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Numerical simulations of multiple shock wave boundary layer
interactions

K. Boychev∗, G.N. Barakos† and R. Steijl‡
CFD Laboratory, School of Engineering, University of Glasgow, G128QQ, Glasgow UK

Shock wave boundary layer interactions occur in many aerospace applications, and of
particular interest are the interactions occurring in high-speed intakes. The high-speed intakes
aim to decelerate the flow with minimum losses using a series of oblique shocks followed by a
weak normal shock. Depending on the state of the boundary layer and on the upstream Mach
number, multiple shocks can form in the throat of the intake. Often, they are referred to as
shock trains, or pseudo-shocks and can have a significant impact on the inake performance.
The in-house CFD solver of the Unversity of Glasgow is used here, to investigate an isolated
multiple shock interaction and quantify the effect of different non-linear turbulence models.
The non-linear models, and their ability to account for the Reynolds stress anisotropy, resolve
the corner flows and give favourable agreement with experiments. As a second step, shock train
simulations in a geometry more representative of a high-speed intake are performed. Three
different pitot intakes are considered and performance metrics based on the total pressure
recovery and flow distortion are evaluated at different free-stream conditions. The predicted
shock trains are highly asymmetric and the strong sensitivity of the total pressure recovery and
flow distortion to the intake geometry is observed which reduces at higher incidence angles.

Nomenclature
Latin

bQCR
ij = QCR stress tensor

H = Height
h = H/2 = Half height
I = Turbulence intensity
k = Turbulent kinetic energy
L = Length
M = Mach number
p = Static pressure
Pk = Turbulent kinetic energy production limiter
R = Flux residual vector
Re = Reynolds number
Si j = 1

2

(
∂ui
∂x j
+

∂ui
∂x j

)
= Strain rate tensor

S∗i j = Strain rate tensor
t = Time
V = (u, v,w)T = Velocity vector
V = |V| = Velocity vector magnitude
V– i, j,k = Volume of cell i,j,k
W = Vector of conservative flow variables
x = (x, y, z)T = Position vector
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Greek

δ = Boundary layer thickness
δi j = Kronecker delta
η = Pressure ratio
λ = Roll angle
µ = Dynamic viscosity
µt = Turbulent (Eddy) viscosity
ρ = Density
σ = Incidence angle
τi j = Viscous stress tensor
ω = (ωx, ωy, ωz )T = Vorticity vector
Ωi j =

1
2

(
∂ui
∂x j
−

∂ui
∂x j

)
= Vorticity tensor

Subscripts and superscripts

(.)
′ = fluctuation of a quantity

(.), < (.) > = Reynolds averaged quantity
(.)u = inlet quantity
(.)r = quantity at the start of the interaction (initial pressure rise)
(.)∞ = free-stream quantity

Acronyms

CFD = Computational Fluid Dynamics
EARSM = Explicit Algebraic Reynolds Stress Model
LES = Large Eddy Simulation
QCR = Quadratic Constitutive Relation
RANS = Reynolds Averaged Navier Stokes
RSM = Reynolds Stress Model
SST = Shear Stress Transport
WMLES = Wall-modelled Large Eddy Simulation

I. Introduction

Shock wave boundary layer interactions inside ducts where flow confinement effects can have a significant influence
on the separation and on the resulting interaction are difficult to simulate and predict accurately. Supersonic or

high-speed intakes are representative examples where such flows occur. Confined shock wave boundary layer interactions
have been studied experimentally and numerically, and the general conclusion is that the interaction is affected by
the corner separations [1, 2]. Reduction or increase of the corner separations through blowing and suction has a
direct impact on the separation at the centreline [3]. Downstream of a confined normal shock interaction, the local
streamline curvature re-accelerates the flow. Depending on the upstream conditions the curvature might be sufficient
to re-accelerate the flow to supersonic speeds and promotes the formation of multiple shocks. Multiple shock wave
boundary layer interactions are often referred to as shock trains or pseudo-shocks. Although the terms are often used
interchangeably the shock train term refers to the pressure rise across the region where shocks are present and the
pseudo-shock to the entire pressure rise region. Figure 1 (a) shows a schematic of a multiple shock wave boundary layer
interaction. As the flow goes across the first shock, the local streamline curvature creates an aerodynamic nozzle which
re-accelerates the flow. Depending on how strong the re-acceleration is, the flow can again become supersonic and
promote the formation of subsequent shocks. Matsuo et al. [4] states that the main parameters that govern the formation
of shock trains are the upstream or pre-shock Mach number Mr and the flow confinement δr/h where h is the duct
half-height and δr is the upstream boundary layer thickness.
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Fig. 1 Schematic of a multiple shock wave boundary layer interaction (a) and of the numerical setup (b)

At lower Mr the confinement has a stronger effect whereas at higher Mr shock trains are predominantly observed.
Shock trains that have a shock with a λ-foot are often referred to as λ-foot shock trains. At higher upstream Mach
numbers, the Mach stem disappears and χ-shaped shock trains are exclusively observed. The χ-shape is formed by two
crossing oblique shocks. The shock trains featuring λ-foot can often be identified by their distinct supersonic "tongues".
These are regions below the slip line where the flow remains supersonic for longer distances downstream. The slip line
itself emanates from the triple point formed by the leading and trailing legs of the λ-foot. Many of the past numerical
works on shock trains used linear-eddy viscosity models and do not consider the three-dimensional flow. Numerical
work by Giglmaier et al. [5] is one of the few that show in detail the benefits of using RSM-based turbulence models for
shock train simulations. Scale resolving methods such as LES [6, 7] and WMLES [8] show promising results, however,
the Reynolds number must often be reduced for the former, and the latter relies on near-wall modelling which may not
be applicable in separated regions. Previous investigations performed by Boychev et al. [9] showed that the use of the
k-ω EARSM turbulence model improves the shock train predictions of the experiment by Carroll et al. [10] by reducing
pressure oscillations occuring at the wall. The sensitivity to symmetry boundary conditions was investigated and no
asymmetry in the corner separations was observed. Simulations of single shock interactions performed in the UFAST
project [11] show that the use of certain turbulence models can lead to asymmetric corner separations on diagonally
opposing walls. Such asymmetries were not observed in the numerical simulations of the experiment by Carroll et al.
[10]. The present work investigates the effect of non-linear turbulence model closures on the interaction and whether
extensions to existing linear turbulence models such as the quadratic constitutive relation (QCR) can lead to improved
flow predictions. In a second step, simulations of high-speed pitot intakes were performed. The performance metrics of
three intakes, each having a different geometry, were evaluated at different free-stream conditions.

II. Numerical method
The Helicopter Multi-Block (HMB3) [12, 13] code is used in the present work. HMB3 solves the Unsteady Reynolds

Averaged Navier-Stokes (URANS) equations in integral form using the Arbitrary Lagrangian Eulerian (ALE) formulation
for time-dependent domains, which may include moving boundaries. The Navier-Stokes equations are discretised using
a cell-centred finite volume approach on a multi-block grid. The spatial discretisation of these equations leads to a set of
ordinary differential equations in time
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d
dt

(
Wi, j,kV– i, j,k

)
= −Ri, j,k

(
Wi, j,k

)
, (1)

where i, j,k represent the cell index, W and R are the vector of conservative flow variables and flux residual respectively,
and V– i, j,k is the volume of the cell i, j,k. To evaluate the convective fluxes Osher [14] approximate Riemman solver
is used, while the viscous terms are discretised using a second order central differencing spatial discretisation. The
Monotone Upstream-centered Schemes for Conservation Laws, which is referred to in the literature as the MUSCL
approach and developed by Leer [15], is used to provide high-order accuracy in space. The HMB3 solver uses the
alternative form of the Albada limiter [16] being activated in regions where large gradients are encountered mainly due
to shock waves, avoiding the 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
Generalised Conjugate Gradient method with a Block Incomplete Lower-Upper (BILU) factorisation as a pre-conditioner
[17]. To allow an easy sharing of the calculation load for a parallel job, multi-block structured grids are used. Various
turbulence models are available in the HMB3 solver, including several one-equation, two-equation, three-equation, and
four-equation turbulence models. Furthermore, Large-Eddy simulation (LES), Detached-Eddy Simulation (DES), and
Delayed-Detached-Eddy Simulation (DDES) are also available. In the present work the fully-turbulent k − ω SST [18]
and k − ω EARSM [19, 20] turbulence models are used. Further modifications to the k − ω SST model were made
which included the addition of two different quadratic constiutive relations (QCRs). The quadratic constitutive relations
by Spalart [21] and by Sabnis [22] are considered in the present work.

A. The quadratic constitutive relation
The quadratic constitutive relation (QCR) was developed by Spalart [21] as an extension to the one-equation

Spalart-Allmaras linear eddy viscosity model which better predicts the anisotropy of the Reynolds stresses. The relation
considers terms that are quadratic in the mean vorticity and strain tensors. There have been two versions of the quadratic
constitutive relation developed by Spalart. The original version - QCR-2000 [21] and a more recent QCR-2013 version.
The latter version features an additional term which accounts for the 2

3 ρkδi j term in the Boussinesq approximation,
equation 2, since the Spalart-Allmaras model does not include k. The QCR can also be applied to two-equation eddy
viscosity models. In this case, the additional term in the QCR is redundant since the two-equation eddy viscosity model
provides k. An additional QCR stress tensor bQCR

ij is added to the existing stress tensor τi j as:

τRANS
ij = 2µtS

∗

i j −
2
3
ρkδi j − bQCR

ij , (2)

where the definition of bQCR
ij depends on the QCR version. In the original QCR-2000 [21] version bQCR

ij is given by:

bQCR
ij = Ccr1

(
Oikτjk +O jkτik

)
, (3)

where τi j = 2µtS
∗

i j −
2
3 ρkδi j is the stress tensor given by the Boussinesq approximation , Oi j = 2Ωi j/

√
∂um

∂xn

∂um

∂xn
is

the antisymmetric normalized rotation tensor, and Ccr1 = 0.3 is a model coefficient, calibrated in the outer part of an
equilibrium boundary layer. Another QCR version, developed by Sabnis [22], was also considered. This QCR differs
from the QCR-2000 [21] version by the addition of one additional term, quadratic in the strain tensor, and is given by:

bQCR
ij =

4Ccr1µt√
SklSkl +ΩklΩkl

(
ΩikS

∗

k j − S
∗

ikΩk j

)

+
4C̃cr3µt√

SklSkl +ΩklΩkl

(
S
∗

ikS
∗

k j −
1
3

S
∗

klS
∗

klδi j

)
,

(4)

where Ccr1 = 0.7 and C̃cr3 = 0.8 are model coefficients. Channel, boundary layer, and pipe flows at moderate Reynolds
numbers were used to calibrate the model coefficients. The QCR-2000 version by Spalart [21] and the QCR by Sabnis
[22] are referred to as QCR V1 and QCR V2 in this work.
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III. Numerical setup and simulations

A. Shock train simulations
For the shock train simulations presented here, the multiple SWBLI experiments by Carroll and Dutton [10], are

targeted for comparison. In the experiment, a 753.8 mm long rectangular test section was used with LDV measurements
beginning at xr = 264.8 mm, the approximate location of the initial shock, and extending downstream, at variable
intervals over 400 mm. The top and bottom wall of the rectangular test section had a divergence angle of 0.13 deg. From
the boundary layer measurements the height of the rectangular test section at xr = 264.8 mm was 2hr = 33.75 mm
(δr/h = 0.32,δr = 5.4 mm). The width of the section is 2w = 76.2 mm 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 = 264.8 mm is, therefore, Reh ≈ 5.06 × 105. A numerical domain of length Lx/h = 46.32
was used for the shock train simulations of the experiment by Carroll et al. [10]. The domain was made dimensionless
by the duct half-height at x/h = 0 (h = 16.275 mm). Figure 1 (b) shows a qualitative sketch of the numerical domain.
The numerical domain included the divergence angle of 0.13 deg, however, the angle was not sufficient to keep the
Mach number constant. Therefore to msatch the correct experimental Mach number upstream of the interaction the
Mach number at the inlet Mu was increased to take into account the downstream reduction due to the boundary layer
growth. Our previous numerical investigations [9] of the experiment by Carroll et al. [10] revealed the sensitivity of
the solution to grid refinement and other RANS modelling assumptions. Only a quarter of the numerical domain was
simulated with symmetry boundary conditions applied at the x − y and x − z planes. Extrapolation was performed at the
outlet of the domain where the flow is supersonic, otherwise, a specified pressure value was imposed. Based on [9], the
grid employed here was made of 1199, 76, and 98 points in the x-,y-,and z-direction and consisted of 8.93×106 points.
Hyperbolic stretching is used away from the wall. The first cell height above the wall is equal to 1×10−5 and ensures a
y+ value less than 1. The maximum cell size in the refinement region was ∆x/h = 0.02 and ∆y/h = ∆z/h = 0.07. The
simulation parameters are listed in table 1.

Table 1 Shock train simulation parameters

Iu % Mu Mr δr mm δr/h xr/h p/pu p/pr Model
1.0 1.69 1.6036 6.1324 0.3768 25.3988 2.4776 2.1787 k-ω SST QCR V1
1.0 1.69 1.6039 6.2261 0.3826 25.8962 2.4776 2.1803 k-ω SST QCR V2
1.0 1.69 1.6230 5.0083 0.3077 26.4258 2.4776 2.2357 k-ω EARSM
1.0 1.69 1.6036 6.1441 0.3775 25.2981 2.4776 2.1741 QCR V1 Ccr1 = 0.4
1.0 1.69 1.6054 6.1571 0.3783 25.2981 2.4776 2.1805 QCR V1 Ccr1 = 0.4 Pk lim
1.0 1.69 1.6185 5.1769 0.3181 20.9316 2.6015 2.3183 QCR V1 Ccr1 = 0.4

1.6100 5.4000 0.3200 2.2309 Experiment [10]

The flow was initialised with an ideal normal shock placed at the end of the numerical domain. The steady-state
solutions are fully-implicit and were obtained with an implicit CFL of 4. Flux-residuals were allowed to converge to at
least 5 orders of magnitude.

B. High-speed pitot intake simulations
To investigate the shock trains in the context of high-speed intakes a fore-body intake geometry was created. Figure

2 shows the intake geometry which comprises of a spherically blunted tangent ogive followed by a cylinder of constant
diameter D. A total of three intake configurations were considered - a square one, one resembling a kidney shape, and
one with rounded corners. They are referred to as configurations A, B, and C in this work. The height and the width of
the intake for configuration A are h = w = 0.5H where H = 0.5D and the thickness t = 0.03D. The thickness reduces
towards the lips of the intake which are filleted. The intake geometry of configuration B was obtained by filleting
two concentric circles with radiuses R1 = D and R2 = 0.6D. Configuration C is similar to A apart from the slightly
increased width and height h = w = 0.5H = 0.2525D and the filleted corners. The cross-sectional area was kept
approximately the same between the three configurations A ≈ 0.0025L. The diverter width and intake placement were
driven by the findings of Goldsmith [23] which showed that the total pressure recovery increases if the diverter width is
0.1D and the intake is placed at 45 deg to the symmetry plane. All intakes are self-starting since the ratio of the intake
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throat to capture areas is 1 and it is above the Kantrowitz limit [24]. Multi-block structured grids of approximately 890
blocks were used to discretise the numerical domain. The grids were non-dimensionalised with the fore-body length of
L = 12D. Figure 3 shows the blocking topology on the domain boundaries and the employed boundary conditions.
The free-stream Mach number of M∞ = 2 and ReL = 2.5 × 107 were selected as to obtain similar conditions based
on the half-heigh h of the intake as the ones in the shock-train simulations of the experiment by Carroll et al. [10].
A minimum wall distance of 2.5×10−7D was selected to give a minimum wall distance of 1×10−5 based on h. This
ensured a y+ < 1. Table 3 lists the simulation parameters and table 2 the grid parameters.

3D 2D 2D

12D

7D

D0.14D 0.5D

0.5D

h=0.5H

h H

0.1D

45 deg
σ, Incidence angle

D

Configuration B

Configuration A

0.03D

0.03D

R
1
=D

R
2
=0.6D

R
3
=0.2D

R
4
=0.15D

50.5 deg

Fore-body & intake

Configuration C 0.03D

R=0.1D

h H

0.505D

0.505D

D

D

39 deg

λ, Roll angle

Aft-body 

V, freestream vector

Fig. 2 Fore-body intake geometries; configuration A (top), configuration B (middle), configuration C (bottom)

Table 2 Fore-body intake grid parameters

Configuration Min dist. Intake points Total points Total cells
A 2.5×10−7D 26.82×106 60.04×106 57.40×106

B 2.5×10−7D 15.65×106 60.07×106 54.41×106

C 2.5×10−7D 15.65×106 60.07×106 54.41×106

Table 3 Fore-body intake cases; colon separates port and starboard quantities

Configuration Symmetry σ (deg) λ (deg) TPR FD η Model
A Y 5 0 0.7122 0.6854 3.825 k-ω EARSM
A N 5 3 0.7136 : 0.7095 0.6799 : 0.6778 3.825 k-ω EARSM
B Y 5 0 0.7166 0.6873 3.825 k-ω EARSM
B N 5 3 0.7191 : 0.7147 0.7074 : 0.7109 3.825 k-ω EARSM
C Y 5 0 0.7172 0.6820 3.825 k-ω EARSM
C N 5 3 0.7177 : 0.7140 0.6944 : 0.6938 3.825 k-ω EARSM

The k-ω EARSM turbulence model was used in the simulations as it showed favourable agreement for the idealised
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Fig. 3 Fore-body intake boundary conditions (left) and topology (right)

shock train case, presented in the previous section. The angles σ and λ correspond to the incidence and roll-angle of
fore-body intake with respect to the free-stream velocity vector. The simulations were initialised with an inviscid shock
of strength M = 2.0 at the end of the intake and were run until the aerodynamics loads stabilised. The solutions are
fully-implicit, using a MUSCL third-order scheme, and are performed with a CFL of 1.

IV. Results and discussion

A. Shock train results
Figure 4 shows the wall pressure and the Mach number contours at the mid-plane.The solid black line indicates

M = 1. The QCR extension reduces the pressure oscillations at the wall, however, the wall pressure is still slightly
overpredicted. The overprediction appears at (x − xr )/h ≈ 1. The distance between the first and second shock in
the shock train is smaller for the k-ω SST QCR V1 and V2 models and the supersonic flow is farther away from the
wall (indicated by the sonic M = 1 line). The size of the corner separations, shown by the iso-surfaces in figure 5, is
considerably reduced by the introduction of the QCR extension. Both models reduce the streamwise and spanwise
extent of the corner separations. As the size of the corner separations and the centreline separation are dependent in
confined flows, the centreline separation increases. Figure 6 shows wall shear stress visualisation using friction lines
just above the surface. The increase of the separated region at the centreline with respect to the reference is 3.15 and
3.5 times for the k-ω SST QCR V1 and V2 respectively. The onset of the corner separation begins at approximately
(x − xr )/h ≈ −1.2 for the k-ω SST model. For the k-ω SST QCR V1 and V2 models the corner separation begins at
approximately (x − xr )/h ≈ −0.4. Figure 7 shows the comparison of the k-ω EARSM wall shear stress visualisation and
the experimental oil flow visualisation. Red lines indicate the surface flow features. The non-linear model overpredicts
the centreline separation size, however, the size of the corner separations qualitatively agrees with the experiment.
Downstream of xr , in the duct corners, a flow pattern is observed where the oil flow lines roll-up. Similar roll up is
observed in the k-ω EARSM simulation and the simulations employing the QCR extensions.

7



Fig. 4 Wall pressure and Mach number contours for the k-ω SST, k-ω SST QCR V1, k-ω SST QCR V2, and
the k-ω EARSM models

Fig. 5 Separation u/Vu = 1 × 10−3 and sonic M = 1 iso-surfaces for the k-ω SST, k-ω SST QCR V1, k-ω SST
QCR V2, and the k-ω EARSM models
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The turbulent kinetic energy profiles, shown in figure 8, agree well with the experiment, but closer inspection of the
Reynolds stresses shows that the u′u′/V 2

u component is underpredicted and the v′v′/V 2
u component is overpredicted.

The addition of the QCR extension does not affect the u′u′/V 2
u and v′u′/V 2

u components. The v′v′/V 2
u component is the

most affected by the addition of the QCR extension. Both QCR V1 and V2 overpredict the v′v′/V 2
u component.

Fig. 6 Wall shear stress visualisation using friction lines just above the surface for the k-ω SST, k-ω SST QCR
V1, k-ω SST QCR V2, and the k-ω EARSM models

Fig. 7 Wall shear stress visualisation using friction lines just above the surface for the k-ω EARSM model
(top); experimental oil flow (bottom)

The simulation with the QCR V1 model having a coefficient of Ccr1 = 0.4 further reduced the corner separations.
No significant differences in the modelled Reynolds stresses were observed for Ccr1 = 0.4. Only a slight increase of the
peak v′v′/V 2

u values at y/h ≈ 0.18 was present. Similarly to the original QCR V1 model for which Ccr1 = 0.3, the
model with increased Ccr1 showed a slight overprediction of the wall pressure at the beginning of the interaction. The
difference in the interaction onset xr between the models amounted to 0.2%. In comparison to the SST solution where
Ccr1 = 0 the movement of xr amounted to approximately 6.2% of the domain length. The movement downstream was
accompanied by approximately 12% increase in confinement levels. For the models predicting an initial shock with a
Mach stem, higher values of k are present near the centreline. Since the employed models do not limit the Pk term
they result in increased values of k/V 2

u , u′u′/V 2
u , and v′v′/V 2

u near the centreline downstream of the first and second
shocks. This can be seen in figures 8, 9, and 11. The effect of limiting Pk was investigated separately, and no significant
differences in the onset of the interaction xr and in the Reynolds stress profiles near the wall were observed. The high
values near the centreline were removed by limiting Pk .
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Fig. 8 Turbulent kinetic energy k/V 2
u contours and profiles for the four turbulence models

Fig. 9 Reynolds stress u′u′/V 2
u contours and profiles for the four turbulence models

Fig. 10 Reynolds stress −u′v′/V 2
u contours and profiles for the four turbulence models
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Fig. 11 Reynolds stress −v′v′/V 2
u contours and profiles for the four turbulence models

The shock spacings of the QCR V1 Ccr1 = 0.4, QCR V1 Ccr1 = 0.4 with the Pk limiter and QCR V1 Ccr1 = 0.4
with increased backpressure simulations were compared against the experiment. The spacings were obtained either from
the density gradient magnitude or from the experimental Schlieren, and were normalized with respect to the spacing
between the first and second shocks in the shock train, ∆, shown in figure 12. The normalization was performed in order
to reduce potential errors arising from the scaling of the experimental Schlieren image. Table 4 lists the spacings and
figure 13 compares the spacings. Empty cells correspond to no measurement due to the difference in the number of
downstream shocks between the experiment and the simulations. The effect of the Pk limiter on the d1 is small. Without
the limiter d1 = 1.7766h and with the limiter d1 = 1.7662h. The relative reduction of d1 is approximately 0.5%. The
d2/∆ distance is also weakly affected by the limiter. As the last shock for the case without the limiter is very weak,
comparison of d3/∆ is difficult, nevertheless, d2/∆ and d3/∆ are overpredicted by approximately 11% and 25% when
compared to the experiment. Increase of the backpressure to p/pr = 2.3183 relocated the shock train upstream where
the confinement level was in closer agreement in the experiment. As the confinement level, δr/h is more important at
lower Mach numbers, the Mr reduction resulted in smaller distances between the shocks. The d2/∆ and d3/∆ distances
were still overpredicted, however, the overprediction was reduced by approximately 6%.

Fig. 12 Definition of the distance ∆ used to normalize the distances between the shocks; ∆ = d1

Table 4 Distances between the shocks in the shock trains

Case d1/∆ d2/∆ d3/∆ d4/∆ d5/∆ d6/∆

Ccr1 = 0.4 1.0000 0.8132 0.7033
Ccr1 = 0.4 Pk lim 1.0000 0.8109 0.6667 0.5871
Ccr1 = 0.4 p/pr = 2.3183 1.0000 0.7661 0.6422
Experiment 1.0000 0.7319 0.5483 0.4313 0.3681 0.3083

The improved predictions show that adjustment of the confinement level upstream of the shock train to match the
experiment is important. However, every turbulence model will predict the boundary layer development differently
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which would require iterative adjustment of the inlet/outlet conditions to match the confinement. This is one of the
difficulties in simulating the idealised shock train interactions.

Fig. 13 Distances between the shocks in the shock trains

B. High-speed pitot intake results
Figures 14 to 16 show the top and bottom wall pressures and the Mach number contours of the A,B, and C

configurations at a pitch angle of 5 deg and a roll angle of 0 deg. All configuration result in multiple shock wave
boundary layer interactions inside the intake, however, the structure of the interactions differs from the idealised one
presented in the previous section. There is an absence of symmetry and the structure of the initial shock is not as well
defined as in the isolated interactions. For the same pressure ratio and far-field conditions, the onset of the interaction xr
begins at x/h ≈ 13.8. The onset of the interaction for configuration A is similar on the top and bottom walls and so are
the wall pressure profiles. The top wall exhibits slight pressure oscillations, suggesting that the shocks are stronger in
the top wall region. The largest difference in xr is observed for configuration B where the onset of the interaction begins
at x/h ≈ 10 for the bottom wall and x/h ≈ 12 for the top wall. This shows that the initial shock is weaker in the bottom
wall region of the intake. Configuration C shows a smaller relative difference in xr which amounts to approximately
5.8%. Compared to configuration B, which has a relative difference of 17.6% the decrease is approximately 67%.

Fig. 14 Configuration A top and bottom intake wall pressures and Mach contours

Figure 17 shows the Mach number contours for the three configurations at x/L = 0.9. Configuration A does not
feature separations at the walls, however, large corner separations are observed in two opposing corners. The asymmetry
in the corner separations can be seen from the figure. Configurations B and C both feature a large separation at the
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Fig. 15 Configuration B top and bottom intake wall pressures and Mach contours

Fig. 16 Configuration C top and bottom intake wall pressures and Mach contours

bottom wall of the intake and smaller separations on the top and sidewalls. The separations are not symmetric, however,
the separations on the sidewalls of configuration C were very similar in size. The effect of the incidence angle on the
separations was to increase the asymmetry. At a zero incidence angle, σ = 0, configuration A resulted in relatively
symmetrical corner separations. The separation on the bottom intake wall of configurations B and C were observed to
increase as the incidence angle was increased. The opposite was true for the separations on the side and top walls. Figure
19 compares the Mach number contours of the three configurations at zero and non-zero roll angles. The incidence angle
is fixed at σ = 5 deg. The non-zero roll moves the interaction onset downstream. The greatest streamwise movement is
for configuration C, suggesting that the effect of non-uniform confinement is to increase the movement.

The total pressure recovery, TPR, and the flow distortion, FD, were evaluated for each configuration at the engine
face. These efficiency metrics are commonly used for high-speed intakes and are given by

FD =
p0,max − p0,min

p0,average
, (5)

T PR =
p0,average

p0,∞
, (6)

where p0,average is the total averaged pressure at the engine face and p0,∞ is the total pressure of the free-stream.
The effect of pseudo-shock length on the total pressure recovery was investigated by Mahoney [25] 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 of the

13



Fig. 17 Mach number contours at x/D = 0.9; configuration A (left), configuration B (middle), configuration
C (right)

design Mach number or non-uniform flow due 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. The average total
pressure recovery for the three configurations is T PR ≈ 0.7153 and the flow distortion is FD ≈ 0.6849. Figure 18
shows the total pressure recovery for the three configurations for zero and non-zero roll and incidence angles. The
TPR for all three configurations increases by approximately 6.3% with increasing incidence angle. Configurations
B and C have slightly higher TPR than configuration A. The same is also true when the roll angle is non-zero. The
TPR in the port intake is consistently higher than the TPR in the starboard intake. Compared to the zero roll case, the
TPR in the starboard intake is on average lower by approximately 0.5%. The flow distortion shown in figure 20 is
more sensitive to the incidence angle. A significant increase for configurations B and C is observed at a zero incidence
angle. Configuration B results in the highest FD at the engine face, approximately 14% higher than configuration A. As
the incidence angle is increased, the flow distortion of the intakes is relatively similar. Configuration C results in the
smallest FD amongst the three. When a non-zero roll angle is introduced, the FD for configuration A decreases by
approximately 1%. For both configurations B and C the FD increases, with configuration C having the smallest increase
of FD - approximately 1.7%. The relative increase with respect to configuration A is approximately 2%. The onset of
the interaction xr moves downstream for all three configurations as the roll angle is increased. Higher flow distortion
values are expected if the supersonic core flow is closer to the engine face.

Fig. 18 Total pressure recovery, TPR, for configurations A, B, and C

14



Fig. 19 Mach number contours for configuration A (top), B (middle), C (bottom), effect of roll angle
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Fig. 20 Total pressure recovery, TPR, for configurations A, B, and C

V. Conclusions and future work
Improved agreements in the wall pressure between the simulations and the experiments of Carroll et al. [10] were

observed when the k-ω EARSM turbulence model was used. The k-ω EARSM model which uses the constitutive
relation by Wallin and Johansson [19] accounts for the secondary flows present in duct corners. The vortices in this
region supply high momentum fluid from the core flow and reduce the size of the corner separations. Since the corner
separations affect the separation at the centreline in confined flows, reduction of the corner separation increased the
centreline separation. Two additional models - the k-ω SST QCR V1 and the k-ω SST QCR V2 based on the QCR
by Spalart [21] and the QCR by Sabnis [22] were implemented in the HMB3 flow solver. Both models reduced the
separations at the corner and showed improved agreements in the wall pressure compared to the k-ω SST model. The
k-ω SST QCR V2 model was observed to predict higher levels of normal stress anisotropy compared to the QCR V1
and the EARSM models. Variation of the Ccr1 coefficient of the k-ω SST QCR V1 model showed that a coefficient of
Ccr1 = 0.4 improves the prediction by reducing the corner separations even further. Inclusion of the Pk limiter did not
have a significant effect on the wall pressure and onset - the wall pressure and the onset of the interaction were almost
identical. The higher values of k/V 2

u at the centreline, downstream of the first and subsequent shocks were removed
by the limiter. The spacing of the shocks did not vary significantly and it was overpredicted when compared to the
experiment. In summary, the addition of QCR extensions to the linear k-ω SST turbulence model improved the wall
pressure predictions. However, further investigations of other shock train experiments with this model are necessary to
determine its suitability for such flows. The fore-body intake geometry, created to couple the internal shock train flow
with the more realistic external missile flow showed that the total pressure recovery and flow distortion is less sensitive
to the intake geometry at higher angles of incidence. A positive roll angle did not introduce significant changes in the
total pressure recovery - the total pressure recovery in the port intakes was consistently higher than the starboard one.
The flow distortion of the particular kidney and filleted intakes was more sensitive to the roll angle. Increased values
were observed at positive roll angles. Although the pitot intake is not efficient in terms of the performance metrics, the
investigation showed that shock trains were present in all three intake configuration and their structure was significantly
different from the idealised case.
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