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Abstract

In this study, a concave shaped blunt nose is desired to work as hypersonic decelerator during re-

entry mission. Early researches have shown that cavity in front of a blunt body have reduced heating

characteristics in supersonic and hypersonic flow. During the wind tunnel test, it was also found in

early researches that cavity in front of blunt body have violent bow shock fluctuations associated with

it. The physics of these violent large amplitude bow shock fluctuations is not completely understood.

Moreover, to utilize the concave shape blunt nose as hypersonic decelerator, it is necessary the bow

shock in front of concave shape geometry should be stable, otherwise large amplitude oscillatory or

uncontrolled bow shock may have dynamic and variable heating effects on the re-entry vehicle.

As a first step, the experiments are conducted at hypersonic Mach number 7 for concave shape

hemispherical shell along with flat plate and convex shape blunt nose to have a comparative analysis

of these three basic geometries. During the experiments, the force measurement and time-resolved

flow visualization is performed by using high-speed camera with Schlieren system at 50000 frames per

second. Further to characterize the bow shock fluctuations from the time-resolved high-speed video,

an image processing method has been established to get the bow shock fluctuation data as a time

series. From the analysis of time series of bow shock fluctuations, it is found that the bow shock

in front of concave shaped blunt nose behaves like a nonlinear oscillator similar to duffing oscillator,

which has nonlinear restoring force. Hence, the analogies are drawn from the duffing oscillator to

understand the flow phenomenon involved in large amplitude bow shock fluctuations. Further, from

the captured high-speed image frames, proper orthogonal decomposition have been performed, which

gives information regarding two kind of orthogonal modes in large amplitude bow shock fluctuations

as back and forth flow motion and flow moving from the sides of concave cavity for first few modes.

The effect of change in angle of attack in front of concave shaped blunt nose is also studied and it

is found that for angle of attack greater than 7◦, the bow shock remains steady as the bow shock

becomes slightly away from one edge and closer to the other edge, which gives opening for disturbance

to move from cavity from one direction.

Based on above understanding of large amplitude bow shock fluctuations in front of concave shaped

blunt nose, two kind of passive control methods are employed to the concave shaped blunt nose to

achieve dual objectives. One objective is to understand the mechanism of bow shock instability
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by analyzing the effects of different passive controls and second objective is to have the best flow

control mechanism to stop the large amplitude bow shock fluctuations. One kind of passive control

methods are based on the flow control around the edge of concave cavity as flat base, notch and tab

controls. The second kind the passive controls are based on the back and forth flow in the cavity as

breathing control, spike control and crosswire control. The experiments are performed in hypersonic

wind tunnel at Mach 7 for the study of passive control methods. And the effectiveness of control

methods are analyzed by force measurement and bow shock displacement analysis, which is obtained

by using the high-speed time-resolved Schlieren video. By the studies of flow control, it is found

that the cavity based control methods spike and crosswire works better than other control mechanism

studied. However, other passive controls methods are also partial effective but their effect is not as

promising as crosswire and spike. This gives the further understanding that concave shape of blunt

nose offers larger area for growth of vortices in the cavity as compare to flat or convex shape, which

may introduce the nonlinear effects in high pressure gradient after the bow shock, for bow shock in

front of concave cavity fluctuation system. And, the vortex manipulation offered by cavity based

controls, spike and crosswire, work best among the other control methods.

Further, to access the three dimensional flow field inside the concave cavity, three dimensional

numerical simulations, in front of concave hemispherical shell along with flat and convex blunt nose are

performed by solving unsteady compressible Navier-Strokes equations for wind tunnel test conditions.

However, the numerical simulations for concave shape geometry are not stable and breaks down as the

large shock displacement starts (system becomes nonlinear). But, the onset of large amplitude bow

shock motion have been captured for concave shaped blunt nose and further flow physics for large

shock displacement have been explained from all the experimental and numerical results. It is found

that deformation in ring vortex inside the cavity leads to large vortical motion from side of concave

shaped blunt nose, which results in large amplitude bow shock fluctuations.
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Chapter 1

Introduction

1.1 Overview

1.1.1 Atmospheric Entry

Bringing spacecrafts from the outer space to surface of earth or other planet is one of the challenging

task in space transportation. There are three main requirements during this phase of space mission:

sufficient deceleration to bring the spacecrafts from higher orbital velocities to rest, tackle the high

temperature generated because of traveling into denser atmosphere, and landing safely. During entry,

descent and landing to earth or any other planet, the spacecrafts travel through different flow regimes.

The kind of flow field around the spacecraft determine it’s aerodynamic performance, because the

forces and moments experienced by the body are different in different flow field.

The flow field can be classified in different regimes, depending on changes in fluid properties. It

can be classified as incompressible and compressible flow field, depending on density variation as

negligible small (less than 5 %) and considerable (greater than 5 %), respectively1. Furthermore,

it can be classified as low-speed (temperature changes less than 5 %) and high-speed (temperature

changes more than 5 %). The Mach number M, which is defined as ratio of local flow velocity to

local speed of sound,2 limit for incompressible and compressible flow field is 0.3. Similarly, for low-

speed and high-speed flow field, the Mach number limit is 0.5. Based on Mach number M, the flow

field can divided into four regimes. When Mach number is less than 0.8 (M < 0.8), the flow field

is called subsonic; when M ≈ 1 (0.8 ≤ M ≤ 1.2), the flow field is termed as transonic flow, Mach

number from 1.2 to 5 is called supersonic regime, and for Mach number greater than 5 (M > 5) is

referred to hypersonic flow field2. When an arbitrary body moves in a fluid, it experiences forces and
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moments due to relative fluid flow that is taking place around it. The force on the body along the

flow direction, retarding the body motion is called drag force3. The force acting perpendicular to flow

direction to counter the weight of the body is called lift force and in three-dimensional flow-field, force

acting perpendicular to lift and drag force in lateral direction is called side force. These forces can be

non-dimensionalized by dynamic pressure and maximum cross-sectional area of body and converted

to static force coefficients as drag coefficient, lift coefficient and side force coefficient. The overall drag

force depends on shape and size of the body and is important parameter for design of transport vehicle

as shapes experiencing minimum drag require lesser power to propel, while higher drag is desired to

retard the motion of flying vehicle.

Figure 1.1: Different flow regimes during atmospheric entry

The movement of spacecrafts through different flow regimes during atmospheric entry flight is

shown in schematic diagram in Fig. 1.1. The entry in the atmosphere starts with low-density free

molecular flow regime, where molecules does not collide to each other. The speed during entry of

atmosphere can be as high as 12 km/s in case of earth. As the altitude decreases, the vehicle reached

to transitional flow regime. Further with decrease in altitude and increase in density, the vehicle

reaches hypersonic flow regime of peak heating and peak dynamic pressure. In this flow regime, heat

shield is required to avoid the peak heating to reach the surface of the body. Further, as vehicle
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speed reduces, it reaches the supersonic flight region, where wake aerodynamics plays important role

in dynamic stability of the vehicle. In transonic and subsonic speeds, the flight path can be precisely

controlled and larger parachute can be deployed to further stop the vehicle at the ground.

Two kind of maneuvers can be designed for atmospheric entry as ballistic entry or lifting entry.

During entry motion, when the drag force is always acting opposed to the line of flight, it is defined

as ballistic entry. In lifting entry, lift force is generated along with drag force throughout the motion

and flight path can be adjusted while the vehicle is slowing down. The important parameters for

designing and control of ballistic entry is ballistic coefficient (β) which is defined as ratio of mass and

total drag force acting on the maximum cross sectional area of vehicle (β = m/CDA). To have quick

time in deceleration and lower peak temperature, it is required to have lower ballistic coefficient for

atmospheric entry, which means higher drag for the moving vehicle or bigger cross sectional area, hence

the blunt nose shapes are best suited for ballistic entry. For lifting entry, the important parameter

to design such a flight is lift to drag ratio. It is required to have streamlined body to have adequate

lift to drag ratio. The peak temperatures for lifting re-entry can be well below the peak temperature

of ballistic entry, but the duration of flight can be longer. During lifting entry, although lower peak

temperature, but continuous heat load acting on the flight vehicle for longer time, requires vehicle

structure to sustain the same. Hence, the hypersonic flow field regime of atmospheric entry is one of

the crucial phase becasue, the spacecraft is exposed to high dynamic loads and high temperature.

1.1.2 Characteristics of Hypersonic Flow

In subsonic flow field, any perturbation can propagate with speed of sound, which is higher than the

flow speed, but in supersonic and hypersonic flow regimes the perturbations travel slower than the flow

speed. This results in formation of compression and expansion waves in supersonic and hypersonic

flow field. The total energy content of flow field is called total enthalpy, it is sum of static enthalpy and

kinetic energy. In a subsonic flow, most of the total enthalpy is invested in static enthalpy and changes

in Mach number are largely due to changes in flow velocity. In transonic flow both static enthalpy

and kinetic energy are comparable, and the Mach number changes rapidly because both the speed of

sound and flow velocity are changing. In supersonic flow field, the investment of total enthalpy is more

in kinetic energy than in static enthalpy. But in hypersonic flows, the bulk to total temperature is

invested in kinetic energy and the changes in Mach number is largely because the static temperature,

hence due to local speed of sound. In supersonic and hypersonic flow field, the total drag force on a

moving body consists of three main components as wave drag (due to formation of strong compression

front at the nose of body called shock waves), base drag (due to creation of suction region at the base

because of flow separation) and skin friction drag (due to friction between body surface and fluid).
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Further, supersonic and hypersonic flows are essentially wave dominated flows. Any change in

flow properties are caused by these waves. The compression in flow field is caused by shock waves

and expansion is caused by number of expansion waves. The shock may be defined as a compression

front across which the flow properties change abruptly. The shock waves are classified as normal

shock, oblique shock and detached bow shock. Normal shock is defined as compression wave front

normal to the flow direction across which flow properties change abruptly, whereas oblique shocks are

compression front at an angle to the flow direction across which flow properties and flow direction

abruptly change2. Bow shock is a detached compression front, which is combination of normal shock

and infinite oblique shocks, forms in front of blunt nose. Shock strength is defined as percentage of

pressure increase across the shock. Normal shock is the strongest shock wave. At a Mach number,

a maximum turning angle for the flow field exists, below which the shock wave is attached to the

body, and oblique in nature. After a weak oblique shock, the flow may remain supersonic. For

more than maximum flow turning, the shock becomes detached and there is formation of bow-shock.

Qualitatively, supersonic and hypersonic flows seems similar, however hypersonic flows are essentially

physically different from supersonic flow. The main characteristics of hypersonic flows are as follows4,5:

• Thin shock-layer: In supersonic and hypersonic flows, the flow field between the shock wave and

the body is defined as shock layer. For hypersonic flow, the shock wave becomes stronger and

closer to the body, hence it can be classified as thin shock layer.

• Vorticity Interaction: The stronger shock wave in hypersonic flows ahead of the body increases

the entropy of the flow significantly after the shock. In case of bow shock, the entropy near

the central region of bow-shock (approximately normal shock) increases maximum as compare

to flow passing through the oblique shock region of bow shock. Hence, it generates the entropy

gradient in lateral direction. The region of lateral entropy gradient along the surface of body is

called entropy layer. In this entropy layer, flow can become highly rotational as suggested from

Crocco’s theorem for compressible flow2. The interaction of high vorticity region of entropy

layer with boundary layer is called vorticity interaction.

• Viscous Interaction: The boundary layer thickness grows more rapidly at hypersonic flows be-

cause the higher kinetic energy of flow field, which is dissipated within the boundary layer, leads

to rise in temperature and reduction in density in the boundary layer. The thick boundary layer

can significantly interact with the inviscid flow outside the boundary layer, and this is called

viscous interaction. Viscous interaction can also increase the skin friction as well as the heat

transfer near the nose.

• High Temperature flow: The dissipation of high kinetic energy of hypersonic flow can increase

the temperature in boundary layer too high, that may excite the vibrational internal energy
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of molecules, which may leads to dissociation and ionization in the gas. Apart from boundary

layer, the nose region of blunt body can exhibit the high temperature effects as the region of

normal shock wave, which is responsible for higher temperature near nose region. This may lead

to chemically reacting very hot flow in shock layer in nose region and boundary layer. The high

temperature in boundary layer region and nose region can induce higher heat transfer to the

body surface called as aerodynamic heating. The aerodynamic heating includes the convective

heating because of temperature gradient at body surface and radiative heating because of high

temperature of the gas itself in shock layer.

• Low density flow: During atmospheric entry of space vehicle, it flies at the outer layer of at-

mosphere, which has very low density. Because of very low density, the distance between air

molecules can be as high as the characteristic length of the vehicle itself. This leads to break

down in continuum medium approach of flow study, hence the flow field must be studied by con-

cepts of kinetic theory of gases. The important parameter that governs low-density flow regime

is called Knudsen number, defined as ratio of free molecular distance and characteristic length

of vehicle (Kn = λ/L). When Knudsen number is very small (Kn < 0.03), the flow field can

be analyzed by continuum concepts, while very high Knudsen number (Kn > 1) flows should be

treated as free molecular flow. For 0.03 < Kn < 1.0, the flow regime is called transitional flow

regime.

However, based on Mach number hypersonic flow regime has been defined for M > 5, but there is

no such strict limit, when flow-field exhibit the above mentioned flow physics. Hence, hypersonic

flows can be best defined as flow regime, where some or all the above physical phenomenon become

progressively more important as the Mach number increases to higher value.

1.1.3 Bow Shock Instability

In supersonic and hypersonic flows, bow shock formation occurs in front of blunt nose, or conical

nose, when the flow turning angle is more than the critical angle for particular Mach number. In

general, the bow shock formed in front of convex spherical nose can be visualized as steady and stable

in experiments by using normal camera (25 ∼ 30 fps) with optical visualization methods3. However,

high frequency oscillation is bow shock can be visualized with high-speed camera for decreased radius

of curvature geometry, in other words for blunt nose shapes with higher bluntness. But in case of

concave shaped blunt nose (negative radius of curvature), large amplitude violent fluctuations in bow

shock have been visualized even with normal camera. The schematic of typical hypersonic flow field

around different curvature geometries have been shown in Fig. 1.2.

In case of convex blunt nose shape in Fig. 1.2a, a steady detached bow shock formed ahead of
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(a) Convex Blunt Nose

(b) Flat Circular Nose (c) Concave Blunt Nose

Figure 1.2: Typical hypersonic flow field around different curvature blunt noses

the nose closer to the body surface. The bow shock has maximum strength near the center region

as flow has maximum turning near the center, which leads to subsonic zone after the bow shock

near center region. However, moving along the surface of convex shaped blunt nose, the flow turning

reduces as well as shock strength reduces and flow can have higher supersonic speeds behind the

bow shock, which will be maximum near the edge of the surface. After the edge of the surface, flow

encounters larger area to expand, which leads to formation of expansion fans near the edge and flow

separation. Expansion fans increase the flow speed further, this leads to low pressure region at the

base, which can contribute to the base drag of blunt nose shape. The wake region near the base can

be very complex and dominated by recirculating zones. As the pressure in the near wake region is low,

free shear layer after the flow separation as well as the streamlines from the outer inviscid flow can

merge together in a narrow zone around the wake axis forms neck region. The flow which is directed

towards the neck region after the flow separation further, needs to turn back towards the wake axis,

hence a re-compression shock forms near the neck region. After the neck region, the wake thickness

increases suddenly and viscosity effects are dominant in this region, which is called viscous core region.



1.2. PREVIOUS STUDIES: FRONTAL CAVITY IN HIGH-SPEED FLOWS 7

Fig. 1.2b and c are drawn as schematic of hypersonic flow field around the flat circular blunt nose

and concave hemispherical blunt nose according to above discussion. As the bluntness of the nose

increases, the region of strong bow-shock becomes bigger near the center of the body, which leads to

bigger subsonic region in the front of the body. However increase in the bluntness also leads to bigger

recirculation region at the base and far lesser base pressure, hence the overall drag coefficient increases

as bluntness of the nose increases. As the subsonic zone increases in front of flat circular blunt nose

as shown in Fig. 1.2b, the bow shock exhibits small amplitude, high frequency fluctuation, which can

be visualized by high-speed camera6. For concave shaped hemispherical blunt nose (Fig. 1.2c), the

subsonic zone can become further bigger and extend inside the cavity, where recirculation zone can be

formed. The bow shock shows large amplitude violent shock fluctuations in front of concave shaped

blunt nose as shown in Fig. 1.2c with two different dotted lines. These violent fluctuations can be

visualized by optical visualization methods using normal camera. Although the bow shock in unstable

in front of concave shaped blunt nose, the time averaged overall drag coefficient can be higher than

convex shape geometry. The mechanism of these violent bow shock fluctuations in front of cavity at

high-speed flows is not completely understood. The main motivation for current study is to utilize

high drag configuration of concave shaped blunt nose as hypersonic decelerator in atmospheric entry

flight regime. However, the unstable bow shock can influence the forces acting on the body as well

as heat transfer, hence, it is required to understand the mechanism of shock fluctuations in front of

concave shaped blunt nose and provide flow control method to stabilize the bow shock in front of

concave shaped blunt nose. In the next section, literature survey have been performed for different

studies on frontal cavities in high-speed flows and key findings are discussed.

1.2 Previous Studies: Frontal Cavity in High-speed Flows

The early researches for concave shape cavity in the blunt nose were mainly focused on heat transfer

measurements and proving that the cavity in front of blunt nose provides reduced heating in com-

parison of convex shape blunt nose at supersonic and hypersonic Mach numbers. Hopko et al.7 had

obtained experimental data for heat transfer to the stagnation point for convex and concave hemi-

spherical nose shapes and hemispherical depression on a 30◦ blunt nose cone for Mach number up to

8.5. He observed that heating at the stagnation point of concave shape hemispherical nose is 1/3rd at

Mach number 2 and approximately 1/10th at Mach Number 8 as compare to convex shape hemispher-

ical nose. Cooper et al.8 had studied concave hemispherical nose experimentally and observed that

flow field alternates in random manner between steady and unsteady flow for angle of attack of the

order of 2◦ or less, with low heat transfer associated to steady flow and high heat transfer associated

to unsteady motion of bow shock. For higher angle of attacks, the steady bow shock and low heat
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transfer was observed except for Mach 4.5 and angle of attack 15◦, when shock becomes unsteady.

The heat transfer coefficients for unsteady configuration were 6 to 7 times higher than the coefficients

for steady flow. For steady flow, heat transfer coefficients at stagnation point of concave blunt nose

varied from 20 to 50 % of convex shape hemisphere. Markley9 have measured heat transfer coefficient

and pressure for 5-inch diameter hemispherical concave cavity in the cylindrical nose at Mach 2.0 in

free jet. It was observed that up to 60◦ on the concave region, the surface pressure was equal to

total pressure behind the shock at angle of attack of 0, ±5◦, ±10◦. The heat transfer coefficient at

stagnation point is 40 % of that on the same size of convex hemisphere at zero angle of attack and

there is no increase at angle of attack ±5◦, ±10◦. The highest local heat transfer coefficient was

measured immediately inside the lip at all angle of attack with same magnitude. Detailed investiga-

tion of heat transfer to concave hemispherical nose on a cylindrical body had been done by Levine

et al.10 under free flight conditions at Mach number 3.5 to 6.6. It was observed that heat transfer

coefficient at the stagnation point varied from 0.05 to 0.13 times the theoretical convex hemispherical

values at Mach 4 to 6.6. At Mach 5, the total heat input, which is integrated over the surface of

concave cavity, was 0.55 and 0.76 times of the theoretical value for convex shape and flat shape nose,

respectively. Very high heating rates associated with unsteady flow field observed by Cooper et al.8

in wind tunnel test-section were not observed in free flight test by Levine et al.10. Johnson11 had

qualitatively investigated blunt bodies with cylindrical, conical and hemispherical surface cavities in

helium hypersonic flow at Mach number 21.6 and suggested that continuous formation and shedding

of vortices in the cavity may lead to deeper pits during atmospheric passage of observed meteorites.

The bow shock in front of cylindrical and conical surface cavities blunt nose at 7000 frames per second

was observed steady, while small injection of helium or air jet into stagnation zone leads to violent

bow-shock oscillations. He further observed that bow shock in front of hemispherical cavity on flat

face of cylinder or on hemisphere exhibit non-oscillatory shock layer instability even without injec-

tion of air or helium jet. Baryshnikov et.al12 have also studied instability of bow shock in front of

segmental body in dissociating gas environment of CF 2Cl2 and classified the instabilities as small

deformation, large deformation and complete destruction of bow shock. He aimed to reduce the drag

by destabilizing and destructing the bow shock. He further relates the bow shock instabilities with

sharp temperature rise in shock layer because of chemical reactions.

The numerical simulation of supersonic and hypersonic flow field around concave cavity is chal-

lenging because unlike in the case of convex and flat shape, concave shaped blunt nose has highly

unsteady three dimensional flow motion in front of the body which can interact with the bow shock as

well as with wake. Several attempts have been made in early researches to compute flow field around

concave blunt nose. Bastianon13 have numerically simulated inviscid axi-symmetric flow around a

concave cavity in cylindrical body immersed in supersonic flow of Mach 3.0, and found that for cavity
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depth more than 40 %, flow field becomes unsteady and shows undamped periodic oscillations at

frequency 740 Hz for ratio of cavity depth to body radius of 0.55. He further compared his numerical

computation for cavity shape used by Cooper et al.8 at Mach 4.95 and found frequency of stagnation

pressure as 9000 Hz, while Cooper et al.8 had found frequency approximately of the order of 2000

Hz. Bohachevsky et al.14 have computed unsteady inviscid flow field around cylindrical cavity in a

cylinder and observed the solution reached steady state in damped oscillatory manner. The shock

oscillation wavelength is 4.5 times of distance between tube base and bow shock. Sambamurthi et al.15

have investigated two-dimensional conical walled cavity with flat base at Mach 10, and predicted that

bow shock oscillates approximately at fundamental acoustic frequency of the cavity, with wavelength

4 times the distance between mean shock position to base.

In later researches, the forward facing cylindrical cavity have been studied extensively as flow con-

trol method on the concept of Hartmann - Sprenger Tube16 to reduce aerodynamic heating. Huebner et

al.17 have experimentally studied conical wall cavity with flat circular base at Mach 10 and determined

the frequency of shock oscillations using laser interferometry and found that the oscillatory frequency

is inversely proportional to cavity depth and corresponds to the fundamental acoustic frequency of

cavity as in case of wave propagation in closed end cylinder. Yuceil et al.18 have experimentally stud-

ied hemispherical cylinder body with different length and diameter ratio (L/D) nose cavities at Mach

4.9 air flow. He found that for shallow cavity (0.15 ≤ L/D ≤ 0.35) or very deep cavity (L/D ≥ 1)

an axi-symmetric steady cool ring forms downstream of the lip with surface temperature lesser than

model without cavity. Intermediate depth (0.4 ≤ L/D ≤ 0.7) exhibit unstable behavior in cavity pres-

sure with higher amplitude and random fluctuations, that results in non-axisymmetric temperature

field around cavity. Engblom et al.19 have demonstrated that resonant pressure oscillations, which

are observed in the experiments for forward facing cavity at Mach 4.9, can occur numerically with

the presence of freestream disturbance. To examine the effect of wind-tunnel noise, Ladoon et al.21

have studied forward facing nose cavity at Mach 4 quiet-flow wind tunnel and introduced localized

controlled perturbations by laser system as thermal spot ahead of bow shock. It has been observed

that for L/D ≥ 0.488, the cavity resonate in a nearly sinusoidal manner as a damped harmonic oscil-

lator. The cavity base pressure decay exponentially and damping constant reduces with increase in

cavity depth. Further Juliano et al.22 had observed that smaller blunt sphere-cone nose at angle of

attack 24◦ leads to starting issue in Mach 6 quite wind tunnel under noisy flow environment, while

slightly bigger model performs well during quiet operation of wind tunnel. The forward facing cavity

with different L/D ratios in quiet and noisy environment have been tested and found that higher

mode peak frequencies occur at integral multiple of fundamental acoustic frequency of cavity. An

acoustic analogy, similar to Helmholtz resonator have been established by using numerical method

for forward facing cavity receptive to freestream disturbances in supersonic flow field by Engblom et
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al.23. Ellipsoidal and parabolic nose cavities have been numerically studied by Rajesh et al.24,25 in

hypersonic flow field to investigate aerodynamic heating and suggested that shallow parabolic cavity

and ellipsoidal cavity reduces the total heat transfer rates to blunt bodies.

In above mentioned previous studies, it is evident that the cavity in front of blunt nose has

advantage to reduced aerodynamic heating, but it also have unsteady flow field in the cavity, which

may leads to violent bow-shock fluctuations. The flow visualization of bow shock have been performed

by Hiraki et al.26 for two dimensional concave cavity referred as reflector in supersonic flow. For Mach

number less than 3.5, bow shock formed in front of reflector as axi-symmetric but for higher Mach

number, the bow shock become highly unsteady and asymmetric. Later, Hiraki et al.27 have measured

force and pressure for two-dimensional concave cavity and hemispherical cavity at Mach number 4. In

recent research for hemispherical concave cavity, Mizukaki et al.28 have visualized large fluctuations

in bow shock for supersonic Mach number higher than 3.0. The mechanism of bow-shock instability

with time resolved Schlieren images have been discussed by assuming density disturbance in the cavity.

Ohnishi et al.29 had observed bow-shock instabilities in from of partial curved bow shock in low -γ

gas environment by using numerical simulations in front of edged flat surface at high Mach numbers.

The critical density ratio across the bow shock have been identified as 10 to have unstable bow shock.

It was stated that the slip-line near the edge plays important role for bow shock instability. Hatanaka

et al.30 have numerically simulated the flow field around the concave hemisphere for 50 ms at Mach 4,

similar to the experiments conducted by Mizukaki et al.28 and found two kind of flow configurations

in bow shock. Initially bow shock oscillates in sinusoidal manner after reaching steady state. Later

after 20 ms, large amplitude bow shock fluctuations appear. The mechanism of bow shock instability

was explained as the component of vorticity remain in the cavity during initial sinusoidal motion of

bow shock, which grows with time and produce large amplitude fluctuations.

Many of the above related researches are mainly focussed on low aerodynamic heating capability

of cavity in front of blunt nose and the concave cavity have been studied in supersonic flow regimes.

However, the physical phenomenon involved in large bow shock fluctuations have not been addressed

with complete understanding. Moreover, to utilize the high drag configuration of concave hemispher-

ical nose shape, it is required to control the bow shock fluctuations in front of concave shaped blunt

nose. The concave cavity is not easily accessible during the experiments, hence, by studying the

effects of different control methods, the information about bow shock instability mechanism can also

be extracted.
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1.3 Flow control Methods

Efficient flow control methods can improve or modify the performance of fluid system. Various flow

control methods have been devised and studied in many applications of fluid systems to manipulate

the flow field for desired behavior. In general, flow control methods can add or remove small amount

of energy to the fluid systems to change its characteristics. Depending upon method of adding and

removing energy from the fluid system, flow control methods can be classified in two main categories

as active flow control and passive flow controls2. In active flow control, an external source of energy

required to provide desired flow control to the system, while in passive flow control method small

temporary or permanent modification in geometry may lead to draw the energy from the system itself

to provide desired flow control. The passive control method are advantageous in aerospace applications

as it is not required to carry extra energy source as in case of active control methods. The effective

use of passive control method require extensive understanding of flow behavior in case of geometric

modifications. Some examples of active flow control methods studied in high-speed flows and some

passive flow control methods, which are relevant to this thesis are discussed as follows:

1.3.1 Active Control

Active flow control methods can use fluid, acoustic, chemical or electrical energy to manipulate the flow

field. Huebner et al.17 have found that the amplitude of bow shock oscillation in front of cylindrical

cavity can be reduced by 70 % by injecting small amount of air in the cavity. Zhuang et al.31 have

used supersonic micro-jets on leading edge to reduce unsteadiness of the supersonic cavity flows.

Venukumar et al.32 have realized 30 - 45 % reduction in drag coefficient of blunt nose in hypersonic

flow by using supersonic counter flow jet. For high bandwidth active control, powered resonance

tubes, which is based on Hartmann-Sprenger tube, have been studied by Raman et al.33. A minitaure

combustion driven jet with combustion volume of 1cm3 has been studied as active flow control method

by Crittendon et al.34. In hypersonic flow, drag reduction up to 50 % have been achieved by Satheesh

et al.35 by providing concentrated energy deposition using electric discharge. Watanabe et al.36 have

studied effect of direct current plasma discharge in hypersonic boundary layer.

1.3.2 Passive Control

The flow field manipulation by small modification in geometry leads to add or remove energy from the

fluid system to have desired control. Many passive flow control methods have been studied in high-

speed flows with application from drag reduction device in blunt nose to mixing promoters and noise

reduction in high-speed jets. Concave shape itself is kind of passive control method, which can have
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Figure 1.3a: Various passive flow control for upstream flow
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Figure 1.3b: Various passive flow control for jets

higher drag and better heat transfer in comparison to same cross-sectional area of convex shape blunt

nose, which makes concave shape useful for hypersonic decelerator to use during atmospheric entry.

Figure 1.3a shows schematic of different passive control methods studied for flow control in front of the

bodies. Khurana et al.37 have studied application of aero-spike to reduce drag for lifting body surfaces

by moving bow shock wave away from the blunt nose body. The effectiveness of breathing blunt nose

(BBN) concept for drag reduction have been demonstrated by Imamura et al.38 in hypersonic flow.

Breathing blunt nose allows high pressure in front of the blunt nose to pass through the base of the

body, which leads to reduction in bow shock strength near location of breathing hole and increase in

the base pressure. Hence, breathing blunt nose can effect front as well as base flow. Later, Watanabe et

al.39 have studied the aerodynamic characteristics of breathing blunt nose at hypersonic Mach number

7. Vashishtha et al.40 have investigated the effectiveness of breathing blunt nose at supersonic speed.

The performance of disk-band-gap for supersonic parachute model was investigated by Wernet41. The

disk-band-gap flow control allows part of the flow coming to the supersonic parachute cavity to pass

through the side gaps. Many passive flow control devices have been studied for subsonic and supersonic

jet control to enhance mixing or to suppress the noise generated by jets in many applications. Figure

1.3b represents schematic of some of the passive control methods used for subsonic and supersonic

jet control. The effectiveness of tabs to enhance jet mixing have been studied by Clement et al.42.

The tabs can introduce streamwise small vortices in the shear layer which can promote mixing in the

jet field. However, Rathakrishnan44 have found that the limit of length of tabs as mixing enhancer
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was upto the radius in form of crosswire. It means the jet mixing can enhanced by introduction of

small vortices not only in the shear layer but across the nozzle exit. Notches at the exit of nozzle lip

can also modify the jet flow field. Verma et al.43 have experimentally studied the effect of notches in

circular slot underexpanded jet to reduce the noise field and found that notches can reduce far field

shock associated noise in jet field. Hence, small modification in the geometry can lead to adding or

removing small disturbances to the flow field, which can manipulate the flow field for desired output.

1.4 Need for study of Bow-Shock Instability and Control

In early researches, it was found that cavity in front of blunt nose in supersonic and hypersonic

environment have reduced aerodynamic heating with steady bow shock. The unsteady motion of

bow shock leads to even more reduced heating in wind tunnel test conditions. The drag coefficient

of concave shaped blunt nose is higher than the conventional convex shape blunt nose. These two

characteristics of concave shaped blunt nose, makes it suitable to utilize as hypersonic decelerator.

However, large amplitude fluctuations in bow shock can lead to fluctuations in aerodynamic forces as

well as heat transfer coefficients and flow physics behind these large amplitude bow shock fluctuations

is not clearly understood. There can be many reasons for these violent fluctuations in bow shock

e.g. upstream flow non-uniformity, structural oscillations of geometry, particle induced instability

or aerodynamic instability because of bow-shock and cavity vortex interactions or bow shock and

reflected disturbance wave interactions.

In previous experimental studies, main focus was given to measurement of pressure and heat

transfer coefficients in front of cylindrical cavity in supersonic and hypersonic flows. However, the

quantification of large amplitude bow shock fluctuations and its effect on aerodynamics forces are not

measured in hypersonic flows. Hence, it is required to quantify the unsteady bow shock behavior and

its effect on aerodynamic forces. To quantify the bow shock fluctuations, it is proposed to utilize

the time resolved flow visualization method by using high-speed camera and further using image

processing methods to obtain time series data of shock fluctuations.

Further, to understand the bow shock fluctuations in front of concave shape geometry, it is also

necessary to understand the reasons of very stable bow shock in front of conventional convex and flat

blunt nose with respect to disturbances in the flowfield. A typical behavior of bow shock in front of

convex or flat shaped blunt noses as stable bow shock or bow shock fluctuating at high frequency and

small amplitude. Hence, it can be proposed that the bow shock oscillations in front of conventional

convex blunt nose behaves as linear damped harmonic oscillator with respect to small perturbations

in freestream. Figure 1.4a shows the mean shock position in front of convex hemispherical blunt nose,

which can be expressed by the following relation45:
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Figure 1.4: Disturbance in bow shock in front of conventional convex blunt nose

δ

D
= κ

ρ∞
ρs

(1.1)

where, δ is mean shock stand off distance along the centerline, D is diameter of the hemisphere, ρ∞ is

freestream density, ρs is density immediately behind the bow shock and κ is constant, which depends

on blunt nose geometry. Lobb45 has found experimentally that the value for κ is 0.41 for spheres in

air. As the central region of bow shock is almost normal shock, the relation of density ratio can be

expressed in terms of Mach number M and specific heat ratio γ from normal shock relations2 and Eq.

1.1 can be expressed as follows:

δ

D
= κ

(γ − 1)M2
∞ + 2

(γ + 1)M2∞
(1.2)

Equation 1.2 shows that the shock stand off distance for a particular size and shape of blunt nose,

depends on specific heat ratio γ and freestream Mach number. For air flow, the specific heat ratio

can be constant for thermally perfect gas limit, and small perturbations in freestream Mach number

can induce damped oscillatory motion in bow shock. Figure 1.4b shows slightly disturbed position

of bow shock (moved away from the body) because of some freestream disturbance, which leads to

reduced density region and reduced pressure gradient in the shock layer. The upstream flow with

higher momentum will rush to occupy the region. This will result in the bow shock to move back

towards its original position and pressure gradient again rises. However, the viscous dissipation in

the shock layer can be analogous to damping, which will damp the bow shock motion further. The

damped harmonic oscillations of bow shock, which can be excited by external disturbances can be
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described by following equation:

δ̈ + 2ζδ̇ + ω2
0δ = εcosΩt (1.3)

where, δ is bow shock stand off distance near the centerline, ζ is damping ratio, which is analogous to

viscous dissipation in shear layer, ω0 is natural frequency of shock oscillation, depends on the restoring

force, which can be analogous to high pressure gradient in the shock layer, which again dependent on

the freestream flow conditions. ε is small amplitude of freestream disturbances and Ω is excitation

frequency of freestream disturbances and t is time. In case of convex shape geometry, freestream

disturbances can be dissipated in thin shock layer easily and because of thin shock layer, the pressure

gradient in shock layer can be very high. Hence, the bow shock fluctuations in front of convex shape

geometries can be highly damped. However, same size of concave shape geometry can influence the

pressure gradient in shock layer as the extent of shock layer increases inside the concave cavity, which

may have severe effect on bow shock. Hence, it is required to develop understanding of violent the bow

shock fluctuations in front of concave shape geometry from the frontal shock layer dynamics point of

view.

To utilize the concave shape geometry as hypersonic decelerator, it is also required to provide the

flow control method to make bow shock stable by manipulation of votices in and around the concave

cavity. The passive control methods can be advantageous over active control methods ro control the

bow shock in front of concave shape geometry. Hence, few passive flow control methods (schematic

shown in Fig. 1.5) have been utilized in this study to accomplish two objectives, one is to study the

effectiveness of these different flow control methods and second is to strengthen the understanding

of bow shock fluctuation mechanism by understanding the effect of small geometric modification in

concave shaped blunt nose. These passive flow control methods are inspired from the previous studies

of different passive flow control methods in high-speed flows as discussed in section 1.3.2. Figure 1.5,

shows the configuration of these passive control methods for concave shaped blunt nose in form of flat

base or hemispherical cavity in cylinder, notch control, tab control, breathing control, spike control

and crosswire control. These passive control methods are chosen based on basic understanding that

the large fluctuations in bow shock may be because of unsteady flow motion inside the cavity, which

may result in reverse flow from the cavity towards the bow shock. The flat base control can reduce the

slip line fluctuations, which is formed at the edge of concave hemispherical shell and oscillate because

of flow separation on the curved base. This may reduce the unsteadiness in the flow inside the cavity.

The notch control may allow the unsteady disturbances inside the cavity to move away from the edges.

The tab control can provide control in shear layer by introducing small eddies from it’s surface, which

may reduce the strength of large size vortical flow. The breathing control can allow the high pressure
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in the cavity to move out to the base, which may lead to reduced fluctuations in bow shock. The

spike control can stop movement of large flow structure in cavity at the center, while crosswire can

partically stop the disturbances to enter the cavity and also introduce small eddies through out the

diameter of the cavity to reduce large vortical motion inside the cavity.

M > 1

(a) Flat Base Control

M > 1

Notches

(b) Notch Control

M > 1

Tabs

(c) Tabs Control

M > 1

Breathing Holes

(d) Breathing Control

M > 1

Spike

(e) Spike Control

M > 1

Crosswire

(f) Crosswire Control

Figure 1.5: Schematic of Passive flow control methods devised in this study to concave
shaped blunt nose

Further, three dimensional numerical simulations of flow field around concave shaped blunt nose

can provide the more information regarding flow physics inside the cavity, which is inaccessible in

experimental studies. In several numerical studies, the two dimensional, axi-symmetric flow field

around cylindrical cavity and concave cavity have been simulated and damped oscillatory nature of

bow shock have been found. Hence, it is required to compute three dimensional flow field around

the concave shaped blunt nose to have better understanding of flow physics. Large amplitude bow

shock fluctuations have not been reported in numerical simulations with uniform freestream flows until

recently, by Mizukaki et al.30. He had reported large amplitude bow shock fluctuations as visualized

in supersonic flow field in front of concave hemispherical shape by computing for longer time, but
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the system becomes unstable with rapid bow shock movement. Hence, it is challenging to develop

numerical methods to understand the flow physics behind the bow-shock fluctuations.

1.5 Objectives

To realize the concave shape blunt nose as hypersonic decelerator, this research study has following

main objective:

• To understand the flow physics of bow shock instabilities in front of concave shape blunt nose.

• To provide effective passive flow control method to stabilize the bow shock in front of concave

shaped blunt nose as well as to strengthen the understanding of bow shock instabilities by

studying the effects of diverse passive flow control methods.

Initially, flow visualization of bow shock fluctuations and measurement of aerodynamic forces

around circular flat, convex and concave hemispherical shaped blunt nose have been performed at Mach

number 7 in hypersonic wind tunnel test-section. The bow shock fluctuations have been quantified

and analyzed by measuring bow shock displacements by using image processing method from the time

resolved flow visualization video. Further, different passive flow control methods were employed for

concave blunt nose and effects of these passive control methods were studied by force measurement and

shock displacements from flow visualization methods. Later, to understand the three dimensionality of

bow shock fluctuations, numerical simulations were performed for wind tunnel test-section conditions

for circular flat, convex and concave hemispherical shell geometries. However, the concave shape

simulations becomes unstable, when there is large bow shock movement, the onset of bow shock

fluctuations are analyzed from three dimensional flow field around the concave geometry and the

mechanism of large bow shock fluctuations is explained. The objective of numerical simulation is not

to replicate the experimental bow shock large deformation patterns, but to have an understanding

of unsteady flow field inside the cavity, which leads to large bow shock fluctuations. The process to

achieve above stated objectives can be summarized as follows:

1. Establish the experimental analysis method for bow shock instability in front of flat circular,

convex and concave shaped blunt nose by force measurement, flow visualization and image

processing techniques.

2. Employ the passive flow control methods for concave hemispherical shell to analyze their effects

on bow shock instability. Draw reasoning from studying of these passive flow control methods

for bow shock instability mechanism.
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3. Explain the three dimensional flow motion around the concave shape geometry and mechanism

of onset of large bow shock fluctuations by numerical simulations.

1.6 Outline of Thesis

In chapter 2, the details of experimental facility, method for force measurement and flow visualization

are discussed along with data processing technique by method of image processing from high-speed

flow visualization video and estimation of freestream disturbances is also explained.

In chapter 3, the experimental results for circular flat, convex and concave shape hemispherical shell

are discussed by force measurement, bow shock displacement time series and proper orthogonal de-

composition for concave hemispherical shell. Further, the effect of change in angle of attack in front

of concave shaped blunt nose is discussed by force analysis and shock displacement along centerline.

In chapter 4, the experimental results for passive flow control methods on concave hemispherical shell

are discussed and further understanding of bow shock instability mechanism is developed.

In chapter 5, numerical methods utilized for computing three dimensional flow field around flat, con-

vex and concave shape blunt nose are discussed.

In chapter 6, the numerical results are discussed for hypersonic flow field around the flat, convex and

concave shaped geometries. The mechanism of onset of large amplitude bow shock fluctuations is

discussed for concave hemispherical shell.

In chapter 7, the bow shock instability in front of concave shape have been discussed with the under-

standing developed by experimental studies and numerical studies.

In chapter 8, the results are concluded.
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Figure 1.6a: Road Map of the study
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Figure 1.6b: Road Map of the study (continued)



Experimental Study



Chapter 2

Experimental Methodology

2.1 Hypersonic Wind Tunnel Facility

2.1.1 Wind Tunnel Specifications

In this study, all the experiments were carried out at Kashiwa Hypersonic and High Enthalpy Wind

Tunnel facility situated at Kashiwa Campus, The University of Tokyo. This facility has two sections

for two mode operations: one section is for high-speed flow (hypersonic wind tunnel) and another

section is for combustion tunnel (high enthalpy flow). In this study, the experiments are performed at

hypersonic wind tunnel section. The flow characteristics for hypersonic flow in wind tunnel test-section

were studied by Imamura et al.46. The pictorial view of Hypersonic facility along with test-section

view is shown in Fig. 2.1. The general specifications of hypersonic wind tunnel are listed in Table

2.1. The hypersonic wind tunnel can operate at Mach Number 7 and 8. The stagnation pressure can

Table 2.1: Hypersonic Wind Tunnel Specification46

Property Specification
Mach Number 7.0, 8.0
Stagnation Pressure Maximum 0.950 MPa
Stagnation Temperature Maximum 1000 K
Mass Flow Rate Maximum 0.39 kg/s
Nozzle Exit 200 mm diameter, with uniform

core of 120 mm diameter
Unit Reynolds Number 1.0 × 104 1/cm
Run Time Maximum 60 sec.
Reservoir 5 MPa (G), 4 m3(x1)
Heater Pebble-type + city gas burner
Exhaust Vacuum tank (7 m diameter)
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Figure 2.1: Pictorial view of hypersonic wind tunnel facility and test-section

reach up to maximum approximately 950 kPa and stagnation temperature can reach up to maximum

approximately 1000 K. The mass flow rate through the nozzle is maximum 0.39 kg/s. The high

temperature and high pressure air is maintained in pebble-type city-gas heater, which is ejected by

opening hot shut-off valve, through the hypersonic nozzle in the test-section. Further, the flow is

evacuated in the vacuum tank connected by the jet catcher in the test-section. The exit diameter of

hypersonic nozzle is 200 mm, which can provide 120 mm core hypersonic flow. The maximum run

time for the hypersonic flow in the test-section is 60 seconds. The unit Reynolds number of the flow

field is 1.0 × 104 /cm, which is relatively smaller as compare to other hypersonic flow facilities. The

pictorial view of test-section is shown in Fig. 2.1 (top image). The experimental model is connected

to a moving arm in front of hypersonic nozzle. During the experiments, the experimental model is

inserted in the hypersonic flow field after the hypersonic flow is established in the test-section, and

later moved out after completion of measurements and before end of hypersonic flow. To perform the

flow visualization, the test-section have transparent side and top windows.
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2.1.2 Instrumentation for Force Measurement

Figure 2.2: Force measurement instrumentation (a) Force Balance, (b) Data Logger, (c)
Signal Conditioner

The wind tunnel facility provides a six component force balance system for the measurement of

normal, axial, side forces and pitching, yawing and rolling moments in hypersonic flow field. The

force measurement system consists of force balance, data logger and signal conditioner. The pictorial

view of the force balance is shown in Fig. 2.2a. The force balance has six strain gauges, which is

based on wheat-stone bridge circuits. The output voltage from each strain gauge is conditioned using

KYOWA CDV-700A constant voltage signal conditioner (shown in Fig. 2.2c), further the voltage data

was recorded using data logger, Graphtec Thermal Arraycorder WR300 as shown in Fig. 2.2b. The

data logger also records stagnation pressure, stagnation temperature, test-section pressure, angle of

attack along with six component of forces and moments. However, it can record maximum 16 outputs

simultaneously. The force balance is attached to moving string in the wind tunnel test-section and

the experimental model is connected to the force balance by a mount attached to force balance. The

signal conditioner provides the input voltage of ±1V for strain gauges of force balance and returns

amplified output voltage (±10V ) by converting measured strain to voltage, which is further recored

by data logger.
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2.1.3 Optical System for Flow Visualization

Figure 2.3: Schematic representation of twin mirror Schlieren system

(a) Light Source (b) High Speed Camera 

Figure 2.4: Pictorial view of (a) Light Source (b) High speed camera with lens

High-speed optical visualization methods are based on principle that light ray bends or refracts

when it passes through variable density medium. Basic Schlieren system consists of light source,

concave mirror, knife edge and camera. The output image from Schlieren system corresponds to first

derivative of density. A twin mirror Schlieren system is available at hypersonic wind tunnel facility.

The schematic of the same is shown in Fig. 2.3, which uses two identical concave mirrors. The light

rays coming from light source, are directed to concave mirror by using one smaller mirror placed at

the focal point of the concave mirror to make it parallel. After reflecting from concave mirror the light
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rays pass through the test-section from the side windows and reach to the second concave mirror at

the other end. From the second concave mirror, light rays reach to a half mirror, which allows half the

light to direct towards the one camera and other half towards the another mirror. The second mirror

directs the light rays towards the another camera. Before reaching both the cameras, the knife edge is

placed between mirrors and camera to cut the half light in horizontal or vertical direction depending

on the kind of shock wave visualization. In the current experiments, bow shock is visualized by keeping

knife edge position as vertical. Xenon lamp with power supply (model XB10201 AA-A) is used as

light source. The pictorial view for the same is shown in Fig. 2.4a. In general, a high resolution still

camera and a CCD video camera is used during the experiments. In this study, a high-speed camera

to record time -resolved Schlieren video is integrated with the current Schlieren system, by replacing

the still camera with Phantom MIRO 310 high-speed camera and TAMRON A011 high zoom lens

system. The pictorial view for high-speed camera with lens system attached is shown in Fig. 2.4b.

2.2 Experimental Models

All the experimental models were manufactured from Bakelite material, which has good mechanical

strength and heat resistive properties. The experimental models were fabricated by using 3-D rapid

prototyping milling machine Roland MODELA MDX-540A, which can fabricate models with spatial

accuracy of ±0.05 mm with the milling drills of 3 mm diameter installed. The input for the rapid

prototyping machine is three dimensional CAD data, which was prepared using Autodesk Inventor (R)

2011. The experimental models manufactured and studied in this study can be divided in two parts:

basic geometries and passive flow control geometries. All the geometry have same cross sectional

diameter as 30 mm.

2.2.1 Basic Geometries

A circular flat plate, convex and concave hemispherical shell geometries have been fabricated as basic

geometries for flat blunt nose, convex blunt nose and concave blunt nose shapes, respectively. The

three dimensional CAD geometry and other geometrical details in sectional view for basic geometries

are shown in Fig. 2.5. All the geometries have maximum outer diameter of 30 mm. The length of

each geometry is 20 mm. In wind tunnel test-section, maximum size of experimental model which

can be tested is approximately 50 mm. The base diameter of experimental models was selected as

30 mm because unsteady motion of bow shock wave in front of bigger size concave shape may break

the flow field in the test-section from starting, which was experienced earlier in case of studies of

concave shape arc as reported by the same author47. The thickness of each geometry is used as 3 mm,

which gives 12 mm diameter front cavity in case of concave shape hemispherical shell. At the base of
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Chapter 3

Experimental Results for Basic

Geometries

3.1 Outline

In this chapter, first the results of flat circular, convex and concave shaped blunt noses are discussed

for zero angle of attack experiments by analyzing force coefficients, shock displacements. The analysis

of time history of bow shock displacements provide information of nonlinear fluctuations in front

of concave shape geometry. Further, particle induced patterns of bow shock fluctuations in front

of convex and flat geometry are discussed by using sequential Schlieren images. By using the time

stamps from bow shock displacement plots and sequential Schlieren images, the initiation of large

deformation of bow shock because of vortical disturbance in free stream, in front of concave shaped

geometry is captured. Further the bow shock deformation pattern is discussed for the same sequence.

However, the bow shock displacements can only provide information regarding large deformation of

bow shock in front of concave shaped blunt nose in one direction, hence, large deformation in bow

shock in front of concave shape blunt nose is analyzed by proper orthogonal decomposition by using

Schlieren images captured from high-speed camera, which can give information regarding the high

fluctuation energy modes. In the last, the effect of angle of attack is analyzed for concave shape

geometry by force analysis and bow shock displacement analysis. It is found that at higher angle of

attack, the bow shock becomes stable. The critical angle of attack is found, above which the bow

shock remains stable. However change in angle in attack leads to higher lift force for the geometry.
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Chapter 4

Experimental Results for Passive

Flow Controls

4.1 Outline

As it is discussed in previous chapter that the transition of bow shock from stable state to large

deformation state in front of concave shaped blunt nose may be caused by external disturbances,

which can get swallowed inside the cavity and excite the flow to have large amplitude movement.

Further, the Schlieren image POD modes suggests that the back and forth flow mode and sidewards

flow (vortical motion from cavity to base of concave geometry) modes during large deformations of bow

shock have higher fluctuation energy. Further higher POD modes are coupled because of nonlinearity

of the system. It may be possible that by controlling one mode, the other mode may get effected by

using passive control method. Further, understanding the effects of passive control methods for these

two modes may give more insight on the the bow shock instability phenomenon. Hence, the study

of passive control methods is divided into two parts as edge based passive control and cavity based

passive control.

In this chapter, the experimental results for two configuration of passive flow control methods: edge

based passive control as flat base, notch and tab controls and cavity based passive control methods

as breathing, spike and crosswire have been analyzed. The effectiveness of different passive control

methods have been assessed by analyzing the force measurement data and shock displacements along

centerline, upper edge center and lower edge center. The probability density and cumulative distri-

bution functions are compared with same for concave shape without any control. The performance

of flow control method can be evaluated from the cumulative distribution function near the first peak
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location along all three horizontal lines as performance index (η):

η(%) = Σp(δA = 0.26)× Σp(δB = 0.32)× Σp(δC = 0.26)× 100 (4.1)

where Σp(δ) is summation of probabilities from 0 to δ or cumulative distribution at δ along horizontal

lines passing through upper edge center (δA), cavity center (δB) and lower edge center (δC). The

above values of δ are chosen, as maximum small amplitude fluctuation at the stable position. It will

give the approximate idea of effectiveness of flow control method. The 100 % performance means the

bow shock will always remain at its stable location along centerline, upper and lower edge center. For

concave shaped blunt nose without control the value for η is 5.78 %. It means that the bow shock will

always remain close to the body (below the above δ vaules) atleast for 5.78 % time duration.Further,

it is found that the spike and crosswire control methods perform better among all the passive control

method studied. Hence, proper orthogonal decomposition method is applied to these two flow control

method and first six POD modes are analyzed.

4.2 Edge based Passive Flow Controls

Three edge based passive control methods have been studied as flat base, notch control and tab

control to control large deformation in bow shock in front of concave shaped blunt nose. The concave

hemispherical shape of blunt nose have curved base. The shear layer along the curved base is oscillatory

in nature and may produce alternating vortices in the wake depending on the Reynolds number of the

flow. A slipstream can be formed at the edge, which may get effected because of oscillatory wake29.

The curved base may have higher amplitude oscillation in slipstream than the flat base. Hence, flat

base geometry is studied to understand the effect of slipstream fluctuations on bow shock instability

in front of hemispherical cavity. Further, notch and tab control methods are studied with notches

fabricated and tabs attached at diametrically opposite locations at the edges of cavity, only in one

direction. The experiments were performed by keeping the diametric line along which tabs are added

or notches are fabricated, perpendicular to flow field along side force direction. Notches can allow, the

vortical motion of flow inside the cavity to escape from the sides, as there will be higher pressure in

the cavity and low pressure outside. The sharp edges of notches can also create small eddies during

the large deformation of bow shock, which can dissipate the energy of excited flow in the cavity easily.

Usually, the tabs are used to generate streamwise vorticies in the shear layer to promote mixing in

case of jets. Here, the tabs may work as local hindrance to freestream disturbances and during large

deformation of bow shock, it can also introduce small eddies in the shear layer to enhance mixing in

the cavity that may lead to reduce the strength of vortical flow motion on the cavity. The effectiveness



Note:

Further contents of Chapter 4 are planned to be part of published Journal

articles in future.

The pages 88 - 115 in Chapter 4 will be open to public after September 16,

2021.
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Chapter 5

Numerical Methodology

The experimental results are discussed based on two dimensional image plane captured during the

wind tunnel experiments and the flow field inside the cavity is inaccessible in the experiments. To

further develop understanding the flow phenomenon in and around the concave shaped blunt nose in

three dimension, numerical computations have been performed for wind tunnel test conditions. In

this chapter, the numerical methodology used for computing flow field around three basic geometries

has been described.

5.1 Governing Equations

5.1.1 Unsteady Compressible Navier Strokes Equations

The conservative form of three dimensional unsteady laminar Navier Strokes equations can be written

in cartesian coordinate system (x, y, z) as follows58:

∂Q

∂t
+
∂E

∂x
+
∂F

∂y
+
∂G

∂z
=
∂Ev

∂x
+
∂Fv

∂y
+
∂Gv

∂z
(5.1)

Q =




ρ

ρu

ρv

ρw

e




, E =




ρu

ρu2 + p

ρuv

ρuw

(e+ p)u




, F =




ρv

ρuv

ρv2 + p

ρvw

(e+ p)v




, G =




ρw

ρuw

ρvw

ρw2 + p

(e+ p)w




(5.2)
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Ev =




0

τxx

τxy

τxz

βx




, Fv =




0

τyx

τyy

τyz

βy




, Gv =




0

τzx

τzy

τzz

βz




(5.3)

where, Q is the vector of conservtive variables, E, F and G are inviscid terms and Ev, Fv,and Gv

are viscous terms. u,v and w are velocities in x-,y- and z-directions, respectively. ρ is density, p is

pressure and T is temperature, e is total energy per unit volume and t is time.

The equation of state of perfect gas is as follows:

p = ρRT (5.4)

where R is a gas constant. The static pressure p is calculated from perfect gas Equation 5.4 as:

p = (γ − 1)

[
e− 1

2
ρ(u2 + v2 + w2)

]
(5.5)

where γ ratio of specific heats and used as 1.4 for air in this study.

The shear stress components τij forms viscous stress tensor. It can be given as

τxx = λ(∇.~V ) + 2µ
∂u

∂x

τyy = λ(∇.~V ) + 2µ
∂v

∂y

τzz = λ(∇.~V ) + 2µ
∂w

∂z

τxy = τyx = µ(
∂v

∂x
+
∂u

∂y
)

τyz = τzy = µ(
∂w

∂y
+
∂v

∂z
)

τzx = τxz = µ(
∂u

∂z
+
∂w

∂x
)

(5.6)

where ~V is velocity vector,∇ is divergence and µ denotes the molecular viscousity coefficient and λ is

second viscosity coefficient. By Stroke’s hypothesis:

λ = −2

3
µ (5.7)
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The heat flux vector β in equation 5.3 can be given as below:

βx = uτxx + vτxy + wτxz + κ
∂T

∂x

βy = uτyx + vτyy + wτyz + κ
∂T

∂y

βz = uτzx + vτzy + wτzz + κ
∂T

∂z

(5.8)

where κ is thermal conductivity and is defined as:

κ =
γR

γ − 1

µ

Pr
(5.9)

where Pr is Prandtl number, defined as ratio of momentum diffusivity and thermal diffusivity and is

set to 0.72 (for air) in this numerical study.

5.1.2 Nondimensionalization

Further, Navier-Strokes equation 5.1 is nondimensionalized based on freestream fluid properties ρ∞,

U∞, T∞, µ∞ and characteristic diameter of the geometry (D). The nondimensional variables can be

expressed as follows:

ρ∗ =
ρ

ρ∞
, u∗ =

u

U∞
, v∗ =

v

U∞
, w∗ =

w

U∞
, p∗ =

p

ρ∞U2∞

x∗ =
x

D
, y∗ =

y

D
, z∗ =

z

D
, t∗ =

t

D/U∞
, µ∗ =

µ

µ∞
, e∗ =

e

ρ∞U2∞

(5.10)

By using above relations, Navier-Strokes equation 5.1 can be converted into nondimensional form as

follows:
∂Q∗

∂t∗
+
∂E∗

∂x∗
+
∂F∗

∂y∗
+
∂G∗

∂z∗
=

1

Re

[
∂Ev

∗

∂x∗
+
∂F∗v
∂y∗

+
∂G∗v
∂z∗

]
(5.11)

where Re is Reynolds number, which is defined as ratio of inertial forces and viscous forces as follows:

Re =
ρ∞U∞D
µ∞

(5.12)

The components of vectors Q∗,E∗,F∗,G∗,E∗v,F∗v,G∗v are same as those of equation 5.1, which are

replaced by nondimensional variables.

The nondimensional equation of state of perfect gas as follows:

p∗ = ρ∗R∗T ∗ (5.13)
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where,

R∗ =
1

γM2∞
(5.14)

M∞ is the free stream Mach number, which is defined as ratio of freestream velocity and freestream

speed of sound:

M∞ =
U∞
c∞

=
U∞√
γRT∞

(5.15)

The nondimensional viscous coefficient (µ∗) has been calculated by Sutherland formula:

µ∗ = C∗1
(T ∗)

3
2

T ∗ + C∗2

C∗1 =
1.4580× 10−6

µ∞
, C∗2 =

110.40

T∞

(5.16)

The numerical simulations were performed in non-dimensional form of equations. Hereafter, the

(*) mark has been removed for compactness.

5.1.3 Generalized Governing Equations

Further the nondimensional Navier-Strokes equation 5.11 can be transformed for generalized curvilin-

ear coordinate system (ξ,η,ζ) where,

ξ = ξ(x, y, z)

η = η(x, y, z)

ζ = ζ(x, y, z)

(5.17)

By applying chain rule for partial derivatives, equation 5.11 transform as following:

∂Q̂

∂t
+
∂Ê

∂ξ
+
∂F̂

∂η
+
∂Ĝ

∂ζ
=

1

Re

[
∂Êv

∂ξ
+
∂F̂v

∂η
+
∂Ĝv

∂ζ

]
(5.18)

Q̂ =
1

J




ρ

ρu

ρv

ρw

e




, Ê =
1

J




ρU

ρuU + ξxp

ρvU + ξyp

ρwU + ξzp

(e+ p)U




, F̂ =
1

J




ρvV

ρuV + ηxp

ρvV + ηyp

ρwV + ηzp

(e+ p)V




, Ĝ =
1

J




ρW

ρuW + ζxp

ρvW + ζyp

ρwW + ζzp

(e+ p)w




(5.19)
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Êv =
1

J




0

ξxτxx + ξyτxy + ξzτxz

ξxτyx + ξyτyy + ξzτyz

ξxτxz + ξyτyz + ξzτzz

ξxβx + ξyβy + ξzβz




F̂v =
1

J




0

ηxτxx + ηyτxy + ηzτxz

ηxτyx + ηyτyy + ηzτyz

ηxτxz + ηyτyz + ηzτzz

ηxβx + ηyβy + ηzβz




Ĝv =
1

J




0

ζxτxx + ζyτxy + ζzτxz

ζxτyx + ζyτyy + ζzτyz

ζxτxz + ζyτyz + ζzτzz

ζxβx + ζyβy + ζzβz




(5.20)

U ,V and W are contravariant velocities, which are defines as:

U = ξxu+ ξyv + ξzw

V = ηxu+ ηyv + ηzw

W = ζxu+ ζyv + ζzw

(5.21)

The metrics and Jacobian of transformation are given as follows:

ξx = J(yηzζ − yζzη), ξy = J(zηxζ − zζxη), ξz = J(xηyζ − xζyη)

ηx = J(yζzξ − yξzζ), ηy = J(zζxξ − zξxζ), ηz = J(xζyξ − xξyζ)

ζx = J(yξzζ − yζzξ), ζy = J(zξxη − zηxξ), ζz = J(xξyη − xηyξ)

(5.22)

J−1 = xξ(yηzζ − yζzη)− xη(yξzζ − yζzξ) + xζ(yξzη − yηzξ) (5.23)

Here ξx,ξy,ξz, ηx,ηy,ηz,ζx,ζy and ζz correspond to area vector of cell and Jacobian can be defined as

ratio of volume of the cell in computational space and physical space.
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5.2 Numerical Techniques

The partial differential equation 5.18 is discretized as follows:

Q̂n+1
i,j,k = Q̂ni,j,k + λRQ̂n+1

i,j,k) + (1− λ)R(Q̂ni,j,k) (5.24)

R(Q̂ni,j,k) = −∆t[(Êni+ 1
2 ,j,k
− Êni− 1

2 ,j,k
)

+(F̂ni,j+ 1
2 ,k
− F̂ni,j− 1

2 ,k
)

+(Ĝni,j,k+ 1
2
− Ĝni,j,k− 1

2
)

+(Êv
n

i+ 1
2 ,j,k
− Êv

n

i− 1
2 ,j,k

)

+(F̂v
n

i,j+ 1
2 ,k
− F̂v

n

i,j− 1
2 ,k

)

+(Ĝv
n

i,j,k+ 1
2
− Ĝv

n

i,j,k− 1
2
)]

(5.25)

Hence, three dimensional Navier-Strokes equation have been converted to one-dimensional flux calcu-

lations in each direction. The temporal accuracy of the scheme in equation 5.24 depends on λ, for λ

= 0 it gives first order explicit scheme and λ =1, it gives first order implicit scheme. In this study, the

temporal difference of the conservative variable Q̂ is evaluated explicitly by setting λ = 0. The spatial

inviscid fluxes Ê, F̂ and Ĝ are evaluated by Liou’s all-speed ASUM (Advection Upstream Splitting

Method)+up scheme59 with upwind baised third order MUSCL (monotonic upstream-centered scheme

for conservation laws) interpolation60, while viscous fluxes are evaluated by central difference method.

5.2.1 Evaluation of Inviscid Fluxes

The evaluation of inviscid fluxes are done by ASUM+up scheme. However, at first Yee-symmetric

TVD Scheme61 was utilized, but numerical instability along the centerline of bow shock as carbuncle

instability observed for current grid configuration. Hence, ASUM+up all speed scheme is utilized

here for computing inviscid fluxes. There are many schemes related to ASUM-family. The first step,

which is common in all ASUM-family schemes is that the inviscid flux can be explicitly splitted into

convective term and pressure term as follows:

Ei+ 1
2

=




ρ

ρu

ρv

ρw

e




ui+ 1
2

+




0

pi+ 1
2

0

0

0




= E
(c)

i+ 1
2

+




0

pi+ 1
2

0

0

0




(5.26)
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here convective term E(c) represent the physcial properties transported by mass flux, ρu , it can

be rewritten by upwinding scheme in terms of Mach number M :

E
(c)

i+ 1
2

= ui+ 1
2




ρ

ρu

ρv

ρw

e



i+ 1

2

= Mi+ 1
2




ρc

ρcu

ρcv

ρcw

ρch



i+ 1

2

= Mi+ 1
2




ρc

ρcu

ρcv

ρcw

ρch



L

if Mi+ 1
2
>= 0,

= Mi+ 1
2




ρc

ρcu

ρcv

ρcw

ρch



R

if Mi+ 1
2
< 0,

(5.27)

Here L and R denotes the left and right side of the cell interface. Further, Equation 5.26 - 5.27

can be written in generalized form:

Ei+ 1
2

=
m+ |m|

2
ΦL +

m− |m|
2

ΦR + PN (5.28)

Φ =




1

u

v

w

h




, N =




0

1

0

0

0




, (5.29)

The difference between ASUM+up all speed scheme and general ASUM scheme is that additional

pressure diffusion term Mp is introduced and for pressure flux velocity diffusion term Pu is introduced.

The evaluation of pressure and mass flux is proceeded as follows:

P = βLPL + βRPR + Pu (5.30)
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βL/R =





1
2 (1± sign(M)) if|M | ≥ 1

1
4 (M ± 1)2(2∓M)± αM(M2 − 1)2, otherwise

(5.31)

Mass Flux evaluation:

c∗2 =
2(γ − 1)

(γ + 1)
h

c̃L =
c∗2

max(c∗, V Ln )

c̃R =
c∗2

max(c∗,−V Rn )

c 1
2

= min(c̃L, c̃R),

M
2

=
V L2n + V R2

n

2c21
2

,

M2
0 = min(1,max(M

2
,M2
∞)),

fa(M0) = M0(2−M0)

α =
3

16
(−4 + 5f2a )

(5.32)

f
L/R
M =





1
2 (M ± |M |) if|M | ≥ 1

± 1
4 (M ± 1)2 ± 1

2 (M2 − 1)2, otherwise

(5.33)

M 1
2

= fLM + fRM +Mp

Mp = 2
Kp

fa
max(1− σM2

, 0)
pR + pL

(ρL + ρR)c21
2

(5.34)

Finally,

ṁ = M 1
2
c 1

2




ρL ifM 1

2≥0

ρR otherwise

(5.35)

For Pressure Flux in equation 5.30, velocity diffusion term can be calculated as follows:

Pu = −KuβLβR(ρL + ρR)fac 1
2
(V Ln − V Rn ) (5.36)

where, Ku = 0.75, Kp = 0.25 and σ = 1.

The physical properties at both side of interface QL and QR are evaluated by MUSCL interpolation

as follows:

QLi+ 1
2

= Qi +
{s

4
[(1− κs)∆L + (1 + κs)∆R]

}
i

QRi+ 1
2

= Qi+1 −
{s

4
[(1− κs)∆R + (1 + κs)∆L]

}
i+1

(5.37)
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where,

s =
2∆L∆R + ε

(∆L)2 + (∆R)2 + ε
(5.38)

∆L = Qi+1 −Qi, ∆R = Qi −Qi−1 (5.39)

In this caluclation κ = 1/3 has been used, which gives upwind-baised third-order scheme. ε = 10−6

is a small number, to prevent the deniminator zero for uniform region, where ∆L = ∆R

5.2.2 Evaluation of Viscous Fluxes

The viscous fluxes are evaluated with second-order central difference scheme. The formulation for first

derivative is given as follows:

∂Êv
∂ξ

=
Êvi+ 1

2 ,j,k
− Êvi− 1

2 ,j,k

dξ
(5.40)

The properties at interface are evaluated as follows:

ui+ 1
2

=
ui + ui+1

2

vi+ 1
2

=
vi + vi+1

2

wi+ 1
2

=
wi + wi+1

2

µi+ 1
2

=
µi + µi+1

2

(5.41)

Further the first derivatives are evaluated as:

∂f

∂x
=
∂f

∂ξ

∂ξ

∂x
+
∂f

∂η

∂η

∂x
+
∂f

∂ζ

∂ζ

∂x

∂f

∂y
=
∂f

∂ξ

∂ξ

∂y
+
∂f

∂η

∂η

∂y
+
∂f

∂ζ

∂ζ

∂y

∂f

∂z
=
∂f

∂ξ

∂ξ

∂z
+
∂f

∂η

∂η

∂z
+
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Here function’s derivatives with respect to ξ, η and ζ are evaluated as follows:

∂f

∂ξ

∣∣∣∣
i+ 1

2

= (fi+1,j,k − fi,j,k)

∂f

∂η

∣∣∣∣
i+ 1

2

=
1

4
[fi,j+1,k − fi, j − 1, k + fi+1,j+1,k − fi−1,j−1,k]

∂f

∂ζ

∣∣∣∣
i+ 1

2

=
1

4
[fi,j,k+1 − fi, j, k − 1 + fi+1,j,k+1 − fi−1,j,k−1]

(5.43)

All the derivates in other directions are computed in the same manner.

5.2.3 Time Integration

To have better time accuracy in unsteady flow simulation, third-order three step TVD Runge-Kutta

method62 is used for time integration, which can be described below:

Q̂(1) = Q̂n + ∆tf(Q̂n)

Q̂(2) =
3

4
Q̂n +

1

4
Q̂(1) +

1

4
∆tf(Q̂1)

Q̂n+1 =
1

3
Q̂n +

2

3
Q̂(2) +

2

3
∆tf(Q̂2)

(5.44)

5.3 Problem Setting

The unsteady compressible laminar Navier-Strokes equations have been solved for three basic geome-

tries as convex blunt nose, flat plate and concave hemispherical shell at hypersonic Mach number

7. In this section, description of computational domain have been given for these three geometries,

further boundary conditions and initial conditions are described. And, data extraction method has

been mentioned.

5.3.1 Computational Domain

In a first step, a curvilinear two dimensional grid is generated by elliptic grid generation method63

and further rotated around the centerline axis to generate three dimensional grid system. Figure 5.1a

and 5.1b shows the two dimensional elliptic grid for flat plate and convex geometries, respectively and

zoomed view for a section of three dimensional grid. The grid for flat plate and convex geometries con-

sists of 151×151×151 points. The grid domains shown in the figures are already non-dimensionalized

with the reference diameter of geometry as 30 mm. The nondimensionalized minimum grid spacing

for flat and convex geometries are 2.1 × 10−4. In case of flat plate and convex geometry, the do-

main extent along the x-direction is −1 ≤ x/D ≤ 15, while in y- and z-direction maximum extent is
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Chapter 6

Numerical Results

The experimental analysis of bow shock instability was performed by force measurement and flow

visualization by using Schlieren system. However, the Schlieren system can provide the limited flow

field information in two-dimensional image plane. To further understand the three dimensionality

of physical phenomenon, unsteady Navier-Strokes equations have been solved for flat, convex and

concave shape blunt nose. In this chapter, numerical results have been analyzed for the same three

basic geometries. However, the computation for flat and convex geometry is stable and flow field

is simulated for 2 ms., but for concave shape geometry the numerical simulation breaks down when

there is onset of large deformation of bow shock in front of concave shape geometry before 2 ms.

In this chapter, initially, the numerical results are analyzed for flat and convex geometries and drag

coefficient and shock feature are compared with the experiments. Further, the numerical results for

three grid configurations for concave shape have been compared with experiments for time averaged

drag coefficients and shock stand off distances during linear damped motion of bow shock. The

dynamics of large deformation patterns from numerical simulations for these three grid configurations

have been analyzed before simulation stops.

6.1 Numerical Results for Flat and Convex Geometry

The computation for flat plate geometry and convex shape geometry was performed for 151×151×151

grid size for each as discussed in Chapter 5. The main purpose of doing the numerical analysis for flat

and convex geometries is to validate the numerical simulation code with experimental measurement

for less unsteady flow field geometries and the other purpose is to understand the flow phenomenon in

case of bigger stagnation zone of flat plate. The numerical analysis is done by comparing drag force

and shock stand off distance after 2 ms of computation and by analyzing non-dimensional pressure
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Chapter 7

Discussion on Bow shock Instability

Mechanism

In this chapter, discussion have been made for bow shock instability mechanism from the under-

standing obtained from experimental study of basic geometries, the effect of various control methods

and numerical analysis for concave shape geometry.

7.1 Findings from Experimental and Numerical Studies

It is clear from force measurement study for basic geometries, that the concave shape have a higher

drag coefficient than a convex shape blunt nose of same reference area, while, it has slightly lesser

drag coefficient than the flat plate. From the flow visualization experiments, it is found that the

bow shock exhibits violent fluctuations in front of concave shape geometry in comparison to flat and

convex shape geometry. The shock displacement analysis, give information that the bow shock in

front of concave shape geometry behaves as nonlinear duffing oscillator system. From, the double

peak probability density function, a double well potential function can be plotted, which provides

information that the bow shock fluctuations have two stable states, one with lower potential and

other one with higher potential and almost neutral stable from one side. It means that the bow shock

returns to its lower potential state, after losing its all energy during large bow shock fluctuations. The

high pressure gradient in the thin shock layer for convex and flat plate can be understood as a linear

restoring force for these geometries and, viscous dissipation can work as damping. Hence, bow shock

in front of convex or flat plate system can be assumed as linear harmonic oscillator. Any freestream

disturbances or vorticity generated by bow shock can be highly damped in very short time.

The cavity in front of concave shaped blunt nose offers larger volume for vorticity generated by
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Chapter 8

Conclusions

The main objective of this study is to understand the flow phenomenon involved in large amplitude

bow shock fluctuations in front of concave shaped blunt nose and further to study the effectiveness of

passive flow control methods to provide the effective flow control for bow shock fluctuations as well

as to strengthen the understanding of bow shock fluctuations by understanding the effect of different

passive control methods on the bow shock fluctuations. The secondary objective was to establish the

analysis methods for highly unsteady flow field around the concave shaped blunt nose. These objective

have been achieved as follows:

• In force measurement experiments, it is found that the concave hemispherical shell has drag

coefficient 1.598, which is very close to flat circular plate (1.771) and it is approximately 1.7

times than convex shape blunt nose (0.921). The unsteady flow field around the concave shape

blunt nose have been characterized by lift and side force coefficient plot, which was later used

while comparing the effects of control mechanism.

• The image processing method was established to compute the bow shock displacements by using

time-resolved Schlieren system with high-speed camera.

• The bow shock displacement analysis by probability density function provides two dominating

peaks, which gives information that the bow shock in front of concave shaped blunt nose system

behaves as a nonlinear duffing oscillator, which has two energy states, one stable, while the other

one similar to neutral stable.

• It is conceptualized that high pressure behind the bow shock may work as restoring force, the

ease of flow to pass from the body surface (viscous dissipation) may work as damping. The
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region between the bow shock and the concave body have larger volume than in compare to flat

and convex geometry. The vorticity introduced by bow shock stay in the cavity and may be the

reason for restoring force to behave like nonlinear restoring force as in case of duffing oscillator.

• From bow shock instability patterns, it is found that flow disturbance in form of particle or

vortical disturbances are mainly responsible for onset of large amplitude bow shock fluctuations

in case of concave shaped blunt nose. However, in case of flat and convex case, these flow

disturbances also disturb the bow shock, but bow shock retains its position again with in 0.1 ms

and 0.6 ms for convex and flat plate, respectively. In case of concave shape, large deformations

in bow shock may last from 10 ms to 300 ms.

• The proper orthogonal decomposition for the time resolved Schlieren image data was performed

for large amplitude bow shock deformation in front of concave shaped blunt nose. The first two

modes are found to be associated with back and forth flow motion and side-ward flow motion,

respectively. with relative energy of 25 % and 12 %, respectively The higher modes are either

harmonics of these modes or mixed modes.

• The change in angle of attack in front of concave shape geometry leads to increase in bow shock

stability with increase in angle pof attack. The critical angle of attack is found as 7◦, above

which bow shock remain almost stable.

• Among the passive control methods studied, crosswire control works best with performance

index as 74.88 %, then the spike control with 66.26 %. The performance of flat base, notch and

tab controls found to be similar approximately 15 ∼ 21%. Breathing control performs worst.

The performance index tells the probability of bow shock always remain close to the body.

• On the basis of study of each flow control, it was confirmed that the bow shock instabilities in

front of concave shaped blunt nose is because of some growth of vortex in the cavity, which was

the reason for nonlinearity of the system and crosswire works effectively to manipulate the large

vortex inside the cavity to remove nonlinearity of the system.

• Numerical simulations provide three-dimensional information of flow behavior inside the cavity

during the onset of large deformation of bow shock.

• Based on experimental studies of basic geometry and control methods and numerical study of

concave shape geometry, the mechanism of bow shock instability is explained as interaction of

vorticities generated by bow shock along with flow disturbances, leads to deformation in vortex

ring in the cavity. The deformed vortex ring make large circulation in the cavity, which leads to

large deformation of bow shock.

• Further, effectiveness of control methods is explained by the bow shock instability mechanism.
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Appendix A

Proper Orthogonal Decomposition :

Method of Snapshots

The method of snapshots is a discretization method to obtain proper orthogonal decomposition modes

in temporal domain. In this study, it is performed on the Schlieren images, which were converted into

image data vectors (of size M) to form image time matrix (M ×N). Lets assume there are n number

of such image data vectors, given for n number of time steps, then

IN (x, y) = I(x, y, tN ), with N = 1, 2, 3....n (A.1)

The base image can be defined as an time averaged image of N number of snapshots:

I0(x, y) =
1

N

N∑

n=1

IN (x, y) (A.2)

Each snapshot can be decomposed into the time averaged value and instantaneous fluctuations as

I(x, y, tN ) = I0(x, y) + I
′
(x, y, tN ) (A.3)

These fluctuation vectors can form the image fluctuation - time matrix A, and the correlation

matrix C can be calculated as

C = ATA (A.4)

The correlation matrix will be square symmetric matrix. The proper orthogonal decomposition
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requires solution of eigenvalue problem

CV = λV (A.5)

where V is the matrix of eigenvectors of C and λi are its eigenvalues. If the eigenvectors are

normalized, they can form the orthonormal basis and mode shapes can be constructed as follows:

φi(x, y) =
1√
λiN

N∑

n=1

I
′
(x, y, tN )vN,i (A.6)

where vN , i is the N th element of ith eigenvector of C.

In this study, ARPACK library56 have been utilized to compute the first few eigenvalues and

eigenvectors of matrix C. ARPACK library has advantage that it is not required to calculate the

large matrix C, only the image fluctuation vectors can be given as input for the desired number of

snapshots.
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