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ABSTRACT

LAMINAR SWEPT AND CROSS SHOCKWAVE/BOUNDARY-LAYER

INTERACTIONS

Jiss Jacob Sebastian, Ph.D.

The University of Texas at Arlington, 2021

Supervising Professor: Frank K. Lu

Shockwave/boundary-layer interactions are considered one of the most complex

problems in high-speed gas dynamics, and numerous studies have been carried out for

more than eighty years to understand the fundamental physics. A numerical study

was performed using fin-plate configurations to study the three-dimensional swept and

cross shockwave/ laminar boundary-layer interactions. All the interactions studied

were strong enough for the boundary layer to separate. In the first part, swept shock

interactions between a laminar boundary layer and the shockwave induced by a sharp

fin mounted perpendicularly on a flat plate were studied. Different flow conditions

were investigated at freestream Mach numbers of 2.64, 2.95, 3.44, and 3.93, and the

fin angles of 10, 13, 16, and 19 deg. Surface flow features pertinent to fin-induced

interactions such as the upstream influence, separation, and attachment lines were

identified, and the presence of multiple flow separations in the interaction region was

studied. Quasiconical symmetry, as previously observed for turbulent interactions,

was established in laminar fin-induced interactions from the results of surface topology

and surface pressure distribution. Further examination revealed that there is an
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inception zone near the fin apex followed by a farfield zone that appears to radiate

from a virtual conical origin, bounded by the flow features and the inviscid shock trace.

A new upstream-influence scaling law was proposed for laminar interactions that is

different from turbulent ones and verified for a combination of M∞, αf , and Reδ. An

extension of two-dimensional free interaction theory was developed and confirmed in

three-dimensional laminar fin-induced shockwave/boundary-layer interactions. Next,

the separated flowfield associated with a crossing shockwave/laminar boundary-layer

interactions at Mach 4 was studied. The crossing shocks were generated by a pair of

symmetric, opposing fins placed on a flat plate at 7, 9, 11 and 13 deg angle of attack.

The separated flowfield was found to constitute a pair of open separated counter-

rotating vortical structures moving downstream. The large extent of the upstream

influence in laminar interactions resulted in the deviation from quasiconical symmetry

observed in single fin-induced interactions due to the relative narrow gap between the

fins. The flow structures were qualitatively compared with the turbulent crossing

shock interaction studies to identify and discuss the separated flow regimes. The

spanwise surface pressure distributions were studied at different streamwise locations

to interpret the nature of the separated flowfield and various topological features

identified.

viii



NOMENCLATURE

A Attachment

a Power of Reδ in the Dolling–Settles–Bogdonoff scaling law (see Eq. (4.6))

b Power of Reδ in the Dolling–Settles–Bogdonoff scaling law (see Eq. (4.7))

BL Separated boundary layer

C Chapman–Rubesin parameter

CFD Computational fluid dynamics

CFL Courant–Friedrich–Lewis (CFL) condition

CS Centerplane separated region

CV Centerline vortical structure

EF Entrainment flow

e Relative error in solution between grids

F Universal correlation function

FVM Finite volume method

g flow property considered for grid independence study

GCI Grid convergence index

GIS Grid independence study

Kβ Similarity parameter used in the scaling of upstream influence

k Thermal conductivity

L Length of the flat plate

l Length measured from virtual conical origin

M Mach number

N Node
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P Order of convergence in GIS

p Pressure

R Radius

Re Reynolds number

r Grid refinement ratio

S Separation

SBLI Shockwave/boundary-layer interaction

SEF Side entrainment flow

SP Saddle point

SS Secondary separated vortical structure

T Temperature

TML Throat middle line

t Time

U Upstream influence

uφ Velocity along β direction

u Velocity

VI Vortex interaction

(x, y, z) Cartesian coordinate system

x̄ x− xU
xS − xU , normalized length used in free interaction theory

VCO Virtual conical origin

α Leading-edge angle

β Angle made by surface flow features with respect to the incoming

freestream direction

β0 Angle made by the inviscid shockwave trace on the flat plate surface

with respect to the incoming freestream direction
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β̄
β − βU
βS − βU , normalized β used in free interaction theory

β∗
β − β0

βU − β0
, normalized β used in plotting surface pressure distribution

χ̄ Viscous-interaction similarity parameter

δ Undisturbed boundary-layer thickness at fin apex

δ∗ Undisturbed boundary-layer displacement thickness at fin apex

µ Dynamic viscosity

φ Angle between the velocity uφ and incoming freestream direction

ρ Density

τ Shear stress

(ξ, ζ) Shockwave-based coordinate system

Subscripts

A Attachment

c Converging section

e Boundary-layer edge

f Fin

i Incipient

N Node

plat Plateau

r Ramp

S Separation

U Upstream influence

v Virtual conical origin

w Wall

0 Stagnation conditions

1, 2, 3 Primary, secondary, tertiary
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∞ Incoming freestream conditions

Superscripts

(̂ ) scaled coordinates according to upstream-influence scaling law

(see Eqs. (4.6) and (4.7))

(̃ ) scaled coordinates according to upstream-influence scaling law

(see Eqs. (4.2) and (4.3))
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CHAPTER 1

INTRODUCTION

1.1 Shockwave/Boundary-Layer Interactions

The interaction between shockwaves and boundary layers is a class of viscous–

inviscid interactions in high-speed flows. It is one of the most confounding subjects

in gas dynamics because of the complex physics involved and its adverse effects on

high-speed aerospace vehicles. In a two-dimensional flow, mutual interaction of the

shockwave impinging on the boundary layer where viscous effects are dominant mod-

ifies the step pressure rise in the inviscid freestream to an adverse pressure gradient.

The adverse pressure gradient may be strong enough to result in boundary-layer

separation, leading to significant changes in the associated flowfield [8, 9, 10]. The

drastic flowfield distortion by boundary-layer separation was observed by Ferri [8] in

wind-tunnel tests. Oswatitsch and Wieghardt [11] showed in detail the occurrence

of a shockwave/boundary-layer interaction (SBLI) at supersonic speeds and the local

increase in pressure and the corresponding thickening of the boundary layer. This

phenomenon will be discussed in detail in the later sections. Shockwaves and bound-

ary layers can be found in almost every practical supersonic flow, and thus SBLIs

are critical in designing high-speed vehicles. There are many locations on a high-

speed aircraft where SBLIs can occur as shown in Fig. 1.1 [1]. Such locations include

the intersection of two surfaces, such as compression corners in supersonic inlets and

wing–fuselage junctions.

Shockwave/boundary-layer interactions tend to have adverse consequences, par-

ticularly when the interaction results in boundary-layer separation. Separated flows
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Figure 1.1: Locations where SBLIs can be found in the vicinity of a high-speed vehicle
[1]

degrade the aerodynamic performance of high-speed vehicles due to increased drag

and heating [12] such as in hypersonic flight. Further, they can lead to unsteadiness

resulting in adverse structural response [13], a particularly pertinent example being

shock-induced trailing edge separation in transonic flight. These types of interactions

continue to demand practical mitigation methods.

Instead of studying interactions on practical shapes, fundamental studies focus

on simple, building-block interactions to draw physical understanding. These are
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conveniently classified as either two-dimensional or three-dimensional based on the

geometry. These simple configurations have been studied extensively. Fundamental

interactions in two-dimensional supersonic flows include the flow past a ramp mounted

on a flat plate, impinging-reflecting oblique shockwave on a flat plate, a forward-

facing step, and a rearward-facing step [7]. Three-dimensional configurations that

are characterized by sweep can yield distinctly different boundary-layer separation

characteristics from two-dimensional ones.

1.2 Boundary-Layer Separation

Flow separation, or more precisely, boundary-layer separation, is the detach-

ment of a boundary layer from a surface due to a sufficiently adverse pressure gradient.

As mentioned earlier, the canonical configurations used for fundamental studies are

classified as two- or three-dimensional based on the geometry. Separation induced

by a two-dimensional SBLI is typically characterized by a closed recirculation bub-

ble. A ramp-induced SBLI is considered here to understand the flow structure in a

two-dimensional separation. A ramp with an angle αr is mounted on a flat plate as

shown in Fig. 1.2. The incoming boundary layer has a thickness δ, and the flow is at

a freestream Mach number M∞.

The flow is deflected at an angle αr resulting in the formation of an attached

oblique shockwave in the absence of viscosity. While a sudden increase in pressure

occurs in the inviscid shockwave, the impingement of shockwave with the boundary

layer establishes a mutual interaction that yields an adverse pressure gradient [14].

Should the adverse pressure gradient be sufficiently large, the skin friction will vanish

at a surface location, leading to a condition known as incipient separation. For the

same incoming flow, a small increase in the shock strength will prompt the boundary

layer to separate. In the present case, the shock strength exceeds the capacity of the
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Figure 1.2: Schematic of a ramp-induced shockwave/boundary-layer interaction with
flow separation

boundary layer to withstand the compression. This highly localized adverse pressure

gradient leads to the separation of the boundary layer upstream of the ramp apex.

In such a two-dimensional interaction, this results in a closed separated region near

the ramp apex with a slow-moving flow in the reverse direction. A closed separation

means that the streamline lifting off at the separation point on the surface reattaches

to the rear and encloses the separated region. This concept is relevant as the inviscid

flowfield will be distorted because of this separation bubble comparing to the flow

that existed before separation. Figure 1.2 shows a separation shockwave formed as a

result of the flow deflection due to the separation bubble. The flow is subsonic below

the sonic line. The beginning and end of the dividing streamline represent separation

and reattachment, respectively. The reattachment of the flow on the ramp causes

the formation of a reattachment shockwave, also known as the rear shockwave, which

then merges with the separation shockwave, as shown in Fig. 1.2. High pressure and
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localized heating can occur at the reattachment location due to the creation of an

impinging jet leading to a local flowfield similar to the Edney type IV interaction [15].

The separation shockwave and the reattachment shockwave together form the typical

lambda shock pattern. A schematic of the surface pressure distribution normalized

by the incoming freestream pressure in the case of a ramp-induced SBLI is shown

in Fig. 1.3. The figure shows that the surface pressure starts to rise ahead of the

inviscid impingment location. The location where this surface pressure rise occurs is

known as the upstream influence LU which is the subject of great theoretical interest

[16, 17].

Figure 1.3: Schematic of surface pressure distribution for ramp-induced SBLI

The pressure plot shows a plateau typical of largely separated flows. It is evident

from the figure that the pressure rise caused by the shockwave is felt upstream of

the theoretical impingement location of the inviscid shockwave on the surface. This
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pressure rise is transmitted upstream through the subsonic part of the boundary

layer. The onset of interaction, known as the point of upstream influence, is a salient

feature of all SBLIs, and LU denotes the upstream influence length. The thickness of

the subsonic layer, which is below the sonic line, depends on the velocity profile at

that point. It would be thinner for the turbulent boundary layer because of the fuller

velocity profile comparing to the laminar case. Thus, the closer proximity of the sonic

line to the flat plate surface in turbulent flows will result in a lesser upstream extent

than for laminar interactions.

For two-dimensional separated interactions, Chapman et al. [18] found that the

flow evolving towards separation does not depend on the geometry that induced the

shockwave for strongly separated flows. In other words, there are no essential differ-

ences between the separations caused by an incident shockwave, a normal shockwave,

or a ramp, and the boundary layer behaves in the same way to a given rise in pressure

independent of the cause in all cases. Instead, the separated region depends on the

freestream Mach number, the boundary-layer characteristics ahead of the interaction,

and the wall temperature condition. Such flows that are free from the direct influence

of downstream geometry are termed “free interactions.”

Most flows of practical interest are three-dimensional. Three-dimensional sep-

arated interactions are, in fact, rich in topological features [19] compared to two-

dimensional ones. In reality, two-dimensional interactions are confined mostly to

axisymmetric flows [20]. A transverse pressure gradient occurs in three-dimensional

boundary layer and would impart a transverse velocity to the flow. The slow-moving

fluid close to the surface will be deflected more than the fluid further away because of

this transverse pressure gradient and gives rise to crossflows [21]. When the distance

from the surface tends to zero, the streamlines parallel the skin-friction lines and are

called “limiting streamlines.” The concept of limiting streamlines was introduced by
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Sears [22] while studying the laminar boundary layer on an infinite yawed cylinder.

Brown [23] proposed that the convergence of limiting streamlines can identify the

line of separation in three-dimensional studies. Moreover, the line of attachment is

where the limiting streamlines diverge. However, Legendre [24] found that the lim-

iting streamlines considerably increase their distance normal to the surface close to

the line of separation. Lighthill [25] considered skin-friction lines instead of limit-

ing streamlines to form the desired continuous vector field for topological analysis.

Thus, the lines of separation and attachment can be confirmed by the convergence

and divergence of skin-friction lines, respectively [19].

It is already discussed that two-dimensional separation is generally character-

ized by a closed recirculation bubble. However, three-dimensional separated inter-

actions can either be a bubble type or a free-shear layer type [26]. A bubble-type

separation appears similar to a two-dimensional closed separation. Nevertheless, in

the latter type of separation, the flow accumulating at the line of separation leaves

the surface as a free-shear layer and rolls up to form a vortical structure moving

downstream. Instead, a different stream surface attaches. The flow in such an “open

separated region” is fast [27], in contrast to a closed separation.

Most of the studies in three-dimensional interactions involve building-block con-

figurations that are characterized by sweep. Such configurations can yield distinctly

different boundary-layer separation characteristics. An example of such a configura-

tion is a compression corner with a small sweep angle to the incoming flow, mounted

on a flat plate. When the sweep angle is zero, the configuration corresponds to a two-

dimensional interaction. By progressively increasing the sweep angle from zero, the

flowfield develops from a quasi-two-dimensional to a highly-swept three-dimensional

one.
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Another example that is of interest in the present research is a sharp, unswept

fin placed perpendicularly on a flat plate at a given distance from the leading edge,

as shown in Fig. 1.4. An oblique shockwave is generated by the fin with leading-edge

angle αf and interacts with the flat plate boundary layer. The details shown in Fig.

1.4 will be discussed later in Chapter 3.

Figure 1.4: An example of a three-dimensional configuration in which a single fin is
mounted on a flat plate

The fin-generated oblique shockwave interacts with the flat plate boundary

layer, and the pressure rise causes a disturbed flow pattern. When the shock strength

is sufficiently large to cause a separation, the flow topology alters significantly, lead-

ing to an open separation. The transition from closed to open separation occurs in

certain three-dimensional configurations but apparently does not occur in fin-induced

interactions. It was mentioned earlier that in two-dimensional studies, the distur-

bance due to the adverse pressure gradient is first detected at the point of upstream
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influence. More conveniently, in three-dimensional swept interactions, upstream in-

fluence is identified from the surface topology by the beginning of flow deflection as

they approach the fin and is termed as the line of upstream influence. Detailed stud-

ies of interactions generated by a swept ramp showed that detecting the upstream

influence in the aforementioned manner is equivalent to locating the rise in the sur-

face pressure distribution [28]. The upstream influence was the source of theoretical

difficulties which was successfully addressed by Lighthill [16, 17]. The line of primary

separation is in the downstream of the line of upstream influence and the line of

primary attachment is close to the fin. The terminology includes “primary” because

for even stronger interactions, additional separations and attachments develop within

the primary separated region. A schematic of fin-induced shockwave/boundary layer

interaction in which a secondary separation region is imbedded within the primary

separation region is shown in Fig. 1.5.

The surface flow features in the separated region can be extrapolated to a point

upstream of the fin apex, termed as the virtual conical origin (VCO) [29]. This qua-

siconical interaction region can be conveniently split into an inception zone near the

VCO that evolves into a farfield [30, 31, 32, 33, 34]. The conical symmetry only

existed in the farfield as shown in Fig. 1.5. These features can be confirmed by sur-

face pressure distribution in addition to surface flow visualization discussed above. A

schematic of the surface pressure distribution normalized by the incoming freestream

pressure is shown in Fig. 1.6. The variation was plotted normal to the inviscid shock-

wave in the farfield of the interaction region against an angle β subtended by the

surface flow features with respect to the incoming freestream direction.

The surface pressure starts to rise at upstream influence and reaches a plateau

typical of separation. The pressure rises to a maximum at the primary attachment

before dropping to a lower value at the fin surface. The dip in pressure and a small
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Figure 1.5: Schematic of a fin-induced SBLI and quasiconical similarity

peak detected between the plateau and the maximum are due to the secondary sep-

aration and attachment. Quasiconical symmetry will be discussed in more detail in

the context of the present research in Chapter 4. Of particular note, free interac-

tion theory that is well established in two-dimensional flows is still unexplored in

three-dimensional, swept interactions. It is hypothesized that two-dimensional, free

interaction theory can be extended to three-dimensional flows through a suitable

transformation. The success of a three-dimensional free interaction theory is im-

portant from a theoretical standpoint, similar to its importance in two-dimensional

interactions.

Another configuration of interest in the present study is a pair of swept shock-

waves of an opposite family crossing a boundary layer. Such configurations are called

“double fin configurations” or “crossing shock configurations” (see Fig. 1.7). This
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Figure 1.6: Schematic of surface pressure distribution in a fin-induced SBLI

geometry is a natural extension of the single fin mounted on a surface [35]. More

discussion on the configuration shown in the figure will be made in Chapter 3. The

study of crossing shock interactions is critical as the phenomenon occurs in a variety

of situations in aerodynamics and propulsion. Subject to the strength of the shock-

waves, a variety of complex interaction phenomena ensue, including flow separation

and the generation of vortical structures [36]. An example of where cross SBLI can

occur is in high-speed inlets and can lead to large-scale flow separation. Depending

on the strength of interaction, the separation might lead to the unstart of inlets. Fur-

ther, crossing shock configurations are either symmetrical or asymmetrical based on

the deflection angle of the fins. The symmetrical configuration involves a pair of fins

with the same leading-edge angles mounted on a flat plate as shown in Fig. 1.7. When
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the fin leading-edge angles are different, the configuration is asymmetrical. However,

the current research focuses on symmetrical crossing shock interactions.

Figure 1.7: An example of a three-dimensional configuration in which a pair of fins
are mounted on a flat plate

The oblique shockwaves generated by the opposing fins intersect at the plane of

symmetry and interact with the flat plate boundary layer. Experimental and compu-

tational studies on the separated turbulent cross SBLIs show that there are certain

parameters that can seriously alter the resulting flowfield [35, 37, 38]. These param-

eters include the freestream Mach and Reynolds numbers, the incoming boundary

layer, the fin leading-edge angles, the distance between the fin tips, and the minimum

distance between the fins (throat width).
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Crossing shockwave/boundary-layer interactions induce open separation de-

pending on the interaction strength. Some of the key flow features of the single

fin-induced interactions, namely, the lines of upstream influence and primary sepa-

ration, are present in cross SBLIs as well and are generated by the individual single

fins. The flow accumulating at the lines of separation leaves the surface as a free-

shear layer and rolls up to form two primary vortical structures moving downstream

as shown in Fig. 1.8. These counter-rotating vortical structures generated by the two

fins are considered as the principal feature of cross SBLI flowfield [2, 35, 39, 40].

(a) Front view

(b) Reverse view

Figure 1.8: Visualization of the vortical structures formed in separated cross shock-
wave/ turbulent boundary-layer interaction at M∞ = 8.3 and αf = 15 deg (only one
of the vortices is shown in the reverse view) [2]
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The variation of surface pressure can be used to identify the location of up-

stream influence where the interaction is first felt. The lines of primary separation

are downstream of the upstream influence lines corresponding to each fin. As previ-

ously discussed in the case of open separated flows, a different stream surface attaches

at the primary attachment lines close to fin surfaces. The fluid structures in such sep-

arated interactions exhibit a high degree of complexity, and the physics of the problem

has relevance in several applications. The flowfield structure associated with the in-

teraction of symmetric crossing shockwaves and a flat plate laminar boundary layer

will be discussed in the context of the present research in Chapter 5.
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CHAPTER 2

LITERATURE REVIEW

2.1 Two-Dimensional Shockwave/Boundary-Layer Interactions

Considerable work has been performed in two-dimensional SBLI yielding a good

physical understanding. There are five fundamental interactions in two-dimensional

flows that can occur between a shockwave and a boundary layer. Such interactions

occur in impinging-reflecting oblique shockwaves on a surface, flow past a ramp, a

normal shockwave, an imposed pressure jump like at the exit of an over-expanded

nozzle, an oblique shockwave induced by a forward-facing step. Basic configurations

involving two-dimensional interactions, except the normal shock interaction, are rep-

resented schematically in Fig. 2.1 where separation and attachment are denoted by

S and A, respectively.

A detailed theoretical explanation of the propagation of a shockwave in a bound-

ary layer and the resulting wave system was given by Henderson [41] for the case of

impinging-reflecting oblique shockwaves on a surface. Sturek and Danberg [42, 43]

studied turbulent interactions over an isentropic compression ramp and are consid-

ered a few among the early experimental works. Detailed surveys of pressure and

temperature were performed by them at a nominal Mach number of 3.5.

The structure of the separated region in the supersonic flow past a ramp at dif-

ferent deflection angles was studied by Spaid and Frishett [44]. The study confirmed

a double-shock system consisting of separation shockwave and reattachment shock-

wave for separated interactions. The concept of upstream influence is significant in

SBLIs [45] and can be determined from surface pressure distribution and surface flow
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Figure 2.1: Schematic of basic configurations involving two-dimensional SBLI

visualization [27, 46]. Délery and Le Balleur [47] studied the supersonic flow past a

forward facing step and the interaction was characterized by the existence of a large

recirculation bubble. The size of this separation bubble was found to be roughly pro-

portional to the height of the step. An investigation of the supersonic reattachment

downstream of a step was done by Délery [48] and the schematic of flow structure

is shown in Fig. 2.1. The supersonic laminar boundary-layer separation through a

free interaction was first studied by Stewartson and Williams [49] and Neiland [50]

separately. Comprehensive reviews by Délery and Marvin [7], Adamson and Messiter

[14], Hankey and Holden [51] and Délery [52] covered a wide range of fundamental

two-dimensional SBLI studies.
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2.2 Three-Dimensional Shockwave/Boundary-Layer Interactions

Two-dimensional separated SBLIs are insufficient to achieve a proper under-

standing of the complex topology of three-dimensional separated flows and to explain

the physics involved. Studies have enhanced the understanding of three-dimensional

separation by focusing on fundamental geometries based on the shape of the shock-

wave generator [53, 54]. A key geometrical parameter is the sweep that can yield dis-

tinctly different boundary-layer separation characteristics. Examples of such building-

block, three-dimensional configurations are sharp unswept and swept fins, semi cones,

swept compression ramps, blunt fins, and double sharp unswept fins (crossing shock-

waves configuration). A few of these configurations are shown in Fig. 2.2.

Figure 2.2: Schematic of basic swept shockwave generator configurations
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Settles and Dolling [53] classified three-dimensional interactions into two cat-

egories: semi-infinite and non-semi infinite interactions. The interactions are called

semi-infinite when the shockwave generator has an overall size sufficiently large com-

pared to the boundary-layer thickness such that any further increase in size does not

change the interaction flowfield [53]. Furthermore, the category of semi-infinite in-

teractions is subdivided as dimensional and dimensionless depending on the effect of

geometry. When shockwave generators impose no length scale on the interactions,

they are called dimensionless interactions [53]. Sharp fin-induced interactions exhibit

features common to dimensionless interactions. An example of dimensional inter-

action is that induced by a blunt fin whose nose diameter influences the flowfield.

Dolling [55] performed a comparison between sharp- and blunt-fin induced interac-

tions. He found that sufficiently far from a blunt fin, the interaction generated by the

blunt fin-induced shockwave appears to be similar to that induced by a sharp fin at

the same deflection angle. Comprehensive reviews of fundamental three-dimensional

SBLI studies can be found in Délery and Marvin [7], Gaitonde [13], and Panaras [21].

2.3 Sharp Unswept Fin-Induced Shockwave/Boundary-Layer Interactions

A simple shockwave generator configuration that generates a three-dimensional

interaction is a sharp unswept fin mounted perpendicularly on a flat plate at an angle

to the incoming freestream direction. A schematic of this configuration is shown in

Fig. 1.4. This configuration exhibits a semi-infinite dimensionless interaction [27] and

is extensively studied because of its practical importance, being a simplified rendition

of a wing/fuselage junction for example. Early experimental observations revealed

that such interactions are quasiconical in nature [30]. Fundamental studies focused

more on turbulent interactions. Hence, in this section, the laminar boundary layer

interactions will be reviewed only after a brief discussion on turbulent interactions.
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Gadd [56] performed an experiment on fin-induced unseparated interactions at

an incoming freestream Mach number M∞ = 1.4 and examined the surface pressure

distributions far from the fin apex. The pressure data from Gadd’s experiment col-

lapsed well and showed that the pressure distributions are radiating from an origin

when plotted in conical coordinates. The better collapse of data confirms the interac-

tion to be conically symmetric. Another useful technique to study conical symmetry

is surface flow visualization, as briefly reviewed in Chapter 1.

Another early experimental study was performed by McCabe [57] at M∞ =

1.96 and 2.94. Fin-induced shockwaves for different fin angles αf = 2.5–20 deg

interacted with turbulent boundary layers. McCabe found that incipient separation

occurs at αf = 8.5 and 5.5 deg for M∞ = 1.96 and 2.94 respectively. He was the

first investigator to apply the concept of a separation line as an envelope of surface

streamlines in such interactions. Korkegi [58] also studied incipient separation in

three-dimensional interactions and found that for M∞ > 1.6, the fin angle at which

incipient separation occurs is given by the correlation based on McCabe’s data

αi =
0.364

M∞
radians (2.1)

A better agreement with experimental results was obtained by empirically adding

vorticity to the interaction yielding

αi =
0.3

M∞
radians (2.2)

The analytical and experimental studies by Lowrie [59] concentrated on weak

interactions at αf = 4–8 deg, and the resulting shockwave angles did not vary by

more than a few degrees. Later experimental studies by Lu et al. [60] revealed that

the shockwave angle β0 is an important parameter to be considered. Miller and Re-

deker [61] studied interactions at M∞ = 2.9 and fin angles αf = 5.7 and 13 deg and
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visualized the skin-friction lines. They found that the fin-generated interaction has

lower separation and plateau pressures and a longer interaction length compared to

two-dimensional interactions induced by the same shock strength, although strictly

as a dimensionless three-dimensional interaction, the conical interaction length in-

creases with span. The spanwise increase of the interaction was studied by Zubin and

Ostapenko [62] who found that the surface features appear to radiate from the fin

apex except for the region close to the apex itself. This region close to the apex or,

in other words, the non-conical inception zone, is found to be inversely dependent on

the Reynolds number. The experimental study by Settles and Teng [63] confirmed

that the interaction possesses an inception zone followed by a farfield conical region.

Later Lu and Settles [32] found that the inception zone is weakly dependent on Mach

number but depends strongly on the shock sweep. Also, schlieren photographs re-

vealed a “lambda-foot” shockwave pattern within the separation region. A schematic

of the lambda shockwave structure is shown in Fig. 2.3. Such a structure visualized

normal to the inviscid shockwave trace is composed of a main shockwave, a sepa-

ration shockwave, and a rear quasi-normal shockwave. The separation shockwave

is formed by the coalescence of compression waves caused by the geometry of the

separated region. More discussion on the shock structure in the light of the present

research will be made in Chapter 4. Zheltovodov et al. [64] studied the appearance

of a secondary separation line in fin-induced interactions. Zheltovodov studied inter-

actions in a wide range of shock strengths and found a correlation for the occurrence

of secondary separation.

α2i =
0.6

M∞
radians (2.3)

According to Zheltovodov, the secondary separation line first appears in the farfield

region only after the interaction achieves a certain strength.
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Figure 2.3: Schematic of the shock-structure in fin-induced interactions

Settles and Kimmel [29] introduced the concept of “conical free interaction” by

examining the upstream-influence angle, and this concept was reinforced by observing

the collapse of surface pressure distributions when plotted against an angle β from

the VCO. The study of turbulent fin-generated SBLI by Lu [27] extended the results

of Kimmel to a range of Mach numbers of 2.5 < M∞ < 4. A normalization procedure

was used in [27] to plot a universal surface pressure distribution, which confirmed

conical free interaction. All of the surface pressure plots possessed the characteristic

plateau and dip typical of largely separated flows [33, 65, 66, 67, 68, 69]. A few other

experimental studies on three-dimensional fin-induced interactions include Settles and

Lu [30], Kimmel and Bogdonoff [70], Kim and Settles [71], Kubota and Stollery [72],

Law [73], and Zheltovodov et al. [74].

The theoretical analysis by Inger [31] reformulated the boundary-layer equa-

tions using conical arc-length coordinates centered at the fin apex. He found that

shear stress, heat conduction, and velocity and density profiles, in general, do not

21



exhibit conical symmetry. Further, he confirmed the inception zone’s length to be

proportional to cot β0, as previously determined by Settles.

Many computational investigations were carried out in the area of fin-induced

interactions, mostly involving turbulent boundary layers. Extensive computational

studies at M∞ = 3 were performed by Knight et al. [69], Horstman and Hung [75],

Horstman [76], and successfully compared the pressure distributions with the exper-

imental results. Horstman and Hung were the first to use the computed streamlines

to visualize flow near the line of separation in a turbulent interaction. The com-

puted surface shear-stress distribution showed good agreement with the experimental

oil-flow visualization.

Knight [77] studied the turbulent boundary-layer interaction at M∞ = 4 and

αf = 16 deg numerically using the three-dimensional compressible Navier-Stokes

equations. The computational results showed the characteristic large vortical struc-

ture in the separated region of the interaction. Panaras [78] also observed that the

separated flow was dominated by a large vortical structure, and the core had a coni-

cal shape with a flattened elliptical cross-section. The density contours displayed the

lambda-shockwave structure composed of a separation shockwave and a rear quasi-

normal shockwave as previously described, Fig. 2.3. The separation shockwave was

formed by the coalescence of compression waves caused by the geometry of the sep-

aration zone. Knight et al. [79] presented numerical simulations based on the test

case of Alvi and Settles [80] and the lambda-shock structure was evident in various

contour plots. Panaras and Stanewsky [81] conducted numerical simulations to study

the appearance of secondary separation in turbulent interactions. The results showed

a secondary separation line. However, the grid used was not fine enough to capture

the secondary attachment line.
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Most SBLI studies are of turbulent flows due to their practical importance, with

few laminar studies. The first investigation of fin-induced laminar interaction was ap-

parently done by Cooper and Hankey [82]. They studied experimentally in a laminar

flow at M∞ = 12.5 and αf = 15 deg. Based on surface flow visualizations and sur-

face pressure distributions, they confirmed open separation in fin-induced interactions

where the separation streamline is not the same streamline that attaches. Korkegi

[83] studied fin-induced interactions in laminar and turbulent flows. The surface flow

visualizations obtained by Korkegi were a significant development in understanding

the flowfield. At the test conditions considered, secondary reattachment was found to

be visible only in laminar interactions. This is because the shock intensities required

for separation in turbulent interactions are much larger than laminar ones. In other

words, the laminar boundary layers are less able to overcome an adverse pressure

gradient, and hence are more susceptible to separation than turbulent boundary lay-

ers. Zubin and Ostapenko [62] found that the secondary separation region in laminar

interactions is larger than those found in turbulent interactions.

Of specific note are the experimental and computational studies by Degrez

[84, 85, 86]. The experimental results at M∞ = 2.25 and fin angles of αf = 4, 6

and 8 deg included surface flow visualizations and surface pressure distributions. The

presence of an extended separation was revealed even for the smallest fin angle, in

contrast to turbulent boundary-layer interactions. Degrez visualized only the flow

upstream of the primary separation, with critical information missing on possible

flow separations downstream. Also, the fin angles considered were relatively limited.

The surface pressure distributions showed the rise in pressure at upstream influ-

ence followed by plateau pressure corresponding to the separation and a peak pressure

at attachment. The schematic of such a distribution was discussed in Chapter 1, see

Fig. 1.6. The pressure distributions were found to agree reasonably well with the con-
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cept of quasiconical interaction. Another important outcome of Degrez’s results was

that the upstream pressure distribution depends very little on the fin angle αf . The

computational studies [85, 86] confirmed the quasiconical symmetry of the interaction

at M∞ = 2.25 and αf = 6 deg.

In addition to the results discussed so far, the understanding of shockwave

structure is critical in fin-induced interactions. Based on the results from the exper-

imental and computational studies performed, Degrez believed that the compression

upstream of the inviscid shockwave in laminar interaction is more likely to be spread in

a “compression fan” than a separation shockwave. The reason for the claim was that

the thickening and separation of laminar boundary layers is a gentler phenomenon

than of turbulent interactions. This compression fan’s interaction with the inviscid

shockwave produces a region of varying entropy instead of a slip line as in a turbulent

shockwave structure. Another important finding was that the vortical structure be-

neath the shock leg is much more elongated than for turbulent interactions because

of the greater extent of laminar separation.

2.4 Cross Shockwave/Boundary-Layer Interactions

Three-dimensional crossing shockwave/boundary-layer interactions also form

one of the most complex problems of gas dynamics. These interactions are observed

both in an external supersonic flow around various elements of high-speed aerial ve-

hicles and in internal flows, for example, in supersonic inlets. Double fin or crossing

shock configuration is considered to be a natural extension of the single fin mounted

on a surface [35]. The double fin plate configuration shown in Fig. 1.7 consists of two

unswept fins with sharp leading edges mounted on a flat plate. Such configurations

resemble high-speed inlets and can be classified as symmetrical or asymmetrical based

on the fin leading-edge angles. The separated crossing shockwave/boundary-layer in-

24



teractions can cause an unstart of the inlet depending on the interaction strength [87].

A large number of experimental and computational studies have been carried out on

these configurations. As for single fin interactions, the majority of such investiga-

tions involved turbulent boundary layers. Hence, a brief review of laminar crossing

shock interactions will be made in this section after discussing the advancements in

turbulent interactions.

Mee et al. [88] conducted one of the first investigations in crossing shockwave/

boundary-layer interactions. The experimental observations at Mach 1.85 concluded

that the intersecting oblique shockwaves might be capable of producing a given rise

in pressure with less possibility of separation as opposed to a single strong shock. A

numerical study of the crossing shock problem was performed by Gaitonde and Knight

[89] for weak and unseparated symmetric interactions based on the experimental

studies performed by Mee et al. Two configurations with fin leading-edge angles of 4

and 8 deg were studied atM∞ = 2.95. The results included the visualization of surface

streamlines and the surface pressure distributions. However, no solid conclusions

regarding the flow structure were made.

Subsequently, Batcho et al. [90] studied experimentally the flow past symmetric

and asymmetric fin pairs at Mach 3. They visualized the surface flow topology and

measured the flat plate surface pressure. Two of these configurations were numerically

studied by Narayanswami et al. [39] at fin angles of 9 and 11 deg. The interactions

were symmetrical. The computed results showed general agreement with the surface

pressure and surface flow patterns obtained experimentally. A subsequent numerical

study was carried out by Narayanswami et al. [2] at M∞ = 8.3 for symmetric 15

deg fins. The results revealed two counter-rotating helical vortices formed by the

streamlines originating in the upstream boundary layer, see Fig. 1.8. This vortical

structure is considered as a principal feature of the crossing shock interactions [35].
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A detailed flowfield visualization was performed experimentally by Garrison and

Settles [3, 91] using a planar laser scattering (PLS) method on symmetric crossing

shock interactions at freestream Mach numbers of M∞ = 3 and 4 for a range of fin

leading-edge angles of 7–15 deg. The resulting flowfield structure at M∞ = 3 was

found to agree well with the computed results of Narayanswami et al. [39, 92] and

quantitative comparisons were carried out in [93, 94]. A three-dimensional perspective

view of the flowfield structure was developed by Garrison and Settles on the basis of

PLS images and is shown in Fig. 2.4. Schematic images of the interaction structure

at M∞ = 4 and αf = 15 deg at some specific cross-sections (I–III) are also shown

in the figure. Based on the symmetry, only half of the interaction is shown in the

figure. The fin surface is denoted by F . The sharp fin is mounted on the flat plate

marked as p, and r represents the reflection plane. The shock structures shown in the

figure will be explained using the cross-sections at the specific locations. As discussed

previously, a lambda-foot shockwave pattern can be found in the case of single fin-

induced interactions. Cross-section I, which is in the upstream of the intersection of

the two single fin interactions, represents two separate lambda-foot patterns. The

separation shockwave is marked as 1, followed by a rear shockwave 2 and the main

shockwave 3. The slip line is shown as 4 in the cross-section, and the separated region

denoted by 5 is visible beneath the shock system.

Cross-section II is in the downstream of the intersection of the two separation

shockwaves, as shown in Fig. 2.4. It can be seen that the intersecting separation

shockwaves result in a Mach reflection connected by a straight shock segment called

the Mach stem 7. More discussion on Mach stem can be found in [95]. The reflected

portion of the separation shock wave is marked as 6, and a newly formed triple point is

denoted as 10. As shown in the figure, the location of cross-section III is downstream

of shock intersection. Two additional shock segments (12 and 13) are formed due to
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Figure 2.4: Perspective view of the crossing shock flow developed by Garrison and
Settles at M∞ = 4 and αf = 15 deg [3]

the crossing shock interaction. A centerline shock segment identified as 12 spans the

interaction between the reflected main shockwave (9) and r. The second “bridge”

shock segment marked as 13 connects the reflected main shockwave 9 to the reflected

separation 6 and rear 8 shockwaves. The separated region 5 is also shown in the

figure.
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A numerical study of a symmetric double fin-plate configuration with αf = 15

deg was conducted by Gaitonde et al. [4] to study turbulent crossing shock inter-

actions at M∞ = 8.3. They examined the separated flow structure in detail. The

computed mean flow structures were identified as “flow regimes” and are shown in

Fig. 2.5. These regimes were categorized by Gaitonde et al. as separated boundary

layer, vortex interaction, centerline vortices, and entrainment flow. Gaitonde and

Shang [37] visualized these flow regimes in turbulent crossing shock interactions us-

ing the same 15 deg fin configuration at a different Mach number M∞ = 4. The

Figure 2.5: Separated flow structure in turbulent crossing shock interactions devel-
oped by Gaitonde et al. [4] at M∞ = 8.3 and αf = 15 deg. Stream ribbons are
provided to show the separated boundary layer (BL), vortex interaction (VI), center-
line vortex (CV), and entrainment flow (EF)

separated boundary layer (marked BL) lifts off from the flat plate surface, as shown

in the figure. This regime does not reattach but, instead, forms an open structure

with no confined fluid. The region of flow below this separated layer is occupied by
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the movement of fluid near the fin leading edge towards the throat centerplane. The

flow attaching in the immediate downstream of the separated boundary layer exhibit

a vortex interaction (marked VI) on the centerline symmetry plane. The flow from

slightly higher locations in the boundary layer near the fin (shown as CV) also moves

spanwise to the symmetry plane. The two streams from each fin are subsequently

turned in the streamwise direction to form centerline counter-rotating vortical struc-

tures. Fluid attaching further downstream forms the entrainment flow (marked EF)

and occupies the region below the separated boundary layer and the vortex interac-

tion. This entrainment flow brings high-speed fluid near the wall.

Experiments were conducted by Zheltovodov et al. [38, 96, 97] to study sym-

metric and asymmetric crossing shock interactions at M∞ = 3 and 3.9. Different

combinations were studied using sharp fins with αf = 7, 11 and 15 deg. Asymmetric

configurations were considered to extend the study of the evolution of flow regimes

with asymmetry. The structure of the limiting streamlines, surface pressure, and heat

transfer distributions were obtained and compared with computational results [98].

Further, Zheltovodov et al. [99] studied strong interactions at M∞ = 5 and fin angles

18 and 23. The topological features were examined in great detail, and a systematic

comparison of experimental and numerical results was made. A close agreement was

observed in weak interaction cases; however, moderate to significant discrepancies

were observed in strong interactions in predicting the topological features. In ad-

dition, a secondary separated vortex pair was observed experimentally. Numerical

studies performed by Schmisseur and Gaitonde [36] at Mach 5 with of symmetric

configurations of fins at 18 and 23 deg showed good agreement with experimental

surface pressure distributions.

A computational study was performed by Salin et al. [5] at Mach 3.92 on a

symmetric configuration with a 15 deg fin angle. They successfully reproduced the
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secondary separation phenomenon observed in experiments [99]. The evolution of

three-dimensional streamline trace and the four flow regimes in a similar manner as

that described by Gaitonde and Shang [37] are shown in Fig. 2.6. The secondary sep-

aration is denoted as SS in the figure. Due to the strong adverse pressure gradient

Figure 2.6: Computed flow regimes and streamline trace identified by Salin et al. [5]
at M∞ = 3.92 and αf = 15 deg

generated by the crossing shockwaves, the fluid lifts up along the primary separation

lines without reattaching to the wall throughout the domain, as previously discussed.

The centerline counter-rotating vortex pair (CV) is represented by green and orange

colored streamlines. Additionally, the secondary separation (SS) is located below the

CV regime, as shown in the figure. Three locations identified as I, II, and III are

shown in Fig. 2.6 to compare with the surface flow pattern shown in Fig. 2.7. The

lines of separation and attachment were identified by Salin et al. by the convergence

and divergence of limiting streamlines, respectively. The experimental oil-flow visu-
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alization and the computed surface flow pattern were found to be qualitatively in

agreement. Salin et al. used the notations S and R to recognize the separation

Figure 2.7: Experimental and computational visualization of surface flow patterns at
M∞ = 3.92 and αf = 15 deg [5]

and attachment, respectively. Further, singular points such as saddles and nodes are

denoted by C and N respectively, as shown in Fig. 2.7. The symmetric counterpart

of the flow features in the lower half of the images was identified with a superscript

1, and the flow direction is shown by the arrows. More discussion on the surface flow
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visualization will be made in Chapter 5 in the context of the present research. Salin

et al. [100] further extended the study to include wall heat transfer prediction at fin

angles 7 and 15 deg and M∞ = 3.92.

Quantitative comparisons with experiments were made by Bhagwandin [101]

for hypersonic flow at Mach 8.3 involving a symmetric, double-fin configuration with

10 deg fin leading-edge angle. The shock structure between the fins and the sep-

arated region was comparable with the experimental flowfield plots. Nonetheless,

several attempts have been made in studying crossing shock interactions; a major-

ity of the studies are focused on turbulent boundary layers. A detailed review of

the advances in numerical prediction of shockwave/turbulent boundary-layer interac-

tions was made by Knight et al. [102] for symmetric and asymmetric configurations.

Zuber et al. [103] conducted experimental and numerical studies on crossing shock-

wave/laminar boundary-layer interaction at M∞ = 6 using 10 deg sharp fins. They

varied the fin thickness to study the effect of throat width or the minimum distance

between the fins on the interaction flowfield. The results included surface pressure

distribution, experimental oil-flow visualization, computed surface flow visualization,

and computed streamlines showing separated structures. The resulting flowfield was

found to be primarily composed of the centerline vortex and a separated boundary

layer. However, more detailed investigations are required to understand the physics

of laminar crossing shock interactions.

2.5 Motivation and Outline of the Present Study

As can be seen from the discussions above, there have been numerous studies

of fin-generated swept and cross shockwave/turbulent boundary-layer interactions.

Despite the lack of practicality, laminar studies are essential in improving the un-

derstanding of the interplay of viscous and inviscid parameters while not involving
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themselves with the complications arising from turbulence and turbulence modeling.

As Degrez [84] indicated in the case of single fin interactions, laminar studies are use-

ful for weighing the relative importance of viscous and inviscid parameters. Previous

studies in laminar interactions are limited, as already discussed. Thus, with these

points in mind, the present study was conducted to understand the sharp unswept

fin-induced swept and cross shockwave/laminar boundary-layer interactions. A com-

putational study was proposed since most supersonic research facilities operate in the

blowdown mode where the high pressure and high Reynolds number typically result in

turbulent flows. The quasiconical flowfield resulting from fin-induced swept SBLI will

be discussed in detail for different combinations of Mach numbers, Reynolds numbers,

and fin leading-edge angles. The separated flow features will be discussed in detail

in regard to the flow physics, and a scaling law was developed for upstream influence

at different conditions considered. The concept of free interactions is well established

in two-dimensional flows but is still unexplored in three-dimensional swept interac-

tions. Since most practical problems are three-dimensional, it is essential to study

such interactions that can yield distinctly different separation characteristics. It is

hypothesized that the two-dimensional, free interaction theory can be extended to

three-dimensional flows through a suitable transformation. Additionally, the study

of the underlying physics associated with crossing shockwave/laminar boundary-layer

interactions was performed. The configuration of interest is a pair of swept shock-

waves of an opposite family crossing a flat plate boundary layer. The study is critical

as the phenomenon occurs in a variety of situations in aerodynamics and propulsion.

An example of where crossing SBLI can occur is in high-speed inlets and can lead

to large-scale flow separation. Depending on the strength of the shockwaves, a vari-

ety of complex interaction phenomena ensue. The structure of the current research

study is shown as a flowchart in Fig. 2.8. The present study was conducted to
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Figure 2.8: Flowchart of the research study
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study laminar swept and cross shockwave/ boundary-layer interactions. The com-

putational approach and the discussion on the solver used are provided in Chapter

3. Two-dimensional interactions are considered first, as shown in the structure of

the research in Fig. 2.8. Supersonic flow past a flat plate was performed to identify

the location where the shock generator can be placed to reduce the effect of viscous–

inviscid interactions at the flat plate leading edge. More discussion can be found in

Chapter 3. The solver was validated by simulating a supersonic flow past a ramp

and comparing the surface pressure variation against the experimental data obtained

by Sfeir [104]. Two-dimensional interactions are followed by three-dimensional swept

and cross interactions. Chapter 4 consists of the discussion on swept interactions

induced by a single fin mounted on a flat plate. A study on the separated flowfield in

crossing shock interactions is provided in Chapter 5 using a double fin configuration.

The significant contributions of the present work include:

• Study of the quasiconical symmetry in fin-induced shockwave/ laminar boundary-

layer interactions.

• Discussion on the multiple separations embedded in the primary separation

region.

• An upstream-influence scaling law was developed for laminar fin-induced inter-

actions.

• Extension of the concept of two-dimensional free interaction theory in three-

dimensional swept interactions induced by a sharp fin.

• Study of the separated flowfield in laminar crossing shock interactions using

surface flow visualization.

• Identification of the separated flow regimes in laminar interactions using stream-

lines.
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CHAPTER 3

COMPUTATIONAL APPROACH

Computational fluid dynamics (CFD) is considered a third approach after the

theory and experiment in the study of fluid dynamics. Generally, the numerical

solution of partial differential equations is performed in three steps, namely, pre-

processing, solution of the discretized system, and post-processing. The pre-processing

step involves defining the geometry and generating grids, which will be discussed in

detail for the different interactions considered in the present study.

Numerical schemes used in the study of high-speed flows should be capable of

capturing discontinuities such as shockwaves. Schemes such as the piecewise parabolic

method (PPM) [105], essentially non-oscillatory schemes (ENO) [106], and weighted

ENO schemes (WENO) [107] are popular in producing accurate solutions. How-

ever, these methods typically involve Riemann solvers that are difficult to implement

and computationally expensive [108]. In the present study, the governing, unsteady

three-dimensional compressible equations were solved using the open source rhoCen-

tralFoam. It is a density-based compressible flow solver in the OpenFOAM® package,

based on the central upwind schemes of Kurganov and Tadmor [109], which does not

involve Riemann solvers, and hence field-by-field decompositions are avoided. This

approach, developed for multi-dimensional systems, is based on central schemes pro-

posed by Nessyahu and Tadmor [110] as a second-order generalization of the Lax–

Friedrichs scheme. The resulting numerical scheme has been proven to obtain accurate

solutions for compressible flow problems [108]. Post processing in the present work in-

36



cludes the data reduction and visualization and were achieved by using a combination

of Paraview®, Tecplot® and MATLAB®.

3.1 Governing Equations

The governing, unsteady three-dimensional compressible equations were solved

using the finite volume method (FVM), which will be discussed briefly in this chapter.

The continuity equation

∂ρ

∂t
+∇ · (uρ) = 0 (3.1)

was solved with the value of velocity u from the previous time step, thereby providing

a new value for density ρ. The momentum equation was solved in two steps [108]. In

the first step, the inviscid equation

(
∂(ρu)

∂t

)
I

+∇ · (uρu) +∇p = 0 (3.2)

was solved explicitly for the momentum flux ρu which was used to update the value

of u by the known value of ρ. The subscript I stands for the inviscid contribution.

In the second step, the diffusion correction equation

(
∂(ρu)

∂t

)
V

−∇ · (µ∇u)−∇ ·
[
µ

(
(∇u)T − 2

3
tr(∇u)I

)]
= 0 (3.3)

was solved implicitly for u, where I is the unit tensor and the subscript V stands for

the contribution of viscous effects.

The energy equation was solved in two steps by the flow solver. The inviscid

equation was solved first, and a diffusion correction was introduced to solve for the

temperature T [108]. In the first step, the total energy density ρE was obtained by

solving explicitly the equation(
∂(ρE)

∂t

)
I

+∇ · (u(ρE + p)) +∇ ·
[
−2µ

(
D− 1

3
tr(D)I

)
· u
]

= 0 (3.4)
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where the deformation gradient tensor D ≡ 1
2
(∇u + (∇u)T ). As previously men-

tioned, the subscript of the time derivative I represents the inviscid contribution.

The temperature T was then updated from the total energy density ρE using

T =
1

cv

(
ρE

ρ
− |u|

2

2

)
(3.5)

where cv is the specific heat capacity at constant volume. In the second step, the

diffusion correction equation(
∂(ρcvT )

∂t

)
V

−∇ · (k∇T ) = 0 (3.6)

was solved implicitly for T . The time derivative
(
∂
∂t

)
V

represents that due to diffusion

only. After the temperature was updated, the temperature-dependent quantities,

namely, thermal conductivity k and dynamic viscosity µ, were then updated at the

new temperature. The pressure p was updated using the equation of state

p = ρRT (3.7)

where R is the specific gas constant for air.

Dynamic viscosity was previously calculated using Sutherland’s law

µ =
C1T

3/2

T + C2

(3.8)

where C1 = 1.458× 10−6 Pa/K0.5 and C2 = 110.4 K. As is obvious in the above, the

governing equations do not consider turbulence.

3.2 Brief Discussion of the Solver

OpenFOAM® is an open-source CFD package that uses the finite volume

method for solving fluid dynamics problems. In FVM, the computational domain

is divided into cells called control volumes. Figure 3.1 shows adjacent cells connected
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by a face. The cell face can be either internal or connected to an external boundary.

In the former case, the cell face intersects two cells; in the latter case, the face belongs

to a single cell only. In this method, all dependent variables and material properties

are stored at each cell center.

Figure 3.1: Finite volume discretization

The governing equations are integrated over each cell volume. The divergence

and gradient terms in the equations are converted to integrals over the cell surface

using a generalized form of Gauss’s theorem. The next step is the discretization, where

surface integration requires the flux values of the primary variables. The values at

the cell faces are obtained by interpolating the values at the cell centers connected by

that face. The Courant–Friedrich–Lewy (CFL) condition is a numerical constraint

determining the time step allowed for a specified grid size. For explicit schemes,

the CFL number is less than unity but larger for implicit schemes because these

have unconditional stability. The time discretization in the solver determines the
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way the solver updates the solution in time. The solver considered in the present

study, rhoCentralFoam, uses the second-order semi-discrete, non-staggered central

differencing interpolation schemes developed by Kurganov and Tadmor [109] and

Kurganov et al. [111]. The detailed procedure of discretization and interpolation in

rhoCentralFoam can be found in [108].

The input files in OpenFOAM are set up with a case directory that contains

a minimum of three directories 0, system, and constant [112]. The structure of an

OpenFOAM case directory used in the present study with the files contained in the

mentioned directories are shown in Fig. 3.2. The initial boundary conditions are

Figure 3.2: OpenFOAM set up files
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provided in the 0 directory, where the values of velocity, temperature, and pressure

are inputted. The system directory contains the specifications for the numerical

simulation that includes the settings for the run, discretization schemes, and solution

procedures. It consists of three set-up files, as shown in the figure. The values of

the time step, run time, and CFL condition are assigned in a controlDict file. In

the present case, the CFL number is limited to 0.2 to obtain accurate results when

solving partial differential equations. Robinet [113] stated that global instabilities

generally have low frequencies, which correspond to a time step of O(10−5) s. In the

present study, a physical time step of 1 × 10−7 s was used for the simulation, which

was deemed acceptable based on Robinet’s criterion. The numerical discretization

schemes for the different components of the equations are assigned in fvSchemes.

Temporal discretization is done using a first-order implicit scheme. A second-order

Gaussian integration scheme is used for the discretization of gradient and divergence

terms. The fvSolution file contains the instructions on how to solve each discretized

linear equation system and the details of residual control.

The third sub-directory in the case directory is constant, as shown in the fig-

ure. This directory contains the specifications for turbulence and fluid properties.

The turbulenceProperties file determines the turbulence model used for the simula-

tion. The present study involves laminar flow and, hence, turbulence modeling is not

required. The thermophysical and thermodynamic properties are provided in the con-

stant directory. A sub-directory polyMesh, shown in Fig. 3.2, contains the files of the

generated grid, namely, owner, neighbour, boundary, points, and faces. As already

discussed, internal faces connect two cells, and boundary faces connect a cell and an

external boundary. Each internal face is therefore assigned an ‘owner’ cell and ‘neigh-

bour’ cell described by the corresponding labels owner and neighbour, respectively. In

the case of boundary, the connected cell is considered as the owner, and the boundary
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condition will be specified at the boundary. The files points, and faces consists of the

list of cell vertices, and the cell faces, respectively. In the present study, the grids are

generated using Pointwise® V18.2 and exported to polyMesh directory. The details

of the grid generation and grid independence will be discussed in detail later in this

chapter. In CFD, the solution techniques use an iterative process to improve a solu-

tion successively. The convergence of an iterative solution is monitored by a residual

that measures the relative change of a conserved variable among successive iterations

[114]. Residual convergence criteria in the current study were set to 1× 10−6 for all

the variables [115].

3.3 Two-Dimensional Interactions

In the present study, the understanding of two-dimensional interactions is crit-

ical to validate the solver used. Numerical simulations are performed to compare

with the theoretical and experimental results to confirm that the key flow physics is

captured and the resulting data is accurate. The validation of numerical results of

the supersonic flow past a flat plate and a ramp is discussed in detail in this section.

3.3.1 Supersonic Flow Past a Flat Plate

It is essential to study flow problems where the boundary layer changes the

nature of the outer inviscid flow. Such problems are helpful in understanding the

phenomenon of viscous–inviscid interactions. Two of such interactions in high-speed

flows are leading edge and shockwave/boundary-layer interactions.

Two regions of leading-edge interactions are shown in Fig. 3.3 where the inter-

action is strong immediately downstream of the leading edge with a weak interaction

region further downstream.
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Figure 3.3: Illustration of strong and weak viscous interactions

In the leading-edge region, the growth rate of the displacement thickness of

the boundary layer is large. Hence, the incoming freestream flow considers this as

an effective body with rapidly growing thickness. A shockwave is generated at the

leading edge, and thus the inviscid flow is strongly affected in this region. The changes

in inviscid flow, in turn, affect the boundary-layer growth and properties leading to

a mutual interaction process. The variation in pressure is a significant consequence

of this viscous interaction, and a schematic of the pressure variation in the strong

interaction region is shown in Fig. 3.4, invalidating the usual, thin boundary-layer

assumption. The pressure along this portion of the surface of the plate is considerably

higher than the incoming freestream value.

In the weak interaction further downstream from the flat-plate leading edge,

the growth rate of the boundary layer is much reduced so that the outer inviscid flow
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Figure 3.4: Schematic of pressure variation in the strong interaction region

is weakly affected by so-called viscous effects. The similarity parameter governing

(laminar) leading-edge viscous interactions is

χ̄ ,
M3
∞√
Re

√
C (3.9)

where the Chapman–Rubesin parameter

C =
ρwµw
ρeµe

(3.10)

The value of the similarity parameter χ̄ can be used to identify whether the interaction

region is strong or weak. This type of pressure increment was first reported by Becker

[116] by measuring pressures near the leading edge of a wedge. For an insulated flat

plate [117, 118], the pressure variation for the strong and the weak interaction is given

respectively by

pw
p∞

= 0.514χ̄+ 0.759 (3.11)

= 1 + 0.31χ̄+ 0.05χ̄2 (3.12)
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As already discussed in Chapter 2, the objective of the present study is to

improve the understanding of fin-induced shockwave/laminar boundary-layer inter-

actions. It is thus critical to determine the location where a shock generator (sharp

fin in the present study) can be placed on the flat plate. The incoming flow near the

fin apex must be minimally affected by the leading-edge viscous interaction to obtain

accurate results. Thus, the study of supersonic flow past a flat plate at the corre-

sponding flow conditions will help determine this location. An example of this study

is demonstrated below at an incoming freestream Mach number M∞ = 2, T∞ = 100

K, L = 4 m, ReL = 3 × 105 [119]. The surface pressure distribution obtained by

numerical simulation was plotted against χ̄ and is shown in Fig. 3.5. The pressure

Figure 3.5: Computed surface pressure variation plotted against the similarity pa-
rameter χ̄ at M∞ = 2 showing the strong and weak interactions according to Eqs.
(3.11) and (3.12)
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variation normalized by the incoming freestream pressure was compared against the

theoretical results for the strong and weak interaction using Eqs. (3.11) and (3.12).

It can be inferred from the plot that the present numerical results do not follow the

theory; however, the plot also indicates that the location of the fin apex is sufficiently

downstream for the leading edge effects to be minimal. As the value of similarity

parameter χ̄ approaches zero, the pressure ratio was found to approach unity down-

stream of the weak interaction region. More discussion on this topic in the light of

the present research will be made later in this chapter.

Another validation is to compare the numerical solution with the analytical

Blasius solution subjected to Howarth–Dorodnitsyn compressibility transformation.

Howarth [120] developed the theory of compressible flow in a laminar boundary layer

by assuming the viscosity to be proportional to the absolute temperature, with the

Prandtl number to be unity. The method involves stretching the ordinate normal to

the boundary layer using integration as follows:

Y =

∫ y

0

ρ(y′)

ρe
dy′ (3.13)

The governing equations were then cast in terms of a compressible stream func-

tion resulting in the Blasius similarity equation. Thus, the Blasius solution can be

defined in the (x, Y ) plane. The transformation was inverted to find the compressible

solution in the physical (x, y) plane, namely,

y =

∫ Y

0

ρe
ρ(Y ′)

dY ′ (3.14)

A detailed information on the transformation can be found in [120]. A MATLAB®

code was developed for obtaining laminar boundary layer solutions using the Howarth–

Dorodnitsyn transformation. The results of compressibility transformation in terms

of the Blasius similarity variable η , y
√

Ue

νex
at different freestream Mach numbers
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for an adiabatic wall is shown in Fig. 3.6. The value of η when u/ue approaches unity

was found to be increasing with Mach number. Hence, it can be understood from

the velocity profiles that the boundary-layer thickness increases with increasing Mach

number.

Figure 3.6: Howarth–Dorodnitsyn compressibility transformation results

The velocity profiles from the previously described numerical simulation of su-

personic laminar flow past a flat plate were used to compare with the theoretical

results. Velocity profiles at different streamwise locations identified by x/L were

plotted in terms of the Blasius similarity variable η. These profiles were compared

with the theoretical velocity profile as shown in Fig. 3.7 at M∞ = 2. The collapse of

the plots is evident from the figure, and it shows that they are indeed self-similar.
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Figure 3.7: Comparison of the transformed Blasius profile and the velocity profiles at
different streamwise locations at M∞ = 2

3.3.2 Supersonic Flow Past a Ramp

The flowfield of ramp-induced SBLI was discussed in detail in Chapter 1 in

explaining two-dimensional separation. To ensure that the solver can adequately

capture the physics of laminar SBLI, a supersonic flow past a compression ramp

was simulated numerically for different conditions studied. The incoming freestream

conditions were provided at the inlet. In the present numerical simulation, short

inviscid wall preceded the “viscous” wall so that the sharp gradients in the flow

solution are not close to the inlet boundary.

3.3.2.1 Validation Using Sfeir’s Results

The validation of numerical results with the experimental data obtained by

Sfeir [104] will be discussed in this section. Flow past a ramp with αr = 11 deg
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mounted on a flat plate at a distance of Lr = 100 mm from the leading edge was

numerically simulated. Boundary conditions were the same as in Sfeir’s experimental

study at M∞ = 2.64 and ReLr = 1.4 × 105 [104]. A numerical schlieren image

obtained from the simulation results revealed the leading-edge shockwave, separation

shockwave, reattachment shockwave, and the separated region, as shown in Fig. 3.8.

The oblique shockwave generated by the ramp created an adverse pressure gradient

Figure 3.8: Numerical schlieren image of the supersonic flow past a ramp at M∞ =
2.64 and αr = 11 deg

that was strong enough for the boundary layer to separate. The flow separated

at the point of separation reattached on the ramp resulting in a closed separation

bubble. The separation shockwave and the reattachment shockwave together created

the typical lambda shock pattern discussed earlier in the Chapter 1. This lambda-foot

shock structure is evident in the numerical schlieren image. Moreover, the extensive

compression systems at both the separation and reattachment are clearly seen in
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the figure. The streamlines deflect as it pass through the shock structure. Figure

3.9 shows the enlarged image of the separated region for clarity. The deviation of

streamlines through the shockwaves is evident in the figure. The separation and

reattachment shockwaves are shown using dashed lines.

Figure 3.9: Computational results showing the supersonic flow past a ramp at M∞ =
2.64, αr = 11 deg

The surface pressure normalized by the incoming freestream pressure was plot-

ted against the incoming flow direction x, normalized by the length of the flat plate.

These pressure variation was compared against experimental results obtained by Sfeir.

Here, the flow direction is from left to right as indicated using the arrow in Fig. 3.10.

The numerical and experimental data were found to agree reasonably well. A pressure
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Figure 3.10: Comparison of surface pressure distribution for the supersonic flow past
a ramp with the experimental results

plateau was observed in the plot which is an indicator of two-dimensional separation.

The surface pressure further increased and reached a peak value at the reattachment

location typical of ramp-induced interaction. The inviscid pressure distribution is

also plotted in the figure. The surface pressure near the reattachment region is found

to be higher than the corresponding inviscid pressure due to the local Edney type IV

interaction [15]. It can also be seen that the viscous interaction drastically stretches

the extent of the pressure rise from the step inviscid rise.

3.3.2.2 Two-Dimensional Free Interaction Theory

A brief discussion of two-dimensional free interaction theory [18] with some

present results is provided in this section as a background to the extension in three-

dimensional interactions. A dimensionless function F (x̄) from the analysis by Chap-

man et al. for two-dimensional flows is assumed to be a universal correlation function
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independent of M∞ and Re. This function is expressed in terms of two dimensionless

functions f1(x̄) and f2(x̄), namely,

F (x̄) =
√
f1(x̄)f2(x̄) (3.15)

The function f1(x̄) is obtained from simplification of the boundary-layer mo-

mentum equation at the wall that gives a relationship between the streamwise pressure

gradient and the normal shear-stress gradient,

dp

dx
=

(
∂τ

∂y

)
w

(3.16)

Next, by performing a streamwise integration of Eq. (3.16) from the point of upstream

influence and after further simplification yields

f1(x̄) =

∫ x̄

x̄U

(
∂τ̄

∂ȳ

)
w

dx̄ (3.17)

The normalized length x̄ shown in Eq. (3.17) is given by

x̄ =
x− xU
xS − xU

(3.18)

and the wall shear stress is normalized by the wall shear stress at the upstream

influence

τ̄ =
τw
τwU

(3.19)

The vertical displacement y is normalized by the displacement thickness δ∗ at the

interaction onset. The resulting normalized vertical displacement is given by

ȳ =
y

δ∗U
(3.20)

The function

f2(x̄) =
∂δ̄∗

∂x̄
(3.21)
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is obtained after introducing normalized quantities that connects the boundary-layer

thickening and the pressure variation induced in the outer inviscid flow, namely,√
M2

U − 1

(
p− pU

2qU

)
=
dδ∗

dx
(3.22)

The universal correlation function F (x̄), determined from experiments [7], at

separation point is shown in Table 3.1 below. The higher value of F (x̄) for turbu-

Table 3.1: Values of the universal correlation function at separation point [7].

F

Laminar flow 0.81
Turbulent flow 4.22

lent flow shows that laminar boundary layers are more susceptible to separate than

turbulent ones. Hence, the distance between the separation point and the upstream

influence (xS − xU) is larger for laminar interactions. This difference is because the

subsonic portion of the laminar boundary layer is thicker than the turbulent ones.

The thicker boundary layer allows a longer upstream propagation of the disturbance

under an adverse pressure gradient.

It can also be seen from the above summary that the pressure rise at separation

depends only on the flow properties at the interaction onset and not on the down-

stream conditions. The data from the present numerical study for ramp angles of

αr = 6, 7, 9 and 11 deg, all at Mach 2.64, are plotted according to Eq. (3.15) and is

shown in Fig. 3.11. The excellent agreement of data to the free interaction theory is

evident from the plot.
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Figure 3.11: Correlation function for the pressure rise during separation for laminar
flows

3.4 Three-Dimensional Interactions

The building-block configurations used for studying three-dimensional interac-

tions are characterized by sweep, as already mentioned in Chapter 1. The three-

dimensional interactions are rich in topological features [19], and a study of laminar

fin-induced interaction can help improve the physical understanding of the flow prob-

lem without the complications arising from turbulence and turbulence modeling. The

details regarding geometry, boundary conditions, and the computational grids will be

included in this section.
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3.4.1 Sharp Unswept Fin-Induced Interactions

3.4.1.1 Geometry and Boundary Conditions

The oblique shockwave was generated by an unswept sharp fin mounted per-

pendicularly on a flat plate with a leading-edge angle αf as shown in Fig. 3.12. The

Figure 3.12: Schematic of sharp fin configuration for the present study

shockwave interacts with the flat-plate boundary layer at a freestream Mach num-

ber M∞. Different cases of fin-plate configurations and freestream conditions were

studied and are shown in Table 3.2.

The length of flat plate till the fin apex Lf was determined to be minimally

affected by the viscous interaction at the leading edge of the flat plate by using the

theory of viscous interaction previously discussed. A numerical simulation of the flow
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Table 3.2: Different cases considered for the present computational study.

M∞ αf (deg) Lf (mm) δ (mm) Reδ

2.64 19 130 3.5 3053
2.64 16 130 10.4 1009
2.64 16 130 3.5 3053
2.64 16 130 1.2 9084
2.95 16 150 3.9 3658
3.44 16 150 4.2 4599
3.93 16 150 4.5 5643
2.64 13 130 3.5 3053
2.64 10 130 3.5 3053
6.00 10 50 1.3 12361

past a flat plate at M∞ = 2.64 was performed, and the variation of surface pressure

was compared against the theoretical results for the strong and weak interaction

using Eqs. (3.11) and (3.12). The comparison is shown in Fig. 3.13 where the surface

pressure normalized by the incoming freestream pressure is plotted against χ̄. The

Figure 3.13: Pressure variation due to leading edge viscous–inviscid interaction at
M∞ = 2.64 compared with theoretical pressure ratio. Location of χ̄Lf

is also shown.
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plot shows that the present numerical results do not follow the theory but nevertheless

indicates that the location of the fin apex is sufficiently downstream of the flat plate

leading edge. In particular, the location of χ̄Lf
for M∞ = 2.64 is shown in the

plot, corresponding to a wall pressure ratio close to unity. The values of Lf and the

corresponding values of χ̄ for the different M∞ considered are shown in Table 3.3.

The location Lf for the four Mach numbers was chosen to ensure that the viscous

Table 3.3: Length of the flat plate till the fin apex Lf .

M∞ Lf (mm) χ̄Lf

2.64 130 0.05
2.95 150 0.06
3.44 150 0.09
3.93 150 0.12

interaction at the leading edge was negligible at the SBLI location. This is shown by

the values of the leading-edge viscous interaction parameter χ̄Lf
≈ 0.(see Table 3.3)

that places the SBLI in the weak viscous interaction of the flat-plate leading edge.

Of particular note is that Lf is 130 mm for Mach 2.64 only and 150 mm otherwise

for the other Mach numbers of M∞ = 2.95, 3.44, and 3.93.

The incoming freestream Mach number of M∞ = 2.64 and the corresponding

Reynolds number was chosen to match the laminar, two-dimensional, compression

ramp study of Sfeir [104]. The stagnation temperature T0 = 283 K and the stagnation

pressure p0 = 8.9 kPa. Adiabatic wall and no-slip conditions were assumed for the

wall. The values of M∞ = 2.95, 3.44, and 3.93 parallelled those of the turbulent

SBLI study by Lu and Settles [121]. The case of M∞ = 6 matched the conditions

of the study by Zuber et al. [103] in laminar cross SBLI. The Prandtl number was

assumed constant with a value of 0.713. Undisturbed boundary-layer thicknesses at
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the fin apex for each Mach number are given in Table 3.2, where the criterion for the

boundary-layer edge was 0.995ue.

3.4.1.2 Grid Generation and Grid Independence Study

The computational grid for the present study was generated using Pointwise®

V18.2. A computational domain was modeled from the geometry shown in Fig.

3.12 and was discretized in the (x, y, z)-directions to generate a three-dimensional

structured grid. An assessment of computational and experimental data for SBLIs

by DeBonis et al. [122] concluded that the results have apparently no dependence on

whether the computational grid was structured or unstructured. Different views of a

grid generated for the present study are shown in Fig. 3.14. The grid density was

Figure 3.14: Different views of the computational grid generated for M∞ = 2.64 and
αf = 16 deg

made higher toward the plate and fin surfaces by applying a cell-to-cell expansion

ratio of 1.1 [123] in each coordinate direction to capture the large velocity gradients

in the boundary layer. The grid was also made denser at the leading edge of the flat

plate to properly resolve the viscous–inviscid interaction at that location.
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A grid independence study (GIS) was performed to determine a grid distri-

bution that resolves the flowfield without an excessive number of grid cells that is

computationally expensive. An example of the approach is described for M∞ = 2.64

and αf = 16 deg. Starting from the coarse grid with 757, 264 cells, two successively

finer grids were then generated by applying a refinement ratio r to the grid spacing

in each coordinate direction. The value of r should be greater than 1.1 [124] for grid

refinement and in the present study, an arbitrary value of r = 1.5 was selected. The

number of cells in each grid thus generated is shown in Table 3.4.

Table 3.4: Grids generated for GIS at M∞ = 2.64 and αf = 16 deg.

Grid x× y × z Number of cells

1 152× 53× 94 757,264
2 230× 79× 140 2,543,800
3 345× 118× 210 8,549,100

Following Roache [125], a grid convergence index (GCI) is defined for two suc-

cessive grids i and i+ 1 where grid i+ 1 is finer than grid i:

GCIi ,i+1 ≡
Fs |ei ,i+1|
rP − 1

(3.23)

in which Fs is a safety factor in the range 1.25 < Fs < 3, ei,i+1 is the relative error

between two grids and P is the order of grid convergence. As recommended by Roache

[124], Fs = 1.25 was selected when three or more grids are used for GIS. The relative

error in solutions between two grids i and i+ 1 was calculated by

ei,i+1 =
|gi − gi+1|
gi+1

(3.24)

where gi is a flow property obtained for grid i. In the present study, g was the

maximum surface pressure along a line normal to the inviscid shockwave and starting
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at x/δ = 32 from the fin apex, which was in the farfield region. The values of g1,

g2 and g3 were 1311.5, 1319.05 and 1322.6 Pa respectively. The calculated values of

ei,i+1 for the present study are shown in Table 3.5.

Table 3.5: Relative error and GCI calculated for each refinement step.

Grids e GCI (%)

1, 2 5.7× 10−3 0.63
2, 3 2.7× 10−3 0.29

The order of convergence P is given by

P = ln

(
g1 − g2

g2 − g3

)/
ln r (3.25)

In general, the order of convergence in GIS is considered in the behavior of the error

in the solution. This error is defined as the difference between the discrete solution f

and the exact solution [124, 125]. A second-order solution would have a theoretical

order of convergence equal to 2 but the observed order of convergence in the numerical

solution would likely be lower due to boundary conditions, numerical models, and the

grid [124]. Applying Eq. (3.25) yields the order of convergence to be 1.86 for the

present study which is slightly less than 2. The obtained values of GCI for each

refinement step are shown in Table 3.5. The GCI was based upon a grid refinement

error estimator derived from the theory of generalized Richardson extrapolation [126].

A small value of the GCI is an indication that numerical uncertainty due to the

discretization error is negligible. Presented as a percentage, the GCI indicates how

much the solution would change with a further refinement of the grid [124].

One of the key requirements for accuracy in discretization error estimation is

that the solutions should be in the asymptotic range [127]. When a grid is refined

using r, the asymptotic range is defined as the sequence of systematically refined
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grids over which the discretization error is reduced. Roache defined the GCI as a

scale to evaluate how far the solution is from the asymptotic value [125]. Also, a

small value of GCI indicates that the computation is within the asymptotic range

and the achievement of asymptotic range is examined by

GCI1,2

rP ×GCI2,3

≈ 1 (3.26)

The calculated GCIs in the present study satisfied Eq. (3.26) with the value

of 1.02. Further, the variation of surface pressure on a plane normal to the inviscid

shockwave at x/δ = 32 for the different grids considered is shown in Fig. 3.15.

Figure 3.15: Normalized surface pressure for different grids studied at M∞ = 2.64 and
αf = 16 deg. The arrow in the figure indicates the direction normal to the inviscid
shockwave
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The values were normalized by the incoming freestream pressure and were plot-

ted against an angle β made by the surface flow features in the farfield region with

respect to the incoming freestream direction. The arrow in the figure indicates the

direction normal to the inviscid shockwave. The rise in pressure starting from the

upstream-influence angle βU ≈ 65 deg was due to the generation of compression waves

followed by a pressure plateau that is typical of separated interactions and further

reached a peak value at the attachment close to the fin. More discussion on the sur-

face pressure variation will be made in Chapter 4. The figure also shows the inviscid

pressure distribution.

Grid 2 with 2,543,800 cells was selected for the present study considering the

small value of GCI between grids 2 and 3, thus reducing the computational effort.

Grid independence was also investigated based on the visualization of surface flowfield

using the concept of limiting streamlines. The key flow features pertinent to fin-

induced interactions, as discussed in Chapter 1, were visible in all the three grids

considered. Interaction flowfield corresponding to each grid studied is shown in Fig.

3.16. A detailed discussion on the flow visualization can be found in Chapter 4.

The minimum and maximum grid spacings in each coordinate direction ex-

pressed in terms of the boundary-layer thickness at the fin apex are shown in Table

3.6. The minimum grid spacing is the distance of the first grid point adjacent to the

fin or the flat plate, with the maximum grid spacing in the outer (freestream) region.

Table 3.6: Minimum and maximum grid spacing in each coordinate direction.

∆x/δ ∆y/δ ∆z/δ

Minimum 0.07 0.014 0.07
Maximum 0.3 0.18 0.73
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(a) Grid 1

(b) Grid 2

(c) Grid 3

Figure 3.16: Visualization of surface flowfield for different grids studied at M∞ = 2.64
and αf = 16 deg

In addition to surface flow visualization, the values of the upstream-influence

angle and the length of flow separation at the fin apex were compared for different
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grids. The upstream-influence angle βU , as shown in Fig. 3.17, is the angle made

by the line of upstream influence in the conical farfield region with the streamwise

direction. Also, the length of flow separation at fin apex identified by LS1 is shown

in Fig. 3.17.

Figure 3.17: Schematic of the fin-induced interaction flowfield to show upstream-
influence angle βU and the length of flow separation at fin apex LS1

The values of βU and LS1 for all the grids considered in the GIS are shown

in Table 3.7. The differences in both quantities were calculated between subsequent

grids and were found to decrease with grid refinement. The values of ∆βU and ∆LS1

between grids 2 and 3 show a minimal variation that confirms the achievement of grid

independence of flow variables and thus justify the selection of grid 2 for the present

study.
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Table 3.7: Comparison of flow parameters to investigate grid independence at M∞ =
2.64 and αf = 16 deg.

Grid βU (deg) ∆βU (deg) LS1 (mm) ∆LS1 (mm)

1 62.47
2.80

6.35
0.83

2 65.27 7.18

2 65.27
0.21

7.18
0.09

3 65.48 7.27

3.4.2 Cross Shockwave/Boundary-Layer Interactions

3.4.2.1 Geometry and Boundary Conditions

The computational domain for the double fin configuration considered in the

present study was selected based on the studies performed by Thivet et al. [87] on

turbulent cross SBLIs. The configuration is shown schematically in Fig. 3.18 where

two opposed symmetric unswept, sharp fins of length 248 mm and height 40 mm with

leading-edge angles αf are mounted on a flat plate. The fin vertices are separated by

70 mm, and the width of the throat is 30 mm. The throat is followed by a diverging

duct with an angle of 20 deg, as shown in the figure. The configuration is symmetric

about the centerplane. The oblique shockwaves generated by the fins interact with

the flat plate boundary layer at a freestream Mach number M∞ = 4 resulting in a

complex flowfield [87].

The flowfield, especially of a separated cross SBLI, is rich in topological features

[37] but which may be masked in a turbulent flow. There are certain parameters that

significantly affect the interaction flowfield including the Mach and Reynolds num-

bers, the incoming boundary layer thickness, the fin leading-edge angles, the distance

between the fin vertices, and the throat width. However, the present study focuses

on the effect of varying fin leading-edge angles on the separated cross SBLI. Thus,

different cases were considered by gradually increasing the fin leading-edge angle αf
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Figure 3.18: Schematic of the double fin configuration where two opposed symmetric
sharp fins are mounted on a flat plate

starting at 7 deg [87], and thereby increasing the corresponding shock strengths, see

Table 3.8. The streamwise length of the converging section of the fins Lc, shown in

Fig. 3.18, was varied to keep the distance between the fin vertices (= 70 mm) and the

throat width(= 30 mm) unchanged. The values of Lc corresponding to the values of

αf are shown in Table 3.8.

Table 3.8: Different cases considered for the present computational study.

M∞ αf (deg) Lc (mm)

4 7 163
4 9 126
4 11 103
4 13 87
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Figure 3.19 depicts the top view of the computational domain considered in

the present study. The configuration is symmetric about the centerplane. However,

following the literature [87], the footprint of the centerplane on the plate surface will

be denoted as throat middle line (TML) in the present research study, as shown in the

figure. The length of the flat plate till the fin apex Lf = 150 mm was determined to

Figure 3.19: Topview of the computational domain considered for studying cross SBLI
at M∞ = 4

be minimally affected by the viscous interaction at the leading edge of the flat plate

by using the theory of viscous interaction previously discussed. The freestream Mach

number M∞ = 4 was kept constant. The stagnation temperature T0 = 283 K and the

stagnation pressure p0 = 8.9 kPa [104]. Adiabatic wall and no-slip conditions were

assumed for the wall. The undisturbed boundary-layer thickness at the fin apex was

found to be 4.6 mm, where the criterion for the boundary-layer edge was 0.995ue.

The Reynolds number was kept constant in the present study and based on the value

of δ, Reδ = 5855. The Prandtl number was assumed constant with a value of 0.713.

3.4.2.2 Grid Generation and Grid Independence Study

The computational grid for the cross SBLI study was generated by discretiz-

ing the domain shown in Fig. 3.19 in the (x, y, z)-directions to generate a three-

dimensional structured grid. The grid density was made higher toward the plate, and
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fin surfaces by applying a cell-to-cell expansion ratio of 1.1 [123] in each coordinate

direction to capture the large velocity gradients in the boundary layer. The grid was

also denser at the leading edge of the flat plate to properly resolve the viscous–inviscid

interaction at that location. The clustering of grids was made along the throat cen-

terplane of the domain to capture the intersection of the oblique shockwaves and

the centerline flow separation. Different views of the grid generated for M∞ = 4 and

αf = 7 deg are shown in Fig. 3.20. A grid independence study (GIS) was performed

Figure 3.20: Different views of the computational grid generated for M∞ = 4 and
αf = 7 deg

to determine a grid distribution that resolves the flowfield without an excessive num-

ber of grid cells that are computationally expensive and will be discussed briefly. An

example of GIS conducted for the swept shock interaction was discussed in detail

previously. The same procedure was performed in the case of cross SBLI at M∞ = 4

and αf = 7 deg and will be discussed briefly. A refinement ratio r = 1.5 was used
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for generating the grids considered for GIS. The number of cells in each grid thus

generated is shown in Table 3.9.

Table 3.9: Grids generated for GIS at M∞ = 4 and αf = 7 deg.

Grid x× y × z Number of cells

1 273× 70× 47 898,170
2 408× 105× 70 2,998,800
3 613× 158× 105 10,169,670

The surface pressure at the throat centerplane was considered as the flow prop-

erty g used in the grid independence study (see Eq. (3.24)). The values of g1, g2 and

g3 were 658.8, 669.6 and 674.8 Pa respectively at x/δ = 13 from the fin apex. The

calculated values of ei,i+1 for the present study using Eq. (3.24) and the values of

GCI for each refinement step using Eq. (3.23) are shown in Table 3.10. The order of

convergence P was calculated to be 1.8 using Eq. (3.25).

Table 3.10: Relative error and GCI calculated for each refinement step.

Grids e GCI (%)

1, 2 1.6× 10−2 1.9× 10−2

2, 3 7.8× 10−3 9.4× 10−3

As previously discussed, a small value of the GCI is an indication that numerical

uncertainty due to the discretization error is negligible and that the computation is

within the asymptotic range. The achievement of the asymptotic range is examined

by the Eq. (3.26) and the calculated GCIs in the present study satisfied the condition

with the value of 1.01. Grid 2 with 2, 998, 800 cells was selected for the present

study considering the small value of GCI between grids 2 and 3, thus reducing the
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computational effort. The surface pressure normalized by the incoming freestream

pressure at x/δ = 13 from the fin apex plotted against z is shown in Fig. 3.21 for the

different grids studied.

Figure 3.21: Normalized surface pressure at x/δ = 13 from the fin apex for different
grids studied at M∞ = 4 and αf = 7 deg

The pressure plots collapsed upon grid refinement, as shown in the figure. The

inviscid pressure distribution was also plotted, and the surface pressure downstream

of the interaction close to the fin was found to be larger than the inviscid pressure.

The variation of surface pressure will be discussed in detail later in Chapter 5. In

addition to the surface pressure distribution, certain surface topological features in

cross SBLI were investigated to confirm that the grid is properly resolved. One of the

features was the length of flow separation at the fin apex identified by LS1 as shown
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in Fig. 3.22. Also, the location of the centerline separation from the fin apex LNS

shown in the figure was compared for the different grids considered.

Figure 3.22: Surface topological features used for grid independence study at M∞ = 4
and αf = 7 deg

The surface topology of cross shockwave/boundary-layer interaction will be dis-

cussed thoroughly in Chapter 5. The values of LS1 and LNS
for the grids considered

are shown in Table 3.11. The difference in both quantities was calculated between

Table 3.11: Comparison of flow parameters to investigate grid independence.

Grid LS1 (mm) ∆LS1 (mm) LNS
(mm) ∆LNS

(mm)

1 2.71
0.13

40.5
0.44

2 2.84 40.94

2 2.84
0.02

40.94
0.06

3 2.86 41
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subsequent grids and was found to decrease with grid refinement. The minimal vari-

ation of the flow variables between grids 2 and 3 confirms the achievement of grid

independence and thus justifies the selection of grid 2 for the present study.

The minimum grid spacing in the x-direction was near the flat plate leading edge

and at the fin apex with a value ∆x/δ = 0.05. The maximum spacing ∆x/δ = 0.5

was in the upstream of the fin apex. The first cell height at the flat plate surface

was ∆y/δ = 0.01, and the maximum y-grid spacing was in the outer region with a

value of ∆y/δ = 0.13. The grid spacing in the z-direction was concentrated near the

fin surfaces and the throat centerplane with a value of ∆z/δ = 0.05 and a maximum

value of ∆z/δ = 0.5 in the upstream of the fin apex.
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CHAPTER 4

SWEPT SHOCKWAVE/BOUNDARY-LAYER INTERACTIONS

4.1 Flow Visualization

The oblique shockwave generated by the sharp, unswept fin interacted with the

flat plate laminar boundary layer for different conditions studied. The transverse

pressure gradient generated by the oblique shockwave imparts a transverse velocity

to the flow. The slow-moving fluid close to the surface will be deflected more than the

fluid further away because of this transverse pressure gradient and give rise to cross-

flows [21]. Korkegi [58] studied incipient separation in three-dimensional turbulent

interactions and found that for M∞ > 1.6, the fin angle at which incipient separation

occurs αi is given by Eq. (2.2). A laminar boundary layer is more susceptible to

separation than a turbulent one thus its incipient separation occurs earlier. All the

cases studied were strong enough to cause flow separation.

4.1.1 Surface Flow Topology

The present understanding of three-dimensional flow separation was made from

the experimental and computational surface flow visualizations of the interaction flow-

field [19]. Lighthill [25] considered skin-friction lines to form the desired continuous

vector field for topological analysis, and the line of separation was identified by the

convergence of skin-friction lines. When the distance from the surface tends to zero,

the streamlines parallel the skin-friction lines and are called limiting streamlines,

as introduced by Sears [22]. Brown [23] proposed that the convergence of limiting

streamlines can be used to identify the line of separation in three-dimensional studies
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as shown in Fig. 4.1a. Limiting streamlines lifting off from either side of the line

(a) Flow separation

(b) Flow attachment

Figure 4.1: Separation and attachment identified by the convergence and divergence
of limiting streamlines.

of separation cannot cross because of the presence of a stream surface originating

from the line of separation and is a characteristic of flow separation [19]. In contrast,
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skin-friction lines tend to diverge from the line of attachment [25, 128], and can be

identified by the divergence of limiting streamlines as shown in Fig. 4.1b.

The oblique shockwave generated by the sharp fin was strong enough to cause

separation in all the cases studied. Pressure contour of the surface flowfield at M∞ =

3.44 and αf = 16 deg is shown in Fig. 4.2 using Paraview®. The transverse

Figure 4.2: Surface pressure distribution at M∞ = 3.44, αf = 16 deg and the location
of the virtual conical origin

pressure gradient generated by the shockwave caused the development of a crossflow

in the near-wall layer with a higher deflection of the slower-moving fluid close to the

wall [129]. The flow features of the interaction identified in Fig. 4.2 will be explained

in detail using Fig. 4.3 for the M∞ = 3.93, αf = 16 deg case.

Streamlines at the first cell height ∆y/δ = 0.014 from the flat plate were as-

sumed to follow skin-friction lines and are used for displaying and helping to under-

stand the surface flow topology. This approach is justified by using the concept of

limiting streamlines, already discussed. The key flow features pertinent to fin-induced
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Figure 4.3: The surface flowfield and the location of the virtual conical origin at
M∞ = 3.93, αf = 16 deg

interactions can be explained based on the surface flow topology at M∞ = 3.93 and

αf = 16 deg and the resulting surface flowfield is shown in Fig. 4.3. The limiting

streamlines deflected as they approached the fin, and the line of upstream influence

U was identified by the beginning of this deflection. Instead of forming a separa-

tion bubble as in two-dimensional separation, the streamlines rolled up to form a

vortical structure sweeping downstream. As discussed in Chapter 2, such a swept

separation structure has been widely observed in various three-dimensional interac-

tion experiments [19, 21, 84, 130]. The line of primary separation S1 can be seen to

be just downstream of U and can be understood by the convergence of the limiting

streamlines [25, 131]. Close to the fin surface, an attachment line was identified that

impinged the surface at the primary attachment A1 where the limiting streamlines

diverged. It can also be seen that the separated vortical structure, as identified by

its surface topology [19] increased in size as the flow moved downstream.

A secondary separation was observed in the flow further downstream from fin

apex and which was closer to the fin surface than the primary separation. Appearance
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of secondary separation led to the formation of the lines of secondary separation S2

and secondary attachment A2. The key features identified here, namely, U , S1 and A1,

together with the inviscid shock trace, were extrapolated and converged to a common

point upstream of the fin leading edge. This point is termed as the virtual conical

origin (VCO). Also, it can be inferred from the figure that this conical symmetry

only existed further downstream from the VCO and that an inception zone existed

near the fin apex [29, 30, 31, 32, 33]. The conical surface topological features made

an angle β with the incoming flow direction, originating from the VCO. The angles

corresponding to the flow features are identified by the appropriate subscripts and

the inviscid shock trace is identified by β0.

Another observation is that U was at a stand-off distance from fin apex. This

local apical feature has apparently not been discussed in the literature but is never-

theless expected to be present. This feature is expected because the local SBLI at the

apex is sufficiently strong to cause local boundary-layer separation thereby leading

to the observation of a separation zone and the associated upstream influence being

ahead of the apex.

4.1.2 Cross-Plane Flow Features

Experimental and numerical studies in turbulent interactions revealed a lambda-

shockwave structure composed of a main shockwave, a separation shockwave, and a

rear quasi-normal shockwave [78, 27, 79]. The separation shockwave is formed by

the coalescence of compression waves caused by the geometry of the separation zone.

Based on the results from the experimental and computational studies performed by

Degrez [84, 85], the compression upstream of the inviscid shockwave in laminar inter-

action is more likely to be spread in a “compression fan” than a separation shockwave.

The reason for the claim is that the thickening and separation of laminar boundary
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layers are gentler than for turbulent interactions. A combined surface and off-surface

visualization for the M∞ = 3.93 and αf = 16 deg case is shown in Fig. 4.4. The

Figure 4.4: Surface and cross-plane features in fin-induced interaction at M∞ = 3.93,
αf = 16 deg, and the location of the virtual conical origin. Streamlines are colored
by the pressure variation normalized by the incoming freestream pressure.

off-surface plane is taken to be normal to the inviscid shockwave and the flat plate.

The incoming flow direction is shown schematically by the arrow on the lower right

of the figure. Key features are identified on the plane. Streamlines are color coded

by the variation of the pressure normalized by the incoming freestream pressure. An

interesting observation is that the separated structure beneath the shock leg is more

elongated than turbulent interactions because of the greater extent of laminar separa-

tion. A secondary separated region is also visible on the cross-plane. The convergence

and divergence of limiting streamlines indicate flow separation and attachment, re-

spectively, and are extrapolated to the virtual conical origin, as shown in the figure.

The figure shows that the peak surface pressure is in the region after the shockwave.

Moreover, the rise in pressure is mostly not large until behind the main and the rear
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shock. The figure indicates schematically the presence of compression waves but these

are too weak to be visible using this visualization technique.

4.1.3 Upstream Influence and Scaling

It was mentioned that the upstream influence is one of the key flow features

in fin-generated SBLIs. The pressure rise caused by the shockwave is transmitted

upstream through the subsonic part of the boundary layer. The thickness of the

subsonic layer depends on the velocity profile at that point. It would be thinner

for turbulent boundary layer as the velocity profile is fuller than that of the laminar

case. Thus, the closer proximity of the sonic line to the flat plate surface in the case

of turbulent flows is expected to lead to a lesser upstream extent than for laminar

interactions. This difference was observed in the current study.

Settles and co-workers [53, 60] reported that the upstream influence is a function

of Reδ and the normal Mach number Mn = M∞ sin β0 for turbulent, fin-generated

SBLIs. The Dolling–Settles–Bogdonoff upstream-influence scaling law is expressed as

ζ̃U
Mn

= f(ξ̃U) (4.1)

where

ξ̃U =
ξU
δ
Reaδ (4.2)

ζ̃U =
ζU
δ
Rebδ (4.3)

(ξ, ζ) being a shockwave-based coordinate system, as shown in Fig. 4.5. The expo-

nents a = b = 1/3 are empirical constants. A fin-induced turbulent interaction study

performed by Settles and Lu [121] confirmed the validity of this scaling law using the

experimental data. The resulting plots at different freestream Mach numbers in the

range of 2.5− 4 agreed well with the scaling law.
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Figure 4.5: Schematic of the top-view of the fin-plate configuration

Numerical results from the present study were plotted to investigate the validity

of the upstream-influence scaling law. The scaled data, according to Eq. (4.1) with

the same values of exponents as for turbulent interactions, is shown in Fig. 4.6. Also

shown is the scaled upstream influence for turbulent interactions [121] that reveals

the much larger extent of laminar interactions, as discussed above. Moreover, the

figure shows a residual Mach number effect on the laminar upstream influence that

diminished as Mn was increased at a constant αf = 16 deg, which was not observed

in turbulent interactions. This effect appears to asymptote with increasing M∞,

suggesting a limiting hypersonic behavior. In addition to that, at constant M∞ = 2.64

and αf = 16 deg, the figure exhibits a Reynolds number influence that increased with

Reδ and an inverse αf effect at constant values of M∞ = 2.64 and Reδ = 3053.
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Figure 4.6: Upstream-influence scaling for fin-generated SBLIs and the comparison
with turbulent results

Due to the nature of the residual Mach number effect which appeared to di-

minish with an increase in M∞, it was thought that this behavior might fall into a

general, three-dimensional hypersonic viscous interaction law of the form

ζ

δ
= f

(
M cRed,

ξ

δ

)
(4.4)

neglecting wall temperature conditions. The use of generalized, hypersonic viscous in-

teraction laws has been proposed previously by Stollery and co-workers [132], amongst

others. The relationship was determined empirically from the computed upstream in-

fluence data, leading to

ζ̂U
M0.05

n

= f(ξ̂U) (4.5)
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where

ξ̂U =
ξU
δ
Re0.03

δ (4.6)

ζ̂U =
ζU
δ
Re0.03

δ (4.7)

The updated exponents were applied to the values of M∞ and Reδ used in the study

and are shown in Table 4.1. In the supersonic regime, Kβ = M∞ sin β0 ≈ M∞β0

is considered to be a better similarity parameter compared to hypersonic similarity

parameter [121]. The values of Kβ are also shown in Table 4.1. After applying the

Table 4.1: Mach numbers and Reynolds numbers in terms of updated scaling expo-
nents

M∞ αf (deg) β0 (deg) β0 (rad) Kβ Mn M0.05
n M0.05

∞ Reδ Re0.03
δ

2.64 19 39.9 0.7 1.85 1.7 1.027 1.05 3053 1.27
2.64 16 36.5 0.64 1.7 1.57 1.023 1.05 1009 1.23
2.64 16 36.5 0.64 1.7 1.57 1.023 1.05 3053 1.27
2.64 16 36.5 0.64 1.7 1.57 1.023 1.05 9084 1.31
2.95 16 33.7 0.6 1.77 1.64 1.025 1.055 3658 1.28
3.44 16 30.5 0.53 1.82 1.75 1.028 1.06 4599 1.29
3.93 16 28.4 0.5 1.96 1.87 1.032 1.07 5643 1.3
2.64 13 33.3 0.58 1.53 1.45 1.018 1.05 3053 1.27
2.64 10 30.4 0.53 1.4 1.34 1.014 1.05 3053 1.27
6.00 10 17.6 0.31 1.86 1.81 1.03 1.09 12361 1.33

updated exponents, the dependence of freestream Mach number and normal Mach

number is almost in the same range for the cases considered in the present study.

The computed data were scaled using Eq. (4.5) and the agreement to the scaling

law is evident in Fig. 4.7. The data obtained based on the laminar experimental

conditions of Zuber et al. [103] were found to agree reasonably with the scaling law

at M∞ = 6. Despite the satisfactory scaling, more studies should be undertaken to

understand the influence of Mach number and Reynolds number.
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Figure 4.7: Upstream-influence scaling for fin-induced shockwave/laminar boundary-
layer interactions

4.1.4 Separation and Attachment

All the cases studied exhibited an extensive open separation which appears as

a flattened vortical flow. Also, the flowfield is found to be following a quasiconical

nature in all the cases. The line of primary separation is seen to be just downstream

of the line of upstream influence, and the line of primary attachment is close to the

fin. At sufficiently large shock strengths, additional separations and attachments can

develop within the primary separated region. Recalling the results obtained by Degrez

[86], the primary separation is accompanied in most of the cases by a secondary

separation. This is because the shock strength required for laminar separation is

smaller compared to a turbulent one. Degrez also noted that, in some instances,
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higher-order separations might be present in the primary separated region. This

finding is relevant, but the limitations in experimental capabilities restrict the flow

conditions to be tested. On the other hand, numerical simulations require a sufficient

grid resolution to capture all the flowfield details.

A secondary separated region was observed in all the cases studied. As Zubin

and Ostapenko [62] found, the secondary separated region in the laminar flowfield is

larger than the corresponding turbulent cases due to the reasons already discussed.

The secondary separated region is visible in the computed flowfield for the case of

M∞ = 2.95 and αf = 16 deg, shown in Fig. 4.8. It is evident from the surface flow

Figure 4.8: Surface topology of the fin-induced laminar SBLI at M∞ = 2.95 and
αf = 16 deg
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visualization that the secondary separation occurs further downstream from the fin

apex. Unlike turbulent interactions, laminar interactions correspond to an extended

separated region leading to an elongated vortical flow under the shock structure.

Moving downstream from the fin apex, the interaction region widens because of its

quasiconical nature. In the present study, additional separated regions near the sec-

ondary attachment were visualized using surface flow topology. Even though such a

possibility was mentioned by Degrez, this feature is apparently not discussed in the

literature. A system of tertiary separations and attachments on both sides of the sec-

ondary attachment line is evident from the surface topology by the convergence and

divergence of limiting streamlines, respectively. Additionally, the presence of tertiary

separation can be studied using an off-surface visualization.

A schematic of the plane normal to the fin-induced inviscid shockwave in the

farfield of the interaction region is shown in Fig. 4.9 using dashed lines. Moreover,

Figure 4.9: Schematic of the fin-plate configuration to show a plane normal to the
inviscid shockwave

the plane is normal to the flat plate surface, and can be used to study the system
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of tertiary separations and attachments on both sides of the secondary attachment.

An off-surface visualization on the plane using streamlines showing the multiple sep-

arations and attachments is displayed in Fig. 4.10. The separated flow from the

Figure 4.10: Tertiary separation in fin-induced interaction at M∞ = 2.95, αf = 16
deg

primary separation moving towards the fin surface was found to attach at the primary

attachment. The flow direction is shown using arrows. The locations of secondary

separation and attachment beneath the primary separated flow are noticeable in the

figure. The presence of secondary separation and attachment was confirmed in nu-

merous experimental and computational studies [21]; however, as it is displayed in the

figure, the flow impinging at the secondary attachment was found to further separate

and attach on either side. Another off-surface visualization is made using streamlines

and Mach number variation, as shown in Fig. 4.11 on the plane normal to the inviscid

shockwave in the farfield of the interaction. The additional separated regions on both

sides of the secondary attachment are visible in the Mach number contours within

the primary separated region. It appears logical to explain the occurrence of the

“new” separated regions using an impinging supersonic jet model. The flow at the

secondary attachment can be considered as an inclined supersonic jet impinging on
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Figure 4.11: Visualization of tertiary separation in the interaction flowfield at M∞ =
2.95 and αf = 16 deg along a plane normal to the inviscid shockwave

the flat plate surface similar to an Edney type IV interaction [15]. The impinging

jet causes a high pressure at the attachment. A schematic of the inclined supersonic

jet impinging on a flat plate is displayed in Fig. 4.12 [6]. Since the jet is inclined,

it is not expected to separate symmetrically on both sides of the impinging location.

Such an observation can be made in the present case where one separated region (on

the left in Fig. 4.10) is larger than the other. The surface flow topology (see Fig.

4.8) can also be used to confirm this observation. Henderson [133] and Lamont and

Hunt [6, 134] studied the impinging jet problem on flat plates and wedges, and this

asymmetry can be confirmed in the results.

The flow conditions for the existence of an impinging supersonic jet were cal-

culated by Henderson [135] with the aid of shock polar. According to his study, the

freestream Mach number must be at least equal to approximately 2.4 for the appear-

ance of a supersonic jet. In the present study, all the Mach numbers considered are

greater than 2.4. Hence, it is expected to occur in the cases studied presently. How-
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Figure 4.12: Schematic of an inclined supersonic jet impinging on a flat plate [6]

ever, the factors affecting the appearance of the multiple separated regions include

the extent of the separated region and the intensity of shock strength. Investiga-

tions were performed using different combinations of freestream Mach number and

fin angle to develop an expression to recognize the location of tertiary separation. A

radius R on the flat plate surface centered at the fin apex, as shown in Fig. 4.5, was

used to identify the beginning of this separation. It was found that for the differ-

ent conditions studied, (R/δ)(β0 − αf ) ≈ 10. The radius R was normalized by the

undisturbed boundary-layer thickness at the fin apex. The values of flow parameters

and the resulting expression are shown in Table 4.2. Another observation is that the

value of R from the fin apex increases with the freestream Mach number. Hence, the

occurrence of tertiary separation will be further downstream of the fin apex at higher

Mach numbers.
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Table 4.2: Location of tertiary separation.

M∞ αf (deg) β0 (deg) β0 − αf (rad) R (mm) δ (mm) (R/δ)(β0 − αf )

2.64 19 39.9 0.37 93 3.5 9.8
2.64 16 36.5 0.36 94 3.5 9.7
2.95 16 33.7 0.32 117 3.9 9.6
3.44 16 30.5 0.25 159 4.2 9.6
3.93 16 28.4 0.22 196 4.5 9.6
2.64 13 33.3 0.35 97 3.5 9.7
2.64 10 30.4 0.35 98 3.5 9.8

4.2 Free Interaction Theory

Studies from previous investigators in three-dimensional interactions provided

evidence of conical free interaction by the collapse of surface pressure in the vicinity

of the upstream influence. There does not appear to be attempts in extending the

correlations developed for free interaction to three-dimensional, conical interactions.

These previous studies found that conical symmetry occurs only in a farfield region,

following an inception region near the apex, as shown in Fig. 4.13 [32]. The qua-

siconical nature established in laminar fin-induced interactions [136, 137] facilitates

the examination of surface flow features. This coordinate system is (Rv, β) where Rv

is the radius from the VCO and β is the angle made by surface flow features with

respect to the incoming freestream direction.

The conical nature of the separated farfield flow allows for the polar coordinate

system centered on the VCO to be applied, as shown in Fig. 4.13. The distance

between the interaction onset and the point of separation is no longer described by

length scales. Hence, new parameters must be introduced. In particular, analogous

to x̄ in two-dimensional interactions is the normalized angle

β̄ =
β − βU
βS − βU

(4.8)
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Figure 4.13: Schematic of the fin-plate configuration showing (Rv, β) coordinate sys-
tem

The universal correlation function in two-dimensional interactions was then updated

with the normalized angle β̄. Thus, the correlation function for three-dimensional

conical interactions becomes

F (β̄) =
√
f1(β̄)f2(β̄) (4.9)

where

f1(β̄) =

∫ β̄

β̄U

(
∂τ̄

∂ȳ

)
w

dβ̄ (4.10)

and

f2(β̄) =
∂δ̄∗

∂β̄
(4.11)
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The boundary-layer parameters involved in the analysis were calculated based

on the circumferential velocity [138], identified as uφ (see Fig. 4.13), and is given by

uφ = u cosφ− w sinφ (4.12)

where u and w are the velocity components in x and z directions respectively. Also,

φ is the angle made by uφ to the incoming flow direction. Results from the present

study at a normalized radius Rv/δ = 38, which is in the farfield of the interaction

region, are plotted according to Eq. (4.9) and is shown in Fig. 4.14. The results with

Figure 4.14: Free interaction theory applied to laminar fin-induced SBLI

different combinations of freestream Mach number and fin leading-edge angle agree

reasonably well to the conical free interaction theory. This agreement means that

the flow is independent of downstream influences. Thus, free interaction is further
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confirmed for quasiconical interactions through an appropriate change of coordinate

system.

4.3 Surface Pressure Distribution

The surface pressure distribution upstream of the shockwave should exhibit a

universal form that possesses the characteristic plateau and dip to confirm quasicon-

ical free interaction. The variation of surface pressure was examined for M∞ = 3.44

and αf = 16 deg at different locations in the farfield region (see Fig. 4.15) normal to

the inviscid shockwave to ensure quasiconical free interaction.

Figure 4.15: Schematic of the top-view of the fin-plate configuration

The surface pressure pw was normalized by the incoming freestream pressure

p∞ and was plotted against the angle (β − β0) at different x/δ from the fin apex

and shown in Fig. 4.16. As can be observed from the plots, the surface pressure

distribution showed an excellent collapse indicating quasiconical free interaction. The

surface pressure started to rise along the line of upstream influence by the generation
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Figure 4.16: Surface pressure distribution on a plane normal to the shockwave at
M∞ = 3.44 and αf = 16 deg at different values of x/δ. Flow direction is shown using
the arrow.

of compression waves. This increase in pressure then reached a plateau typical of

separated flows. A second more progressive rise to a peak pressure occurred at the

reattachment close to the fin at A1. The inviscid pressure jump is also shown in Fig.

4.16 and is found to be lower than the peak pressure at the primary attachment.

The flow direction is from right to left in this plot and is shown by the arrow. The

small bump in the pressure plateau, observed further downstream of the fin apex,

was identified as secondary flow separation.

Additionally, the surface pressure variation normalised by the incoming freestream

pressure in the direction normal to the inviscid shockwave was examined for differ-

ent Mach numbers considered in the present study, keeping the fin angle fixed at

αf = 16 deg at x/δ = 20 from the fin apex along x-axis, which is in the farfield of
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the interaction region and are shown in Fig. 4.17. Inviscid pressure jumps cor-

Figure 4.17: Surface pressure distribution on a plane normal to the shockwave for
different Mach numbers

responding to each Mach number studied are also considered and the flow direction

is from right to left in this plot. As can be observed, the surface pressure distribu-

tion showed good collapse indicating conical free interaction. The surface pressure

started to rise along the line of upstream influence by the generation of compression

waves, as already discussed. This increase in pressure then reached a plateau typical

of separated flows. A second more progressive rise to a peak pressure took place at

the reattachment close to the fin at A1. For each Mach number, this peak pressure is

larger than the corresponding inviscid pressure jump. The small bump in the pressure
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plateau, observed further downstream of the fin apex, was identified as being due to

secondary separation.

Degrez [139] studied different geometries, namely, the unswept wedge, asym-

metric dihedron, and a half-circular cone. Conical free interaction was confirmed by

the collapse of the pressure plots near the upstream influence. Thus, it is worthwhile

to examine the surface pressure distribution in the present fin-induced interaction

study using the normalization procedure by Lu [27]. The normalized surface pressure

distributions for a combination of different Mach numbers M∞ = 2.64 and 2.95 and

fin angles αf = 16 and 19 deg are plotted at the farfield region. The normalized

pressure

p∗ =
p− p∞
pplat − p∞

(4.13)

In the spherical framework of conical interactions, the abscissa can be simplified

by introducing a normalized angle

β∗ =
β − β0

βU − β0

(4.14)

noting that surface features can be expressed by polar coordinates. At the upstream

influence, β∗ reaches unity. The surface pressure distribution normal to the inviscid

shockwave at a radius Rv/δ = 38 in the farfield region is plotted using the normaliza-

tion procedure and is shown in Fig. 4.18. The typical plateau and dip characteristics

of the universal pressure distribution is evident from the plot. Moreover, the collapse

of the data from separated interactions of different strengths indicate the appropri-

ateness of this scaling procedure for laminar fin interactions and evidence of conical

free interaction. It can be inferred from the transformed pressure distribution that

conical free interactions result in a universal pressure distribution. The data for all

the cases collapse together from the upstream influence to the vicinity of the invis-
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Figure 4.18: Universal pressure distribution plot

cid shockwave location at β∗ = 0. Thus, the quasiconical free interaction concept

is reinforced from observations of the surface pressure at different shock strengths

studied. The “hump” that appears in the pressure plateau is due to the secondary

flow separation, as already mentioned.

It is imperative to plot the surface pressure distribution further downstream to

study about the tertiary separated regions visualized from the surface topology. A

typical plateau-dip should be present at those regions where the limiting streamlines

converge and diverge for separation and attachment, respectively. Fig. 4.19 shows the

surface pressure distribution in the farfield of the interaction flowfield at M∞ = 2.95

and fin angle αf = 16 deg. The locations at which the surface pressure variation

is studied are identified by the shockwave coordinate normalized by the undisturbed

boundary-layer thickness at the fin apex. An additional pressure plateau is clearly
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Figure 4.19: Surface pressure distribution confirming the presence of tertiary separa-
tion at M∞ = 2.95 and αf = 16 deg

visible to the left side of the pressure rise due to the secondary attachment. As already

discussed, in the case of an inclined supersonic jet, it is not expected to separate

symmetrically on both sides of the impinging location (secondary attachment in the

figure). An observation in the present case was made using flow visualizations where

one separated region is larger than the other. The studies performed by Lamont and

Hunt [6, 134] and Henderson [133] on impinging jet on flat plates and wedges show

this asymmetry in the surface pressure distributions.
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CHAPTER 5

CROSS SHOCKWAVE/BOUNDARY-LAYER INTERACTIONS

A large number of experimental and computational investigations have been

carried out on crossing-shock interactions involving turbulent boundary layers but

there are fewer involving laminar flows. However, as stated a few times previously,

the study of laminar interactions is significant for understanding flow physics. The

complex flowfield resulting from symmetrical, crossing shockwave/laminar boundary-

layer interactions was studied presently at Mach 4 and fin leading-edge angles αf = 7,

9, 11, and 13 deg. Two oblique shockwaves induced by the sharp fins from opposite

families intersect at the throat centerplane and generated reflected shockwaves. Fur-

ther, these shockwaves impinge on the fin surfaces before reflecting again towards

the throat centerplane. Such a phenomenon can lead to crossing shockwaves further

downstream in the interaction region. However, the present study is focused on the

flowfield induced by the primary shock intersection.

5.1 Flow Visualization

The crossing oblique shockwaves interacted with the flat-plate laminar bound-

ary layer, and all the interactions considered were strong enough to cause flow sep-

aration. Due to the strong adverse pressure gradient generated by the intersecting

shockwaves, the fluid lifts along the line of primary separation without reattaching

to the wall resulting in an open separation.
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5.1.1 Surface Flow Topology

The computed surface flow visualization induced by the primary shock inter-

section will be discussed using the concept of limiting streamlines. The topology was

studied at the first cell height from the flat plate ∆y/δ = 0.01. The key flow features

resulting from the interaction were found to be symmetrical about the throat cen-

terplane because of the configuration considered. The initial part of the interaction

region on either side of the throat centerplane, namely, the primary separation and

attachment lines, is similar to that of single fin-induced interactions.

The surface flowfield was visualized at M∞ = 4 and αf = 7 deg, as shown in

Fig. 5.1. The figure is color-coded by the variation of surface pressure normalized

Figure 5.1: Computed surface flowfield of crossing shock interactions at M∞ = 4 and
αf = 7 deg. For convenience, only one of the symmetric flow features is labeled

by the incoming freestream pressure. The location of the inviscid shockwave system

is indicated by the dashed lines. The flow direction is from left to right, as shown

in the figure using an arrow. It is evident from the figure that the flowfield is rich
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in topological features. As previously discussed in single fin-induced interactions, the

limiting streamlines begin to deflect in the vicinity of the line of upstream influence

U , where the rise in pressure is first felt. A similar procedure can be used in crossing

shock interactions where the limiting streamlines are deflected by the interactions

induced by the individual fins. However, the deflection was found to diminish moving

towards the throat middle line and asymptotically approach one another to form a

narrow region of parallel flow in the streamwise direction at the throat middle line.

Hence, the variation of surface pressure should also be considered to identify the lines

of upstream influence.

Similar to the single fin-induced interaction, the lines of primary separation

S1 downstream of the upstream influence were present in crossing-shock interactions

corresponding to the individual fins. The flow accumulating at the lines of primary

separation left the flat plate surface as a free-shear layer and rolled up to form two pri-

mary counter-rotating vortical structures moving downstream. The computed surface

flow pattern exhibited the footprint of this primary separation extending the entire

spanwise distance from one fin to the other, as shown in Fig. 5.1, and can be identified

by the convergence of limiting streamlines [19].

As discussed in the case of an open separation, a different stream surface is

attached to the flat plate surface and can be recognized by the divergence of limiting

streamlines (primary attachment A1) close to each fin. A centerplane separated region

CS can be found in the immediate downstream of the intersection of the lines of

primary separation. Such a flow feature was visualized in turbulent interaction studies

[4] at a higher shock strength than that in the present investigation. This can be

because the laminar flows are more susceptible to separation than turbulent ones.

More discussion on the centerplane separated region and a comparison of this flow

feature for the different cases studied will be made in the next section.
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A second line of converging streamlines was found downstream of the primary

separation close to and roughly parallel to the throat middle line. This feature is iden-

tified as the line of secondary flow separation S2. Finally, a second line of divergence

can be understood on the TML that corresponds to the centerline attachment. An in-

teresting observation is that the secondary separation and the centerline attachment

approach each other as they move downstream. As mentioned earlier, the present

study focuses on the separated flowfield induced by the primary shock intersection

shown using the dashed lines. The topological features were evident in all the cases

considered. However, as the shock strength increases with the fin leading-edge angle,

the limiting streamlines deflect more with increasing shockwave angle.

5.1.2 Centerplane Separated Region

The surface flow topology near the centerplane separated region CS at M∞ = 4,

and αf = 7 deg shown in Fig. 5.2 will be discussed in this section. Incident and

Figure 5.2: Computed surface flowfield in the vicinity of the centerplane separated
region at M∞ = 4, and αf = 7 deg
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reflected shockwave traces are shown using dashed lines. In addition to the flow

features already seen, a brief discussion on the singular points on both sides of the

the throat centerplane will be made. Legendre [140] has shown that the separated

flowfield can be interpreted by introducing a minimal number of elementary singular-

ities. The singular points are classified as nodal points N and saddle points SP [19].

The separation node (NS), the attachment node (NA), and the saddle points (SP )

identified in the surface flowfield are shown in the figure. The separation node shown

in the figure was recognized by the arrangement of limiting streamlines where all the

lines are directed towards the nodal point NS. The location of this separation node

can be considered as the beginning of the centerplane separated region and is found

to be at a distance of x/δ ≈ 9 from the fin apex for the case of M∞ = 4 and αf = 7

deg. At the attachment node, the limiting streamlines are found to be directed away

from the nodal point NA. The saddle points were identified by the pattern of limiting

streamlines where the directions on either side of the singular point (SP ) are inward

on one particular line and outward on the other.

The centerplane separated region was visualized using streamlines and limit-

ing streamlines, as shown by the dashed boundary in Fig. 5.3. The streamlines are

color-coded by the magnitude of velocity normalized by the incoming freestream ve-

locity. The flow lifts at the separation node, and the surface flowfield is shown

using the white-and-gray limiting streamlines. An off-surface plane parallel to the

incoming streamwise direction is also shown enlarged in the figure at the midsection.

Further light may be shed on the structure of the centerplane separated region by the

examination of streamlines in the symmetry plane. The flow attaching close to the

fin apex moves spanwise towards the centerplane separated region as displayed using

limiting streamlines. The key flow features discussed earlier in the surface flow topol-

ogy are also presented in the figure. More discussion on the separated flow structures
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Figure 5.3: Visualization of the centerplane separated region using streamlines and
limiting streamlines at M∞ = 4 and αf = 7 deg

will be made later in this chapter. When the fin leading-edge angle was increased,

the corresponding shockwave angle induced by the fins was also increased, resulting

in the crossing of shockwaves happening further ahead than otherwise. Due to the

upstream movement of the location of the intersection, the surface flow topology was

altered. However, the critical flow features and singular points discussed above were

found in all the cases studied.

A comparison of the surface flowfield in the vicinity of the centerplane separated

region is shown in Fig. 5.4. The lines of primary separation from the individual fins

tend to turn in a spanwise direction while approaching the throat centerplane, as

shown in the figure. This can be attributed to the merging of compression waves

corresponding to the individual fin-induced interactions. Additionally, the footprint

of the centerplane separated region in the immediate downstream of S1 was found
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Figure 5.4: Comparison of the centerplane separated region for the different cases
considered

to increase with the shock strength. The lines of secondary separation were also

indicated in all the cases studied. Nonetheless, the singular points identified in the

flowfield were found to reposition with increasing shock strength. The separation

node NS was shifted upstream along the throat middle line towards the fin apices.

Another observation is that the saddle points SP on both sides of the CS were found

to move closer to the attachment node NA. This could be due to the increasing

flow deflection with respect to the shockwave angle β0 and the enlargement of the

centerplane separated region. The distance between the fin apex and the separation

node denoted as LNS
was measured and normalized by the undisturbed boundary

layer thickness at the fin apex. These values are shown in Table 5.1.
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Table 5.1: Location of the separation node from the fin apex.

M∞ αf (deg) β0 (deg) LNS
(m) LNS

/δ

4 7 19.63 0.041 8.9
4 9 21.34 0.022 4.8
4 11 23.15 0.011 2.4
4 13 25.06 0.005 1.1

The values of LNS
/δ were then plotted against the fin leading-edge angle αf

and is shown in Fig. 5.5. It is evident from the figure that as the shock strength

Figure 5.5: Location of the separation node plotted against the fin leading-edge angle

increases with αf , the separation node moves upstream in the interaction region.

Another observation is that the values of LNS
follow a non-linear trend; however,

more studies should be undertaken to develop a scaling law to identify the location
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of the separation node by varying freestream Mach number M∞ and the spanwise

distance between the fin vertices. Based on these topological features, it can be

understood that for stronger interactions, the spanwise width should be increased to

avoid the occurrence of any flow blockage phenomenon.

5.1.3 Quasiconical Nature

Further discussion on the salient features will be made using Fig. 5.6 where the

flowfield is visualized in the vicinity of the primary shock intersection at M∞ = 4 and

αf = 7 deg. Only half of the domain is shown in the figure since the interaction is

Figure 5.6: Computed surface flowfield of crossing shock interactions at M∞ = 4 and
αf = 7 deg

symmetrical about the throat centerplane. It has been established and also confirmed

in the present study [141] that the flowfield resulting from single fin-induced interac-

tions follows a quasiconical nature. Considering the crossing shock interactions as an
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extension of the former, an examination of the resulting flowfield was conducted to

study such a possibility. The lines of upstream influence U , primary separation S1,

and primary attachment A1 were extrapolated along with the inviscid shockwave trace

to a common point, VCO, upstream of the fin apex, as shown in the figure. Consider-

ing the symmetry, two such VCOs can be observed corresponding to the individual fin

apices. The surface flow features were found to deviate from the quasiconical nature

downstream of the flowfield because of the shock intersection. However, the surface

pressure in the selected domain can be significantly influenced by the intersection of

the shockwaves. Hence, an examination of the surface pressure distribution is neces-

sary to confirm the quasiconical nature in crossing shock interactions. It can be noted

that the extent of the upstream influence from the inviscid shock trace in laminar

interactions is larger than turbulent ones. Hence, the deviation from the quasiconical

nature in laminar interactions will occur earlier than in turbulent interactions and

strongly depends on the span width. Upstream influence identified by the flow de-

flection is shown in the figure. The lines of secondary separation in single fin-induced

interactions were found to follow the quasiconical nature. However, it is not the same

in crossing shock interactions where S2 is evidently distinct from that associated with

S1. This deviation can be attributed to the intersecting shockwaves that result in a

significantly different flowfield downstream of the primary separation.

The digression from the quasiconical nature was observed in the present study

with increasing values of fin leading-edge angle αf . The increase in shock strength

widens the centerplane separated region and results in a spanwise turn of the lines

of primary separation, as shown in Fig. 5.4. It can be inferred from the surface flow

features that the computational domain corresponding to individual fin-interactions

in the present study is not wide enough to examine the quasiconical nature of the

flowfield. Since the extent of the upstream influence in laminar interactions is larger
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than that of turbulent interactions, the computational domain should be extended

by increasing the distance between the fins to study the quasiconical nature.

5.1.4 Separated Flow Structures

The study of separated flow structures is essential in understanding the crossing

shock interactions. The computed surface flow pattern exhibited a line of coalescence

denoted as the line of primary separation extending the entire spanwise distance from

one fin to the other. The flow downstream of this primary separation is rich in flow

features as understood from the footprints on the flat plate surface. The principal

features of the separated flow structure in the present investigation were studied in a

similar manner as described by Gaitonde and Shang [37]. These features, known as

“flow regimes,” were categorized as the separated boundary layer, vortex interaction,

centerline vortices, and entrainment flow [4, 37] and are shown in Fig. 5.7 using

streamlines for M∞ = 4 and αf = 7 deg. Only one side of the flow structure is shown

for convenience, considering the interaction is symmetric. The computed surface

flowfield is also shown in the figure using the ‘white colored’ limiting streamlines.

The separated boundary layer (marked BL) lifted off from the surface along the line

of primary separation, as shown in the figure. This regime does not reattach but,

instead, forms an open separation moving downstream. The region of flow below

this separated layer was occupied by the spanwise movement of fluid from various

heights in the boundary layer near the fin apex. The flow attaching in the immediate

downstream of the separated boundary layer was identified as the vortex interaction

regime (marked VI) by Gaitonde et al. In the present case, the flow in this regime

was found to fill the void left by the BL and moved spanwise to form a centerplane

separated regime in the vicinity of the throat middle line, as shown in the figure.

The structure of the centerplane separated region on the symmetry plane was shown
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Figure 5.7: Separated flow structure of crossing shock interactions at M∞ = 4 and
αf = 7 deg. Limiting streamlines are indicated on the flat plate surface. Incoming
flow direction is along the x axis

in Fig. 5.3. The flow from slightly higher locations in the boundary layer near the

fin also moved spanwise towards the symmetry plane. The two streams of fluid from

each fin were eventually turned in the streamwise direction to form a pair of centerline

counter-rotating vortical structures (marked CV) moving downstream. Only one of

the vortices is displayed in the figure, as mentioned before. This vortical structure is

considered a principal feature of the crossing shock interactions and originates from

a region very close to the fin leading edge. The centerline vortex regime remains

distinct from the vortex interaction regime, as evident from the figure.

The fluid attaching further downstream on the line of primary attachment A1

formed the entrainment flow (marked EF), which brings the high-momentum fluid

near the flat plate surface. The flow in this regime occupied the region below the

separated boundary layer and the vortex interaction. A sub-regime, identified as side

entrainment flow (SEF), was observed by Thivet et al. [87] in turbulent interaction

studies. This sub-regime is present in laminar interactions as well that constitute the
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flow attaching at the A1 and moving towards the fin. Side entrainment flow identified

by the limiting streamlines diverging towards the fin surface is shown in the figure.

Additionally, a secondary separated vortical structure (marked SS) is shown in the

figure further downstream in the flowfield under the CV regime. When approaching

the throat centerplane, the entrainment flow separates and further roll-up with the

flow coming from the vortex interaction regime to form the SS regime. The footprint of

this structure can be recognized using the lines of secondary separation and centerline

attachment in Fig. 5.1.

5.2 Surface Pressure Distribution

The study of single fin-induced interactions discussed in Chapter 4 concluded

that the resulting flowfield indicated a quasiconical free interaction. It was confirmed

by the overlapping surface pressure distributions plotted against β. These plots were

found to follow a universal form with a characteristic plateau and dip typical of sep-

arated interactions. As previously mentioned in the introduction, crossing shock in-

teractions are considered an extension of single fin interactions. However, the surface

flow visualization confirmed that the intersection of shockwaves could significantly

alter the resulting flowfield.

A study was conducted by extrapolating the key flow features in the surface

flow visualization for different fin angles. For the weakest interaction considered in

the present study using fin angle αf = 7 deg at M∞ = 4, the surface flow features

were extrapolated to a common point upstream of the fin apex, known as VCO

as shown in Fig. 5.6. An observation was made from the figure that the farfield

region downstream of the fin apex is strongly influenced by the upstream influence

of intersecting shockwaves and could result in a pressure rise. Thus, it is essential

to examine the variation of surface pressure against the reduced angle β − β0 at
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different streamwise locations from the fin apex. The surface pressure distribution

was normalized by the incoming freestream pressure and was plotted on a line normal

to the inviscid shockwave induced by one of the fins (see Fig. 5.8). The streamwise

locations were normalized by the undisturbed boundary-layer thickness at the fin

apex. Inviscid pressure variation was also plotted and is shown using dashed line in

the figure. A pressure rise is evident upstream of the inviscid shock location near the

Figure 5.8: Surface pressure distribution on a plane normal to the shockwave at
M∞ = 4 and αf = 7 deg. Inviscid pressure variation shown using dashed lines

throat centerplane (identified by TML in the figure). As can be understood from the

surface topology in Fig. 5.6, due to the more extensive upstream influence in laminar

interactions comparing to turbulent counterpart, the locations considered in the figure

are within the upstream influence region of the incident shockwave induced by the fin.

Moreover, the pressure rise in the region is critically affected by the shock intersection.
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This can be recognized by the increment in surface pressure ratio with x/δ. A pressure

plateau in the immediate upstream of the incident inviscid shockwave corresponds to

the primary separation, as shown in the figure. A peak pressure can be noticed

downstream towards the fin surface and corresponds to the primary flow attachment.

The examination of pressure distributions confirms the observation made earlier that

the upstream pressure rise is significantly affected by the crossing shockwaves. Hence,

it can be concluded that, due to the greater upstream extent in laminar interactions,

the pressure rise near the throat centerplane is critically influenced by that induced

by the fin-generated incident shockwave and the shock intersection.

Further, the surface pressure distribution was studied normal to the streamwise

direction for the different fin angles. The resulting plots can be used to interpret

the various topological features identified in surface flow visualization. Considering

the case of αf = 7 deg, the spanwise surface pressure normalized by the incoming

freestream pressure was plotted at different streamwise locations from the fin apex

(see Fig. 5.9). These locations are normalized by the undisturbed boundary-layer

thickness at the fin apex.

The variation of surface pressure downstream of the fin apex at x/δ = 4 was

found to have a surface plateau and peak on either side of the TML at z = 0.035

m. It can be seen from the plot that the surface pressure in the mid-span is greater

than unity. As already discussed, this rise in pressure can be attributed to the in-

tersecting shockwaves and the merging of upstream influence induced by individual

fins. Further, the pressure values reach a plateau on both sides corresponding to the

primary separation followed by a second more progressive increase in pressure close

to the fins. The peak pressures correspond to the location of primary attachment

A1. Moving downstream, a rise in pressure can be found in the mid-span region at

x/δ = 13 because of the presence of a centerplane separated region. As mentioned
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Figure 5.9: Spanwise surface pressure ratio at different streamwise locations. Inviscid
pressure variation shown using dashed lines

previously, the location of the separation node was at LNS
/δ ≈ 9 from the fin apex,

which marks the beginning of the centerplane separated region. The presence of sec-

ondary separation and the centerline attachment is evident at x/δ = 20 and can be

understood by the pressure plateaus and peak pressure in the mid-span in the vicinity

of z = 0.035 m. The peak pressures at the lines of primary attachment are visible at

every location considered. Inviscid pressure jumps for all the cases are shown in the

figure using dashed lines and are color-coded according to the streamwise locations.

The pressure ratio at attachment was higher than the corresponding inviscid values

as the flow moves downstream.

Nonetheless, the surface pressure downstream of the location of inviscid shock

intersection at x/δ = 21 was plotted and is shown in Fig. 5.10. The locations x/δ =
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Figure 5.10: Spanwise surface pressure ratio at different streamwise locations. Inviscid
pressure variation shown using dashed lines

22 and 26 were arbitrarily chosen to understand the nature of the flowfield beneath the

reflected shockwaves. The mid-span plateau and peak variation in pressure indicate

the secondary separated region near the throat middle line. As observed in the

surface topology, the secondary separation and the centerline attachment approach

each other as they move downstream, which is evident in the plots. However, the peak

pressure corresponding to the centerline attachment was lower than the corresponding

inviscid pressure jumps. This can be because of the viscous interaction at the throat

centerplane due to the vortical structures generated by the individual fin interactions.

The pressure peaks close to the fins are consistent with the lines of primary attachment

converging towards the centerline moving downstream.
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CHAPTER 6

CONCLUSIONS

Three-dimensional swept and cross shockwave/boundary-layer interactions were

studied numerically using single fin-plate and double fin-plate configurations. Lam-

inar interactions were considered in the present study for a better understanding of

flow physics without the complications of turbulence and turbulence modeling. Grid

independence studies were conducted to ensure that the flowfield is adequately re-

solved. The adverse pressure gradient due to the oblique shockwave generated by the

fin was strong enough for boundary-layer separation in all the cases considered. In

the first part, a single fin-generated, three-dimensional separation was investigated

based on the flow topology. The presence of a separated vortical structure moving

downstream was visualized, and the lines of separation and attachment were clearly

visible from the surface topology results. The flow features downstream of the incep-

tion region were found to follow a quasiconical interaction similar to the results from

turbulent flow studies. The lines of separation, attachment, and inviscid shockwave

trace were extrapolated to a virtual conical origin upstream of the fin apex. Also, a

stand-off distance from the line of upstream influence was observed at the fin apex

due to the presence of an adverse pressure gradient. An upstream-influence scaling

law developed for turbulent interactions was modified for laminar interactions and

verified for a combination of Mach number, Reynolds number, and fin angle. The

upstream-influence data from the present study was found to agree reasonably with

the new scaling law. Multiple separated regions embedded in the primary separated

region were confirmed using the surface flow visualizations and the surface pressure
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distributions for the different cases studied. The quasiconical nature of fin-induced

interactions was used to extend the free interaction theory, well established in two-

dimensional flows, to three-dimensional, swept interactions in the present study. The

universal, two-dimensional correlation function was expressed in terms of a normal-

ized angle β̄ and was plotted along a circular arc in the farfield region at Rv/δ = 38

from the virtual conical origin. The resulting plots were found to follow the theoretical

trend for the range of freestream Mach numbers and fin angles considered. The vari-

ation of normalized surface pressure p∗ was plotted against the normalized angle β∗

for all the cases studied and agreed well to the universal pressure distribution, which

reinforced the concept of free interaction. In the second part, a numerical study was

conducted to understand the interaction of a laminar boundary layer and crossing

shockwaves generated by a pair of sharp unswept fins at M∞ = 4 and αf = 7, 9, 11,

and 13 deg. The key flow features and the singular points in the separated interac-

tions were studied using surface flow visualization. A centerplane separated region

was identified in the interaction region, followed by a secondary separated vortical

structure in all the cases considered. Further, the flowfield was qualitatively com-

pared with the turbulent crossing shock interaction studies to identify and discuss

the separated flow regimes described by Gaitonde and Shang. The separated cen-

terline vortical structures were visualized using streamlines. A study was conducted

on the deviation of quasiconical symmetry in crossing shock interactions due to the

large extent of upstream influence and the resulting pressure rise. Spanwise surface

pressure distribution was studied at different streamwise locations to confirm the

topological features and to interpret the nature of the flowfield moving downstream.

6.1 Literature Contributions

The research conducted has led to contributions to the following literature.
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Journals

• J. J. Sebastian and F. K. Lu, “Upstream-Influence Scaling of Fin-Induced Lam-

inar Shockwave/Boundary-Layer Interactions,” AIAA Journal, Vol. 59, No. 5

(2021), pp. 1861-1864

• J. J. Sebastian and F. K. Lu, “Quasiconical Free Interaction in Fin-Induced

Shock Wave/Laminar Boundary-Layer Interaction,” AIAA Journal, Accepted

(2021)

Conferences

• J. J. Sebastian and F. K. Lu, “Upstream-Influence Scaling of Fin-generated

Shockwave/Laminar Boundary-layer Interactions,” AIAA Aviation Forum,

Virtual Event: AIAA Paper 2020-3009, June 2020

• J. J. Sebastian and F. K. Lu, “Free Interaction in Three-Dimensional, Lami-

nar Shockwave/Boundary-Layer Interaction,” AIAA SciTech Forum, Virtual

Event, AIAA Paper 2021-0490, January 2021

• J. J. Sebastian and F. K. Lu, “Numerical Investigation of Separated Flowfield in

a Crossing Shockwave/ Laminar Boundary-Layer Interaction,” AIAA SciTech

Forum, Abstract Submitted, January 2022

It is anticipated that the research findings will result in a number of additional pub-

lications. Anticipated topics include (but are not limited to):

• Tertiary flow separation in laminar fin-induced SBLI (paper under preparation)

• Flowfield of a laminar double fin-induced crossing shock interactions

6.2 Recommendations for Future Work

Fundamental studies in laminar crossing shock interactions are limited and the

physical understanding of the flowfield is yet to be uncovered completely. The flow-

field resulting from the separated cross SBLIs shows that there are certain parameters
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that might seriously alter the flow features. These parameters include the freestream

Mach and Reynolds numbers, the incoming boundary layer, the fin leading-edge an-

gles, the distance between the fin vertices, and the minimum distance between the fins

(throat width). In the present study, only the fin angle was varied to understand the

interaction. Further studies are required to uncover the effects of these parameters

on the flow structures. An increase in span width could result in a region of quasi-

conical symmetry in weak interactions before deviating near the shock intersection.

The present study was performed using a symmetric double fin-plate configuration.

Further studies are required to study a possible symmetry breaking by introducing

disturbances in the flowfield. Additionally, asymmetric configurations can be studied

by using fins with different angles mounted on a flat plate.
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APPENDIX A

Surface-Flow Visualization in Fin-Induced Laminar Swept SBLI
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Figure A.1: Pressure contour of the surface flowfield and the location of the virtual
conical origin at M∞ = 2.64, αf = 10 deg
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Figure A.2: Pressure contour of the surface flowfield and the location of the virtual
conical origin at M∞ = 2.64, αf = 13 deg
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Figure A.3: Pressure contour of the surface flowfield and the location of the virtual
conical origin at M∞ = 2.64, αf = 16 deg, Reδ = 3053

122



Figure A.4: Pressure contour of the surface flowfield and the location of the virtual
conical origin at M∞ = 2.64, αf = 19 deg
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Figure A.5: Pressure contour of the surface flowfield and the location of the virtual
conical origin at M∞ = 2.95, αf = 16 deg
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Figure A.6: Pressure contour of the surface flowfield and the location of the virtual
conical origin at M∞ = 3.93, αf = 16 deg
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APPENDIX B

Surface-Pressure Distribution in Fin-Induced Laminar SBLI at Different Fin Angles
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Figure B.1: Surface pressure distribution on a plane normal to the shockwave at
M∞ = 2.64, αf = 10 deg
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Figure B.2: Surface pressure distribution on a plane normal to the shockwave at
M∞ = 2.64, αf = 13 deg
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Figure B.3: Surface pressure distribution on a plane normal to the shockwave at
M∞ = 2.64, αf = 16 deg, Reδ = 3053
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Figure B.4: Surface pressure distribution on a plane normal to the shockwave at
M∞ = 2.64, αf = 19 deg
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APPENDIX C

Surface-Flow Visualization in Double Fin-Induced Laminar Crossing SBLI at

Different Fin Angles
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Figure C.1: Surface flow topology with pressure variation for crossing shock interac-
tion at M∞ = 4 and αf = 9 deg
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Figure C.2: Surface flow topology with pressure variation for crossing shock interac-
tion at M∞ = 4 and αf = 11 deg

133



Figure C.3: Surface flow topology with pressure variation for crossing shock interac-
tion at M∞ = 4 and αf = 13 deg
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APPENDIX D

Separated Flow Regimes in Cross Fin-Induced Laminar SBLI at Different Fin Angles
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The flow regimes were computed for different fin leading-edge angles studied for

crossing shock interactions. The separated structures in the case of αf = 9 deg were

found to be similar to the 7 deg case already discussed in Chapter 5 (see Fig. D.1).

However, it was found that the separated boundary layer merged with the centerline

Figure D.1: Separated flow structure of crossing shock interactions at M∞ = 4 and
αf = 9 deg. Limiting streamlines are indicated on the flat plate surface. Incoming
flow direction is along the x axis

vortical structure far downstream from the fin apex. The vortex interaction regime

in the immediate downstream of the primary separation was found to separate at the

centerplane separated region. The secondary separated vortical structures were also

evident in the figure. Nonetheless, as the shock strength increases, the merging of

separated boundary layer with the centerplane separated vortical structures happened

earlier than in the case of lower αf studied (see Figs. D.2, D.3).

The secondary separated vortical structure, however, was found to exist only

for an abridged length in the far downstream of the interaction flowfield. This phe-

nomenon can be attributed to the computational geometry considered. Since the
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Figure D.2: Separated flow structure of crossing shock interactions at M∞ = 4 and
αf = 11 deg. Limiting streamlines are indicated on the flat plate surface. Incoming
flow direction is along the x axis

Figure D.3: Separated flow structure of crossing shock interactions at M∞ = 4 and
αf = 13 deg. Limiting streamlines are indicated on the flat plate surface. Incoming
flow direction is along the x axis

width of the throat was fixed in the present study, the length of the converging sec-

tion of the fins identified by Lc in Fig. 3.18 decreased with increasing fin leading-edge

angle. Hence, the location of secondary separated structures occurred near the exit
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of the converging domain where the flow experiences expansion waves and reflected

shockwaves. Further studies are required to understand the flowfield far downstream

of the primary interaction.
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APPENDIX E

Surface-Pressure Distribution in Double Fin-Induced Laminar SBLI at Different Fin

Angles
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The spanwise pressure distribution at different streamwise locations for αf =

9, 11 and 13 deg are shown here. The locations were selected such that the pres-

sure variation due to the topological features was properly captured. The upstream

propagation of the different flow features with the increasing shock strength can be

understood from the selected streamwise locations. Further studies are required to

study the flow phenomena further downstream of the crossing shock intersection. The

key flow features are annotated in the figures.

Figure E.1: Surface pressure distribution for different streamwise locations at M∞ =
4, αf = 9 deg. Inviscid pressure variation shown using dashed lines
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Figure E.2: Surface pressure distribution for different streamwise locations at M∞ =
4, αf = 11 deg. Inviscid pressure variation shown using dashed lines
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Figure E.3: Surface pressure distribution for different streamwise locations at M∞ =
4, αf = 13 deg. Inviscid pressure variation shown using dashed lines
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