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Abstract

The present work examines the shock-wave boundary layer interaction resulting from the impingement
of an oblique shock wave, created by a 38° wedge, on a flat plate in a flow with a Mach number 6. The
primary emphasis of the analysis is centered on the attainment of Mach reflection, wherein the Mach
stem serves as a distinctive attribute for observing the Edney Type II shock interaction occurring on the
flat plate. This research is aimed to examine the two-dimensional implications of variation of height of
the wedge from the flat plate or vertical distance ratio (h/w) to observe its influence on the Mach stem
height and various other flow properties contributing to the change. The phenomena of separation and
the length of separation bubble are also studied due to the influence of h/w ratio. Computational fluid
dynamic analysis using the Ansys Fluent solver is employed for the study.
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Nomenclature

P - Freestream Pressure B,; — Leading edge shock angle
T - Freestream Temperature BSS - Separation shock angle
Moo - Freestream Mach number h/w - Vertical distance ratio

he - Freestream Enthalpy To— Total Temperature

Rew/l -Unit Reynolds number

1. Introduction

Shock wave boundary layer interaction (SWBLI) is a phenomenon of complex and dynamic interplay
between the adverse pressure gradient due to shock wave and the boundary layer due to no-slip
conditions on surfaces. This interaction is noticed in many cases such as — an oblique shock impingement
on a flat surface, ramp-induced SWBL interaction, normal or near normal shock boundary interactions
in air intakes and shock tubes, and interactions in presence of obstacle in forward or backward facing
step as shown in Fig. 1. Within the framework of SWBLI, the shock wave itself can be considered as a
passive phenomenon for the boundary layer, acting solely as a source of an adverse pressure gradient.
The primary concern lies in the response of the boundary layer to this imposed pressure gradient,
particularly the phenomenon of separation prevalently known as strongly interacting flows. The
boundary layer separation, however, is not an isolated event. It triggers the generation of shock patterns
within the adjacent inviscid flow, ultimately impacting the entire flow field. In this situation, the
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interaction is said to be a purely strong viscous — inviscid interaction [5] where viscous effects must be
contemplated while fully anticipating the flow field.
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(a) Oblique shock impingement on flat plate [1] (b) Ramp-induced SWBLI [2]

(c) SWBLI in nozzle flow. [3] (d) SWBLI in FFS.[4]

Fig 1. Examples of cases where interaction between shock wave & boundary layer is observed.

The reflections of plane shock from a plane surface can be deduced into regular reflection (RR) and
Mach reflection (MR) [6] where the transition occurs from RR to MR [7] with a near normal shock or
Mach stem as a distinguished feature in MR. The shock pattern that occurs in Mach reflection because
of boundary layer separation can be classified as Edney Type II interaction [9] with Mach stem forming
between two triple points as shown in Fig. 2. This complex interaction between a strong impinging
oblique shock (C:) and separation shock (Cz) from separated boundary layer formulates into the creation
of near normal shock (m) between to triple points TP: and TP: in Fig. 2(b). The subsonic medium behind
this Mach stem is accelerated by continuous supersonic flow until a sonic throat arises. The stagnation
pressure loss due to this near normal shock is adverse in the case of high-speed air intake [10].

Par > Berig N
G {il’.\flh from

trailing edge

T A R

Ma=1

Isobaric dead-air region \‘-\._‘

(a) Schematic illustration of MR. (b) Inviscid flow model for MR.
Fig 2. Edney Type II interaction in viscous flow condition arising Mach reflection [8].

Over the past 75 years, the effects of SWBLI in the case of impinging shock have been extensively
researched in analytical, numerical, and experimental methods. The experimental observations for the
upstream influence and transitional studies for laminar and turbulent boundary layers for freestream
Mach number 1.3 to 1.5 have been obtained [11]. Experimental studies have been carried out at Mach
number 2.15 for impinging oblique shock on the laminar boundary layer, which showed good agreement
numerically for the positions of separation and reattachment and downstream velocity profiles [12].
Recently, quantitative studies at hypersonic flight conditions have been carried out to observe the onset
of separation in the laminar boundary layer with wall pressure and heat transfer measurements to
analyze transitional behaviour for impinging shock in RR case [1].
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Extensive research has been conducted in supersonic and hypersonic flow regimes, particularly focusing
on transitional flow behaviour, the upstream and downstream influence on the boundary layer,
separation and reattachment points, and variation of separation length with shock strength, while the
influence of Mach number and Reynolds number have been reported independently for laminar and
turbulent boundary layer [14][15]. However, this research has primarily been limited to RR. Studies
have reported that the Mach reflection due to an oblique impinging shock can be observed with
sufficiently high Mach number flows or higher shock strength [5]. An experimental investigation of
impinging shock-boundary layer interaction observed a near normal shock for a 6 mm blunt leading
edge at M = 5.88, allowing the determination of the reflected shock strength [16]. Through analytical
methods studied in compressible open jets one can analyze the Mach stem height and estimate the
extent of the subsonic region which allows prediction of transition from RR to MR. As stated, in open
jets the Mach stem configurations are unique for given conditions, while the Mach stem shock structure
in wedge flows is dependent on geometry of wedge, i.e. w/H value [17]. There have been numerous
reports on transitional studies from RR to MR clearly stating that transition occurs at von Neumann
condition and not at detachment condition in a steady flow [18] and variation of cowl turning angle
[13], and hysteresis phenomenon studies during transition have been studied at von Neumann angle
[20].

In addition, there have been several numerical investigations of MR in inviscid flows and they have been
reported comprehensively for the case of double wedge configurations observing sensitivity of RR to
MR for various schemes [20], numerical studies on wedge boundary layer correction methods to observe
the effects of Mach stem height [21] and large eddy simulations to analyze the classical two and three-
shock theory to derive the stability criteria for MR [22] have been reported in extensive.

Nevertheless, limited research studies have been conducted on MR in high Mach number and at higher
wedge angle much nearer to the flow detachment angle. Hence, a parametric study between the oblique
shock impingement and boundary layer phenomenon (by varying crosswise/vertical) is carried out to
study the behaviour of Mach stem height and separation bubble.

2. Geometric model and description

The proposed model for SWBL interaction to obtain MR for an impinging oblique shock is composed of
wedge with an angle of 38° and length of compression face, w to be 55mm, where the oblique shock
resulting from the wedge is directed towards the flat plate of length (1) 200 mm as shown in Fig. 3. The
wedge angle is determined based on the 6--M relation for the specified free-stream conditions in Table
1, aiming to achieve a high shock strength by selecting a wedge angle close to the maximum flow
deflection angle (6,,,,) for the given Mach number, thereby facilitating the desired Mach reflection
(MR).The strength of an oblique shock can be varied by changing the h/w in crosswise/vertical direction.
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Fig 3. Schematic illustration of the model for impinging shock case to obtain Mach reflection.
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3. Numerical methods
3.1. Governing equation

A numerical simulation of the above flow field is conducted using the commercial software ANSYS Fluent,
which leverages the finite volume method. The simulation is governed by the two-dimensional,
compressible, unsteady Reynolds-averaged Navier-Stokes (RANS) equations with detached eddy
simulation (DES) model for SST k — w turbulence model considering Sutherland’s law for viscosity. The
DES model is referred as hybrid LES/RANS combined where the unsteady RANS model is employed in
boundary layer, while the LES is applied to separated regions where the large unsteady turbulence plays
a major role [23]. Two-dimensional inviscid simulations are carried out by solving Euler equations [24]
to understand the shock impingement location and the corner expansion effect on the oblique shock.
The working fluid is assumed to be ideal gas and freestream conditions are listed in Table 1.

Table 1: Free stream properties

P Mo T To Reooll

480 Pa 6 36.5K 300 K 15.63 x 10 m!

3.2. Computational grid and boundary condition

The structured computational grid of the model is generated using commercial software ANSYS Mesh
Workbench. The dimension of the domain is varied according to change in h/w. The computational
domain and boundary conditions for h/w = 1.82 are shown in the Fig. 4. The pressure far-field
boundary conditions are applied to top and lateral surfaces of the domain for the free stream conditions.
The pressure outlet boundary condition is applied to the downstream of the domain, while the pressure
inlet boundary condition is applied to the upstream of the domain. The no-slip adiabatic wall boundary
conditions are applied to the wall surface. The first layer height is taken as 10> m for the desired y +
as 20.
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Fig 4. Computation grid for h/w = 1.82 configuration.
3.3. Grid independence and methods validation.

The grid independence study was investigated for the oblique shock impingement on the flat plate in
inviscid flow condition for h/w = 1.82. The mesh density was varied by systematically changing the
global element size. The coarsest mesh had 45908 elements, while the finest mesh had 342960
elements. A medium mesh with 216292 elements is a compromise between the detailed resolution of
the fine mesh and the efficiency of the coarse mesh offering a balance between accuracy and
computational time and is therefore chosen for all simulations conducted in this study to assess the grid
independence, the variation of normalised wall pressure on flat plate is shown in the Fig. 5.
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Fig 5. Grid Independence study for the case: h/w = 1.82.

For validating the numerical method, the computational data are compared with the experimental data
as shown in Fig. 6 to assess the predicted normalized wall pressure variation [1]. The experimental
model using shock generator 12° creates an impinging shock on a flat plate at flow conditions of Mach
7 (2.44 MJ kg') with free stream unit Reynolds number of 4.93 x 10® m™. A numerical investigation was
conducted using the ANSYS Fluent software to simulate the phenomenon under study. A two-
dimensional, density-based formulation was employed for both laminar and detached eddy simulation
(DES) turbulence model. A comprehensive numerical method study has assessed the suitability of the
chosen method. The results demonstrated good agreement between the predicted separation and
reattachment points and published experimental data, indicating that the chosen method is well-suited
for capturing the essential flow physics of the investigated phenomenon. It is important to acknowledge
that inherent numerical errors resulted in slight deviations between the predicted peak pressure and
the experimental measurements. Nevertheless, the simulations successfully captured the desired flow
characteristics at the designated wall locations.
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Fig 6. Method validation for DES and Laminar flow solver

4. Results and Discussion

The numerical studies on the interaction of oblique shock from wedge on a flat plate illustrated in the
Fig. 3 is carried out for h/w ratios of 1.82 and 1.73. The influence of h/w ratio for the oblique shock on
flat plate is studied in inviscid flow condition and consequently assessed for boundary layer in the flow
field. The results are categorized into the following subsections, addressing:
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4.1. The variation of h/w ratio for inviscid flow condition.

The present study investigates the influence of wedge position vertically above the flat plate (h/w). The
wedge is positioned in a streamwise direction, aligning its leading edge with the flat plate. By varying
h/w, the oblique shock impingement location is systematically modified. Due to the inviscid nature of
the analysis, the impingement locations obtained are considered as exact solutions.
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Fig 7. Variation of oblique shock impingement location on flat plate for h/w = 1.82 & 1.73 in inviscid
flow at Mach 6.

Fig. 7 illustrates the variation of oblique shock impingement locations along the flat plate as function of
h/w. These observations reveal a critical relationship: as the wedge is gradually moved away from the
flat plate (increasing h/w), the shock impingement location correspondingly shifts downstream.
Conversely, bringing the wedge closer to the flat plate (decreasing h/w) results in an upstream shift of
the impingement point. It is noteworthy that the location of shock impingement exhibits an upstream
movement of 5.33 mm for h/w from 1.82 to 1.73. This finding holds significant implications for achieving
precise control over shock wave reflection on flat plates. It signifies that the desired reflection
characteristics can be attained by strategically positioning the shock impingement location by carefully
manipulating the wedge position, specifically the h/w ratio.
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Fig 8. Normalized wall pressure ratio on flat plate in inviscid Mach 6 flow for h/w = 1.82 & 1.73.

Fig. 8 presents the normalized wall pressure distribution on flat plate for varying h/w ratios. The peak
normalized pressure obtained in the figure denotes the impinging oblique shock strength on the flat
plate. Interestingly, the peak normalized pressure ratio decreases by 1.174 % as h/w increases from
1.73 to 1.82. This decrease in peak pressure attributes to decreased shock strength of the impinging
oblique shock. This observed phenomenon can be attributed primarily to the influence of the Prandtl-
Meyer expansion (PME) emanating from the wedge corner wherein a comparatively more spatial domain
is available between the PME and the impinging oblique shock wave for interaction and leads to a
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progressive weakening of the oblique shock strength with increase in h/w. However, the significant
weaking of the impinging oblique shock strength can be observed for larger values of h/w and requires
further investigation. The Fig. 9 denotes Mach isoline contour for h/w ratios of 1.82 and 1.73. The
reflection observed in these cases is a regular reflection (RR). The upstream movement of oblique shock
impingement location can be observed. The interaction zone between the impinging oblique shock and
PME is highlighted in the figure below.

M 0511525354555 6

hiw

(a)

M 0511525354555 6

Fig 9. Mach isoline contour at Mach 6 in steady inviscid flow for various h/w ratios (a) h/w = 1.73
(b) h/w = 1.82. The obtained reflection for the above cases is RR and upstream movement of
oblique shock impingement location and interaction zone can be observed.

4.2. The variation of h/w and its influence on boundary layer for oblique shock
impingement.

The current study investigates the influence of h/w for 1.82 & 1.73 on the boundary layer of flat plate
at the constant streamwise position of the wedge. The presence of the boundary layer for the impinging
oblique shock creates adverse pressure gradient and consequently separates flow on the flat plate,
creating a complex shock structure in the flow field. This shock structure reveals various distinguished
flow features in the schlieren image frame for h/w = 1.82 in Fig.10. This interaction between the
impinging oblique shock, the leading edge (LE) shock, the near normal shock, the reflected shock and
the transmitted shock forms an Edney Type II interaction. This interaction is characterized by the
formation of a distinct Mach stem between the two triple points: one formed by the impinging shock,
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reflected shock, and Mach stem (TP1); and another by the LE shock, transmitted shock, and Mach stem
(TP2). The separation length is defined as the distance between the separation shock and the
reattachment shock with a subsonic recirculating bubble known as separation bubble. The LE shock
angle (B,s) and separation angle (Bss) are formed by the LE shock and separation shock respectively.
The presence of a near normal shock in this type of shock interaction within high-speed intakes leads
to degradation due to stagnation pressure loss.
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Fig 10. Representation of schlieren image frame for flow features at Mach 6 impinging oblique shock
interaction with boundary layer for h/w = 1.82 (1) Impinging oblique shock (2) Mach stem (3)
Transmitted shock (4) Reflected Shock (5) Reattachment shock. Two distinct triple points (TP:1 & TP2),
and the LE shock and separation shock (SS), and its angles are also denoted.

In the context of strong SWBL interactions, the impinging oblique shock can manifest as either a regular
reflection or a Mach reflection. At h/w of 1.82 & 1.73, the interaction primarily results in RR for inviscid
flow conditions as observed in the Fig. 9, however, with influence of boundary layer on the flat plate
this interaction transforms into Mach reflection. The separated flow creates an upstream influence in
the boundary layer forming a separation bubble consequently resulting in separation shock due to
incoming hypersonic flow. The subsonic channel downstream of the near normal shock in this flow
structure is accelerated until sonic throat appears after which the flow turns into supersonic. This is well
illustrated in Fig. 11(a) and 12(a) which presents time-averaged Mach isoline contour for h/w = 1.82
& 1.73, capturing the influence of impinging shock boundary layer interaction across the flow field.
Notably, the interaction of impinging oblique shock from the wedge, LE shock from the flat plate and
near normal shock formed in the flow field can easily be observed in the two cases from the Fig 11(b)
and 12(b) depicting schlieren image frame. With decrease of h/w from 1.82 to 1.73, the triple point
(TP2) formation from the former shocks shows an upstream movement by 6.83 mm and an increase in
Mach stem height of 4.16 mm in the flow field.
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Fig 11. (a) Time-averaged Mach flow contour depicting Mach isoline for h/w = 1.82 at Mach 6.
(b) Schlieren image for close up view of Edney Type II interaction for h/w = 1.82 at Mach 6
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Fig 12. (a) Time-averaged Mach flow contour depicting Mach isoline for h/w = 1.73 at Mach 6.
(b) Schlieren image for close up view of Edney Type II interaction for h/w = 1.73 at Mach 6
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The influence of h/w ratio on time-averaged normalized wall pressure on the flat plate is illustrated in
the Fig. 13. The vertical line indicates the inviscid shock impingement location for the respective h/w
ratio. The study reveals that the initial rise in the normalized pressure denotes the presence of LE shock,
and the strength of the LE shock remains constant for h/w ratio 1.82 & 1.73. The plateau pressure
observed denotes the separation bubble length in the flow field. The magnified view of the plateau
pressure for h/w ratio of 1.82 & 1.73 is denoted Fig. 14. From the figure, a rise in plateau pressure and
fall of separation bubble length can be identified for decrease in h/w ratio from 1.82 to 1.73.
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Fig 13. Time-averaged normalized wall pressure distribution on flat plate for h/w ratios for 1.82 &
1.73 in Mach 6 flow condition.
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Fig 14. Magnified view of the plateau pressure indicating separation shock and length of separation
bubble for h/w = 1.82 and 1.73 at Mach 6 flow conditions.

Table 2. Influence of h/w on flow characteristics at Mach 6 flow conditions

Vertical distanceratio hr/w =182 h/w =173

Bis 30°+ 6.5% 32°+ 6.5%
Bss 15° + 6.5% 16° + 6.5%
Separation bubble 51.46 mm 46.41 mm
length
Mach stem height 20 mm 24.16 mm
Triple point (TP2) 0.215 0.182

location (x/1)
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Table 2 presents influence of h/w on flow characteristics for MR in presence of boundary layer on a flat
plate. The data suggests minimal variations in the LE and separation shock angles associated with the
LE and separation shock. However, a significant decrease of 9.8% in the separation bubble length is
evident with decrease in h/w . Conversely, the Mach stem height demonstrates a notable increase by
20%. These variations are accompanied due to the phenomenon of an upstream migration of the
oblique shock impingement location with decreasing h/w. As the shock impinges downstream of the
boundary layer, it creates a longer separated flow resulting in longer recirculation bubble length and
consequently the interaction of the shocks (LE, transmitted and near normal shock) takes place
downstream. With decreasing of h/w, the separated flow making an upstream influence is smaller in
length and results in the interaction of the shocks to take place comparatively upstream of the flow.
Hence, for the longer separation bubble, the reattachment shock location (peak normalized pressure in
Fig.13) is comparatively downstream for h/w = 1.82 & 1.73. Hence, the triple point (TP2) location is
higher for h/w = 1.82 case as compared to h/w = 1.73 indicating the movement of interaction of
shocks. Therefore, in conclusion, by increasing h/w from 1.73 to 1.82, downstream impingement of
oblique shock from the wedge is obtained consequently creating a longer separation bubble length,
lower Mach stem height and interaction of shocks moving downstream.

5. Conclusions and future work.

The successful realization of influence of h/w on flow characteristics for MR over a flat plate is observed
in this study. This study reveals a noteworthy observation: at higher freestream Mach number and
wedge angle approaching the flow detachment angle, regular reflections in the inviscid flow turn to
Mach reflection in the presence of boundary layer. The effect of movement of oblique shock
impingement location along flat plate on separation bubble length and Mach stem height is studied.
Future investigations should focus on the unsteadiness of the separation bubble and the modal
behaviour of the near-normal shock. To better understand this flow physics, subsequent experimental
research will be conducted in the S1 Hypersonic facility at HEAL.
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