω EARSM [9,10]
turbulence model is used due to its good agreement with
experimental data for this case.

3 Numerical set-up

For the shock train simulations performed, the multiple
SWBLI experiments by Carroll and Dutton [11–16] are tar-
geted for comparison. In the experiment, a 753.8-mm-long
rectangular test sectionwasusedwith laserDoppler velocime-
try (LDV) measurements beginning at xr = 264.8mm, the
approximate location of the initial shock, and extending
downstream, at variable intervals over 400mm. The top and
bottom walls of the rectangular test section had a divergence
angle of 0.13◦. From the boundary layer measurements, the
height of the rectangular test section at xr = 264.8mm was
2hr = 33.75mm (δr/h = 0.32, δr = 5.4mm). The width
of the section is 2w = 76.2mm and is constant. The Mach
number before the interaction was Mr = 1.61, and the unit
Reynolds number was Re = 3.0 × 107 m−1. The Reynolds
number based on the half-height of the duct at xr = 264.8mm
is, therefore, Reh ≈ 5.06 × 105.

3.1 Numerical domain, grids, and boundary
conditions

A numerical domain of length Lx/h = 46.32 was used for
the shock train simulations of the experiment by Carroll [11].
The domain was made dimensionless by the duct half-height
at x/h = 0 (h = 16.275mm). Figure 1b shows a qualita-
tive sketch of the numerical domain. At the inlet, either a
uniform or 1/7th profile can be specified. Previous investi-
gations showed that the length of the domain is sufficient
to achieve the required boundary layer thickness at xr. If a
thicker boundary layer is required at xr, a 1/7th profile can
be specified or the domain can be extended. For all cases, a
uniform profile was specified at the inlet. The Mach num-
ber at the inlet was higher than the Mach number before the
start of the interaction to take into account the area reduction
due to the boundary layer growth. The outlet pressure was
also adjusted to match the experimental pressure at a spe-
cific station downstream of the onset of the interaction. The
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Fig. 2 Grid B (a) and cross
sections of grid B (b) and grid C
(c) at x/h = 0; the red line
shows the quarter of the
numerical domain used for the
simulations

Table 1 Grid parameters for the
shock train simulations; the
colon symbol indicates grid
stretching; grid points for the
quarter domain are reported

Grid Nx Ny Nz Δx/h Δy/h,Δz/h Points

A0 714 76 98 0.04 1 × 10−5: 0.05:0.07 5.32 × 106

A1 1199 76 98 0.02 1 × 10−5: 0.05:0.07 8.93 × 106

A2 2088 76 98 0.01 1 × 10−5: 0.05:0.07 15.56 × 106

A3 2088 84 119 0.01 1 × 10−5: 0.03:0.04 19.12 × 106

B 1962 76 98 0.02 1 × 10−5: 0.05:0.07 14.61 × 106

C 1962 76 88 0.02 1 × 10−5: 0.05:0.07 13.12 × 106

Table 2 Shock train validation
cases; the grid used for each
case is given in brackets

Case (grid) Iu (%) Mu Mr δr (mm) δr/h xr/h p/pu p/pr

Medium (A1) 0.6 1.69 1.627 5.1 0.32 26.4 2.4776 2.3337

Fine (A2) 0.6 1.69 1.616 5.0 0.31 26.0 2.4776 2.2329

Very fine (A3) 0.6 1.69 1.616 4.6 0.28 25.7 2.4776 2.2320

Experiment [11] 1.610 5.4 0.32 2.2309

adjustments of Mu and p allowed to match the upstream and
downstream conditions as closely as possible. At the outlet,
a first-order extrapolation was performed except where the
flow is subsonic. There, the outlet pressure p was specified.
Adiabatic wall boundary conditions were used for all walls,
and since previous investigations showed that the MSWBLI
does not exhibit asymmetry, symmetry boundary conditions
were applied at the x–z and x–y planes. This resulted in sim-
ulating only a quarter of the numerical domain.

A previous study using grids A0–A3 [17] showed no sig-
nificant differences in the wall pressure and the Reynolds
stress profiles on finer grids. Grids A0–A2 featured refine-
ment in the streamwise direction and grid A3 featured
additional refinement in the wall-normal direction. Based on
the results two additional gridsB andC, having a similar level
of refinement were created. Figure 2a shows grid B (mirrored
across the z–x and y–x planes). Also shown in Fig. 2b, c are
the cross sections of grid B and grid C at x/h = 0. As shown
in Fig. 1b, the grids feature a refinement region in the stream-
wise (x/h) direction to resolve the pseudo-shock. All grids

apart from grid C have an aspect ratio of h/w = 2.34. Grid C
has an aspect ratio of h/w = 1.76. Grids B and C have iden-
tical streamwise andwall-normal spacings as the A1 grid and
feature a longer refinement region in the streamwise direc-
tion to account for any shock train movement due to different
inlet/outlet conditions and geometry. For all grids, the first
grid point was located at y+ � 1. The average y+ at the wall
for grid A3 was ≈ 0.1. Table 1 lists the grid parameters.

3.2 Validation cases

Table 2 lists the parameters for the shock train simulations
of the experiment by Carroll [11]. The flow properties at the
inlet and the onset of the interaction are reported in the table.

3.3 Parametric cases

To investigate the effects of the Reynolds number, Reh , and
pre-shock Mach number, Mr, on the shock train, the shock
train was first simulated at inlet–outlet conditions corre-
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sponding to the experiment by Carroll [11]. Two additional
simulations were then performed at the same inlet–outlet
pressure ratio of p/pu = 2.4776 and lowerMach numberMu

and Reynolds number Reh . For the lowest Mu case, the pres-
sure ratio had to be lowered, as the reference value resulted in
an isolator unstart. The differences in theMach andReynolds
numbers between the reference simulation and the simu-
lations at lower Mu and lower Reh were ΔMu ≈ 0.1 and
ΔReh ≈ 4.4× 105. A simulation at lower flow confinement
(δr/h) was also performed. To decrease the flow confinement
(δr/h) from the reference value (δr/h = 0.3084), the outlet
pressure was increased by ≈ 12 and ≈ 16%. The increase
in the outlet pressure relocated the shock train upstream,
where the boundary layer was thinner and hence the flow
confinement was smaller. An additional case to investigate
the effects of increased spanwise confinement (δr/w) was
also performed. The aspect ratio of the duct was reduced
from w/h = 2.34 to w/h = 1.76 (25% reduction).

As changes of the inlet/outlet conditions or the geome-
try result in a different Mach number before the start of the
interaction, Mr, three additional cases were considered. The
Mach number at the inlet, Mu, for each case was adjusted
until a Mach number before the start of the interaction of
Mr ≈ 1.61 was obtained. This allowed investigation of the
isolated effect of Reh and δr/h on the interaction. The pres-
sure ratio p/pu was kept constant at p/pu = 2.4775 and
p/pu = 2.7876, respectively.

Table 3 lists the parameters for the shock train parametric
cases. The cases with matching pre-shock Mach number Mr

are marked in bold. In addition to the above cases, a Latin
hypercube approach was used to generate combinations of
inlet Mach number Mu, outlet pressure percentage η, and
Reynolds number Reh . The upper and lower limits for each
parameter were set to 1.5 ≤ Mu ≤ 3.0, 0.6 ≤ η ≤ 0.9, and
1.0 × 104 ≤ Reh ≤ 1.0 × 106, where the outlet pressure
percentage (η) was defined as the percentage of the pressure
rise across an inviscid shock with a pre-shock Mach num-
ber of Mu. The use of p and Mu as parameters instead of
δr/h and Mr was motivated by the fact that matching a spe-
cific δr/h and Mr requires iterative adjustments to Mu and p
which is not practical. Table 3 also lists the parameters for
the generated shock train parametric cases.

All simulations were initialized with an inviscid shock
having a strength of Mu, placed at the end of the domain.
At the inlet, the eddy-viscosity ratio for all cases was set to
μt
μ

= 10. Investigations showed that increasing the turbu-
lence intensity at the inlet does not have a significant effect
on the solution. Approximately 5 × 104–1 × 105 implicit
steps at Courant–Friedrichs–Lewy (CFL) number of 4 were
required for the steady-state solutions to converge to at least
five orders of magnitude in the flux residuals.
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Fig. 3 Wall pressure (top) and
Mach number contours (bottom)
for the A1, A2, and A3 grids

4 Results and discussion

4.1 Validation cases

Previous numerical investigations of multiple shock wave
boundary layer interactions showed that the fully turbulent
k-ω EARSM turbulence model captures the wall pressure
well. Figure 3 shows the wall pressure (a) and Mach num-
ber contours at the midplane for the A1 (b), A2 (c), and A3
(d) grids obtained with the k-ω EARSM turbulence model.
The model slightly underpredicts the wall pressure at the
beginning of the interaction which is attributed to the larger
separation at the foot of the initial shock. Due to the abil-
ity of the model to account for the secondary flows, smaller
corner separations are predicted by the model and the wall
pressure, although slightly underpredicted, is in good agree-
mentwith the experiment. The linear k-ω [18], k-ωBSL [19],
and k-ω SST [19] turbulence models were found to overpre-
dict the size of the corner separations leading to oscillations
of the wall pressure, not reported in the experiment [17].
The difference in the onset of the interaction xr between the
A2 and A3 grids was ≈ 0.7% of the domain length. The
obtained wall pressures on all grids agreed well when the
axial coordinates were shifted such that xr = 0, where xr is
the onset of the interaction.A slight reduction in the boundary
layer thickness was present on finer grids. The decrease was
turbulence-model-dependent and was more pronounced for

Fig. 4 Numerical schlieren obtained from the reference case using grid
A3 (top) and Carroll’s [11] experimental schlieren (bottom)

the nonlinear k-ω EARSMmodel. Linear turbulence models
showed no significant changes.

Figure 4 shows the comparison between the density gra-
dient from the A3 grid and the experiment by Carroll [11].
According to Edney’s classification [20], the initial shock
forms a type II shock pattern in the experiment. For detailed
schematics of the six different shock patterns, refer to the
work by Delery [21]. The A3 grid predicts a type I shock
pattern, due to the larger separation at the foot of the shock
predicted by the nonlinear turbulence model. In contrast,
the linear turbulence models predict a type II shock pat-
tern with a Mach stem. However, the wall pressures of the
linear models feature oscillations not observed in experi-
ments. Two-dimensional simulations of the problem with
linear eddy viscosity turbulence models show good agree-
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Fig. 5 Experimental wall
pressure, wall pressure from the
very fine simulation, and wall
pressure computed with the
Waltrup and Billig empirical
equations [24,25]

Fig. 6 Wall pressure (top) and
Mach number contours (bottom)
for the reference and reduced
Mu and Reh cases given in
Table 3

ment in the shock spacing; however, they fail to account for
the spanwise effects which are also important.

Several shock train models have been developed over the
years including the shocklessmodel by Crocco [22] followed
by the diffusionmodel andmodified diffusionmodels by Ikui
et al. [23] and the mass averaging pseudo-shock model by
Matsuo et al. [1]. These models can only predict the pressure
rise across the shock train. An empirical quadratic equation
for cylindrical ducts was developed by Waltrup and Billig
[24]. The equation gives the pressure distribution and the
distance over which the pressure rise is spread. Further mod-
ifications to the equation were made by Billig for square
ducts. The equation for the pressure distribution is given by
[25]:

x
(
M2

r − 1
)
Reα

θr

H1/2θ
1/2
r

= 50

(
p

pr
− 1

)
+ 170

(
p

pr
− 1

)2

, (2)

where θr is the momentum thickness before the interaction,
Reθr is the momentum thickness Reynolds number, H = 2h
is the duct height, and α is either 1/4 or 1/5 for circular

or square ducts, respectively. Both circular and square duct
equations havebeen applied. Figure 5 shows thewall pressure
predictions. The square duct equation shows better agree-
ment with experiments; however, the equation underpredicts
the pressure gradient at the beginning of the interaction.

4.2 Parametric cases

The following section first considers the effects of Reynolds
number, Mach number, confinement, and aspect ratio on the
reference case. The pressure ratio p/pu was kept constant,
while Mu,Reh , or w were varied. To investigate the effect of
confinement, the p/pu ratio was varied.

4.2.1 Effect of Reynolds andMach numbers

The wall pressure and Mach number contours for the lower
Mach and Reynolds results are shown in Fig. 6. The inlet–
outlet pressure ratio for both cases is constant and equal to the
pressure ratio of the reference case. The shock train length
increased considerably for the case at lower Reh . The Mach
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Fig. 7 Isosurfaces of M = 1.0
(green) and u/Vu = 1 × 10−3

(blue) for the reference, lower
Mu, lower Reh , and lower δr/h
cases given in Table 3

Fig. 8 Visualization of the wall shear stress using friction lines at the wall for the cases given in Table 3

number contours indicate that the supersonic core flow region
extends further downstream. There is no distinct termination
of this region as observed in the other two cases. The onset
of the interaction begins at xr/h = 15.3. The difference with
the reference case spans about 24% of the domain length.
Although the location of the onset moves upstream for the
lower Reh case, both the reference and the lower Reh cases
have similar levels of flow confinement—δr/h = 0.311 and
δr/h = 0.307 and the pre-shock Mach number difference
between the two cases was about 3%. This shows that for a
constant pressure ratio p/pu and a reduced Reynolds number
Reh the confinement is the dominant parameter in determin-
ing the onset of the interaction. Figures 7 and 8 show the
sonic and separation isosurfaces and the shear stress visual-
ized with friction lines on the wall.

Both the reference and the lower Reh cases feature large
separation on the top and bottom walls with less pronounced
corner separations for the latter. Experimental studies of
oblique and normal SWBLIs performed by Dupont et al.

[26], Doerffer et al. [27], and Bruce et al. [28] report that the
extent of the shock-induced separations at the centreline of
the duct is strongly affected by the state of the flow at the
corners of the duct. In the experiment by Bruce et al. [28],
reduction in the corner separation by upstream suction of the
boundary layer resulted in a separated region at the centre-
line in a previously attached flow field. The case at lower
Mach number Mu has larger corner separations and smaller
separations on the upper and lower walls. The size of the cen-
treline separation is reduced due to the increase in the corner
separations which is in agreement with experiments. Both
the reference and lower Reh cases feature an oblique initial
shock structure. The case at lower Mu shows an initial shock
with a Mach stem. Such shock structure is usually observed
at lower levels of confinement and lower pre-shock Mach
numbers Mr. Considering the reference case and the cases at
lower Mu and lower Reh , the pressure recovery p0/p0,u at
(x − xr)/h, 20 non-dimensional streamwise distances after
the onset of the interaction, is highest for the case at lower
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Fig. 9 Wall pressure (top) and
Mach number contours (bottom)
for the reference and reduced
δr/h cases given in Table 3;
dashed lines mark the location
where the supersonic contours
end

Fig. 10 Shock train length L/h
and onset xr/h with respect to
confinement level; L/h is
obtained from the midplane
slices at the location where the
supersonic contours end, dashed
lines in Fig. 9

Mu (0.825). The difference in pressure recovery between the
reference and lower Reh cases is Δp0/p0,u = 0.0052.

4.2.2 Effect of confinement

As the outlet pressure is increased by 12% for the refer-
ence case, the onset of the interaction moves upstream, to
xr/h = 15.6.

The movement is equivalent to approximately 23% of
the domain length. Figure 9 shows the wall pressure and
Mach number contours for the reference and reduced δr/h
cases. The upstream movement of the shock is accompa-
nied by a reduction in the shock train length and by changes

of the initial shock structure. The differences in pre-shock
Mach number and confinement between the cases amount to
about 1.3% and 36.2%. As the confinement is reduced, the
shock train becomes shorter and the spacing between subse-
quent shocks decreases (as observed byCarroll [11]). Further
decrease in the confinement reduces the shock train length
to approximately L/h = 8.

Figure 10 shows the shock train length L/h versus the
level of flow confinement and Fig. 11 the wall shear stress.
The case at lower Mu has similar confinement to the case
at lower δr/h—about 0.19. The difference in the pre-shock
Mach numbers is about 7%. Nevertheless, both cases feature
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Fig. 11 Visualization of the wall shear stress using friction lines at the wall for the cases given in Table 3

Fig. 12 Wall pressure (a) and
Mach number contours (b, c) for
the reference and reduced w/h
cases given in Table 3

shorter shock trains with an initial shock that has a Mach
stem.

The pressure recovery for the lower δr/h case is
p0/p0,u = 0.783, again taken at 20 dimensionless distance
units after the start of the interaction. Figure 7 shows the
sonic and separation isosurfaces for the reference and lower
δr/h cases. For the latter, the corner separations are larger.
Since the size of the corner separation affects the centreline
separation and the structure of the initial shock, for cases
with larger levels of flow confinement (reference and lower
Reh), the corner separations are small, resulting in a larger
separation at the centreline and no Mach stem.

4.2.3 Effect of aspect ratio

Reduction in the aspect ratio from w/h = 2.34 to
w/h = 1.76 did not have a huge effect on the interaction.

Figure 12 shows the wall pressure and Mach number con-
tours for the reference and reducedw/h cases. A small Mach

Fig. 13 Isosurfaces of M = 1.0 (shaded green) and u/Vu = 1 × 10−3

(shaded blue) for the reduced w/h case given in Table 3

stem is present for the latter, resulting in the appearance of
supersonic tongues and subsonic core flow. The difference
between the onset of the interaction for the cases is ≈ 2%
of the domain length, and the difference in pre-shock Mach
number is ≈ 0.5%. The spanwise confinement, defined as
δr/w where w is the half-width of the duct and δr is the
boundary layer thickness in the midplane perpendicular to
the side wall, was δr/w = 0.13 for the reference case and
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Fig. 14 Visualization of the
wall shear stress using friction
lines at the wall for the cases
given in Table 3

δr/w = 0.17 for the reduced w/h case. A 25% reduc-
tion of w/h resulted in 30.5% increase in δr/w. Although
the percentage increase is large the actual increase between
the cases is not, Δδr/h = 0.04. As stated earlier for the
reduced w/h case, the pre-shock train Mach number and
the onset of the interaction do not vary considerably. The
main difference observed for the Mach number contours is
the appearance of supersonic tongues and a subsonic core
(shown in Fig. 12c). From the separation isosurface, shown
in Fig. 13, it is observed that the corner separations are larger
compared to the reference case (shown in Fig. 7a) and the
centreline separation is smaller. Again, the smaller centreline
separation results in an initial shock with a Mach stem. The
wall shear stress, shown in Fig. 14, is qualitatively similar for
both cases. Following the observations made from the sepa-
ration isosurfaces, the centreline separation is reduced. The
corner separations occupy approximately 4.06% and 9.65%
of the duct width for the reference and reduced w/h cases,
respectively.

4.2.4 Matching pre-shock Mach number

Figure 15 compares the wall pressure andMach number con-
tours of the lower δr/h and Reh cases, both having Mr of
approximately 1.61. The inlet–outlet pressure ratio was kept
constant, while the inlet Mach number varied. Note that for
the lower δr/h case the outlet pressure is 12% higher. As the
pre-shock Mach number was approximately Mr = 1.61 for
all three cases, the sole effect of confinement on the inter-
action was investigated. For the lowest level of confinement,
an initial shock with a Mach stem was observed. As the con-
finement was increased, the Mach stem reduced in size and
disappeared (for both the reference and lower Reh cases).
For the case at lower Reh , the confinement was δr/h = 0.37
which resulted in weak crossing oblique shocks followed by
aweak normal shock. From thewall pressure, it was observed
that the increasing confinement smeared the pressure gradi-
entmainly by altering the initial shock structure. The increase
in the confinement level was accompanied by a reduction

in the corner separations and an increase in the shock train
length, as seen from Fig. 7a, d. The shock train is longest
for the lower Reh case (shown in Fig. 7e). Figure 16b shows
that similarly to the cases without matching Mach number,
a reduction in the confinement δr/h leads to an increase in
the corner separations and a decrease in the centreline sepa-
ration. Although slight, increase in the corner separations is
also observed for the lower Reh case (shown in Fig. 16c).

4.3 Efficiencymetrics

Figure 17 shows theMach number contours for the remaining
MSWBLI cases—10 to 14. For the shock train atMu = 1.736
(case 11), the initial shock features aMach stem. The absence
of a Mach stem is observed for the shock train at Mu = 1.62
(case 10) although the pre-shock Mach number is lower.
The difference in the pre-shock Mach number amounts to
≈ 8%. Comparing the confinement ratios shows that case
10 has higher confinement (δr/h = 0.36) than case 11
(δr/h = 0.31). The corner separations for case 10 are smaller,
giving rise to a larger centreline separation which affects the
initial shock structure. Cases 12, 13, and 14 have lower levels
of flowconfinement than cases 10 and11.However, the shock
train is formed by two crossing oblique shocks followed by
a series of normal shocks. According to Matsuo et al. [1] for
Mach numbers Mr larger than 1.8–2.2, oblique shock trains
are mostly observed, depending on the state of the boundary
layers. The pre-shock Mach number for cases 12, 13, and
14 falls within this range. Case 12 features an initial shock
with a very small Mach stem, whereas case 14 features two
crossing oblique shocks terminated by a normal shock. The
crossing of the oblique shocks for case 13 is significant, and
as a result, there is no subsonic flow downstream of the cross-
ing. In all cases, the downstream shocks in the shock train
are concave facing upstream. All cases without a Mach stem
do not have supersonic tongues (reference, lower Reh , case
10, case 13, and case 14). Cases featuring an initial shock
with a Mach stem and a triple point have supersonic tongues
(lower Mu, lower δr/h, case 11). The flow near the slip-line

123



266 K. Boychev et al.

Fig. 15 Wall pressure (top) and
Mach number contours (bottom)
for the reference and lower δr/h
and lower Reh cases given in
Table 3

Fig. 16 Visualization of the wall shear stress using friction lines on the wall for the cases given in Table 3

emanating from the triple point of the initial shock remains
supersonic for longer distances downstream. As these points
move closer to the centreline, the core flow after the shock
train remains supersonic. The efficiency metrics commonly
used for high-speed intakes are the flow distortion (FD), and
the total pressure recovery (TPR). The FD and TPR are given
by:

FD = p0,max − p0,min

p0,average
, (3)

TPR = p0,average
p0,u

, (4)

where p0,average is the total averaged pressure at the outlet and
p0,u is the total pressure at the inlet. The effect of pseudo-

shock length on the total pressure recovery was investigated
by Mahoney [29] who showed that maximum total pressure
recovery is achieved when the throat length of the intake
equals or is slightly greater than the pseudo-shock length. For
maximum total pressure recovery at off-design conditions,
e.g., increase/decrease in the design Mach number or non-
uniformflowdue to change in the angle of attack or sideslip, it
was concluded that the length of the throat section should be
sufficient to account for changes in the pseudo-shock length.

Table 3 lists the TPR and FD efficiency metrics for all
shock train cases, and Figs. 19 and 18 show quadratic sur-
face fits for the FD and TPR. For the first 9 cases in Table 3,
the efficiency metrics are evaluated at 20 dimensionless dis-
tance units after the onset of the interaction (xr). The TPR
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Fig. 17 Mach number contours for cases 10–14 given in Table 3

Fig. 18 Quadratic surface fit for FD; R2 = 0.982

for the reference case is approximately 11.9% lower than
the reference TPR, taken as the TPR across a normal shock
with a pre-shock Mach number of Mr. As the confinement
is decreased (lower δr/h case with matching Mr), the TPR
increases and the flow distortion decreases). The lower δr/h
case with matching Mr has an initial shock with aMach stem
due to the smaller centreline separation and larger corner
separations. The extent of the separation in the streamwise
direction is about Lsep/h = 1.30. Both the reference and low
Reh cases have larger separations in the streamwise direc-

tion, of Lsep/h = 1.55 and Lsep/h = 1.61, respectively.
The increase in the separation is accompanied by a decrease
in the TPR and an increase in the FD. As the separation
is affected by the corner separations and itself affects the
initial shock structure, the cases with smaller centreline sep-
arations exhibit higher TPR. Such cases are the lower δr/h
with and without matching Mr, and the lower Mu case. For
the lower δr/h case with a matching Mr, the TPR increases
by 6.2% and the FD decreases by 17.8% compared to the
reference case. Similarly, FD and TPR are evaluated at 10
dimensionless distance units after the onset of the interac-
tion for cases 10–14 in Table 3. As the Mu,Reh , and p vary
for each case, it is more difficult to draw similar conclu-
sions. However, the variation of Reh is moderate, and all
cases exhibit reduced TPR and increased FD. On average,
the TPR is approximately 10% lower than the reference TPR
for cases 10–14. Case 10, being at a similar Mach number
to the reference case, shows that larger separation resulting
in a triple point closer to the centreline reduces TPR and
increases FD. As the Mach number is increased for cases
11–14, the TPR continues to decrease and the FD to increase.
Even though case 11 features a triple point below the cen-
treline, due to the higher Mach number the TPR and FD are
worse than for the lower Mu or lower δr/h cases. For cases
13 and 14, the FD is greater than one. The increase in the FD
is due to the decrease in the minimum stagnation pressure
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Fig. 19 Quadratic surface fit for TPR; R2 = 0.994

Fig. 20 Flow distortion for the reference, lower Mu, and lower Reh
cases

ratio p/pu at x/h = 10. For the higher-Mach-number cases
(13 and 14), the difference between the maximum and min-
imum stagnation pressures at x/h = 10 is greater than
the average stagnation pressure which results in
FD > 1.

Flow distortionwas also evaluated for the reference, lower
Reh , and lower Mu cases at seven streamwise stations. The
first station coincides with the onset of the pressure rise,
xr/h = 0. Subsequent stations are spaced at equal dis-
tances downstream with the last station placed at x/h = 10.
Figure 20 shows that the lowest Mu case has the lowest FD
among the three cases. For the shock trains featuring an ini-
tial shock with a Mach stem, the FD has the highest rate of
decrease.No significant differences in the rate of FDdecrease
or the FD itself are observed between the reference and the
lower Reh cases which both have larger centreline separa-
tions and an initial shock without a Mach stem. Shock trains
of this type were systematically observed to have a reduced
TPR and increased FD. To minimize FD and maximise TPR,

one should aim for a shock train featuring an initial shock
with a Mach stem, because of the smaller separation at its
foot.

Shock trains were observed for all combinations of Mach
numbers, confinement levels, and Reynolds numbers. The
lowest Mu (Mu = 1.49) case featured the shortest shock
train. Further increase in the outlet pressure by approximately
3% for the lowest Mu case resulted in a single shock. This
shows that even for lowpre-shockMach numbers in the range
of 1.44–1.5 and confinement levels greater than δr/h = 0.15
shock trains are still present.

5 Conclusions and future work

The following conclusions have been drawn from this study:

– The most suitable approach for simulating shock trains is
to adjust both theMach number at the inlet of the domain
and the pressure at the outlet of the domain to match
the Mach number Mr and confinement δr/h before the
interaction.

– Linear eddy-viscosity models exhibit overprediction of
the corner separations. Since corner separations affect the
separation at the centreline, the overprediction often leads
to the stronger flow re-acceleration resulting in pressure
oscillations at the wall.

– Due to its capability of resolving the secondary (corner)
flows, the k-ω explicit algebraic Reynolds stress model
(EARSM) predicts smaller corner separation and results
in a slight underprediction of the wall pressure with no
wall pressure oscillations.

– For the reference case considered, reduction in con-
finement resulted in a shorter shock train and larger
corner separations. The larger corner separations lead to
a smaller separation at the centreline and an initial shock
with a Mach stem.

– Reduction in the upstream Mach number has a similar
effect, with the effect of Mach number on the length of
the shock train being more pronounced.

– An opposite trend is observed for the reference case and
the reduced Reynolds number cases. For both cases, the
confinement is largerwith smaller corner flows and larger
centreline separation leading to an initial shock without
a Mach stem.

– The core flow after the shock train, of the cases featur-
ing an initial shock without a Mach stem, is supersonic.
Cases featuring an initial shock with a Mach stem have
supersonic tongues and subsonic core flow.
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– The total pressure recovery (TPR) and flow distortion
(FD) efficiency metrics show that shorter shock trains (at
lower Mach numbers and lower confinement) featuring
an initial shock with a Mach stem are more efficient,
resulting in higher TPR and lower FD.

Future work includes investigations of shock trains in a
more realistic intake geometry with a store forebody.
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