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Abstract

Starting and Unstarting of Hypersonic Air Inlets
Master of Applied Science, 2003
Rabi Bin Tahir
Faculty of Engineering and Applied Science, Ryerson University

This thesis concerns a technical hurdle that must be overcome in relation to air-
breathing propulsion technologies for future space access vehicles—it discusses the
flow starting process in supersonic and hypersonic air-inlets. A study is conducted,
with the aid of numerical simulations, based on an inviscid model of a thermally
perfect gas.

Effects of boundary-imposed temporal and spatial gradients on the inlet start-
ing phenomenon are documented for the first time. It is shown that purely ac-
celerative starting is generally not possible, for inlets of any positive contraction,
unless thousands of ¢’s of acceleration are imposed. It is proposed that removal of
frangible structures, such as fast rupturing diaphragms, be used to impose suffi-
ciently high spatial gradients, as necessary to permit starting beyond Kantrowitz’
limit. It is shown that, for a perforated diffuser, starting takes place if a sonic
line, at the leading edge of a slit, occurs at an area ratio equal to, or higher than,

that corresponding to Kantrowitz’ limit.
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Chapter 1

Introduction

1.1 Historical Perspective

Mankind has an innate urge to explore, and ofttimes this quest necessitates inven-
tion of new vehicles and means of travel. The twentieth century saw an unprece-
dented growth in the transportation of people over long distances as the means
of travel became safer and ever faster. Automobiles and aeroplanes may now be

considered vehicles economically accessible to the masses.

1.1.1 The Three Flight Regimes

From the incompressible flight regime experienced by the 35 mph Wright flyer at
sea level in 1903 to fighter aircraft with 400 mph compressible flow at 30 000 ft
in World War II (WWII), the flow regime remained entirely subsonic’. All this
changed late in 1947 with Bell XS-1, the first manned rocket propelled airplane

tSlower than speed of sound (Mach number is less than unity; Mach number is a dimension-
less parameter that is indicative of compressibility effects, and is defined as the ratio of local
flow velocity to local signal velocity).



1.1. HISTORICAL PERSPECTIVE 2

Figure 1.1: ISS photographed by a crew member on board the space shuttle Atlantis
following the undocking of the two spacecraft, October 16, 2002 {20]. The ISS has an
orbital altitude of 361 km at perigee and 437 km at apogee (ibid.).

to finally break the sound barrier. With the jet powered AVRO Arrow sustaining
Mach 1.98 at 50 000 ft in 1958 and the rocket powered X-15 airplane achieving
Mach 5.27 in 1961 and later reaching an astounding altitude of 354 200 ft in 1963,

supersonic’ and hypersonict flight near edge of space had been well demonstrated.

1.1.2 Space Transport

In the past few decades, unmanned probes have been sent to most of the planets in
our solar system and man has even set foot on the Moon. Today, hundreds of man-
made satellites are orbiting earth; technological advances in the more recent years
have even lead to the establishment of an international space station (Fig. 1.1).
Routine access to space, however, offers unique challenges and as a result,
the cost of space travel, even to Low Earth Orbit(s) (LEO)*, to date has been
extremely high. The high cost of space travel is due in part to the fact that a

TFaster than speed of sound (Mach number > 1).
fMuch faster than speed of sound (usu. considered as M > 5).
*LEO is usually considered up to 3 000 km above earth’s surface.



1.1. HISTORICAL PERSPECTIVE 3

Figure 1.2: Launch view of Columbia for the STS-1 mission, April 12, 1981 [20].

large amount of energy is required to attain orbital altitudes and speeds. Robert
A. Heinlein, the late, great science fiction writer, put it so eloquently when he
said [21], “Reach low [earth| orbit and you are halfway to anywhere in the solar
system.” In fact, orbital velocity for a typical LEO is around 8 km/s, whereas the
escape velocity is about 11 km/s. An additional amount of energy, roughly equal
to that required for a typical LEO flight, would be sufficient for a space ship to
reach any destination in the solar system. Indeed, for orbital vehicles, this fact

determines the required amount of onboard fuel and its high ratio to payload.

1.1.3 Rocket Technology

The Space Transportation System (STS), designed during the 1970s at National
Aeronautics and Space Administration (NASA), relies on phenomenal rocket power
to soar beyond the atmosphere itself. It uses rocket technology to launch shut-
tles into low earth orbits—a technology that requires carrying onboard oxidiser to
burn the fuel even during the atmospheric phase of flight. As a result, a significant

portion of the total weight of the vehicle at take-off is in fuel oxidiser.
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The space shuttle (Fig. 1.2) uses two Solid Rocket Booster(s) (SRB) that
provide 72% of the thrust in the initial boost phase; nearly 70% of the boosters’
weight at liftofl is in fuel oxidiser [21]. The remaining 28% of the thrust is provided
by the three engines that are supplied fuel from an external tank (ET), of which

more than 81% is liquid oxygen by weight [21].

1.2 Propulsion For Future Space Planes

One way to reduce the overall cost is to improve the specific impulsef (Isp ). The
higher the I, value, the better the performance; a higher value of I, indicates that
for a given amount of fuel, the same amount of thrust can be generated for a longer
time period. Although I, values for any given propulsion technology will vary,
to gain some perspective, it might be instructive to examine some characteristic
values. A quick survey reveals: a typical solid rocket has an I, value around 250
seconds; this, compared to 3 500 to 1 500 seconds for a turbojet operable at low
subsonic to high supersonic speeds (0 < M < 3); 1 500 to 500 for a ramjet operable
at (2 < M < 5), and perhaps 1 000 for a scramjet operable at hypersonic flight
speeds (M > 5), limited by altitude, i.e., up to approximately 40 km above earth’s
surface. Thus, the higher I, value is a major advantage shared by various kinds
of air-breathing engines over rockets. On the other hand, rockets generate thrust
efficiently outside the atmosphere in a vacuum. At high altitudes (above 40 km),
there is too little oxygen for air-breathing engines to function, and oxidiser must
be carried onboard to travel outside the atmosphere. For future space planes, the
above considerations will likely lead to a propulsive device, utilising a combination

of air-breathing and rocket-based technologies.

Here, specific impulse is defined as the thrust produced per unit weight (on earth), of fuel
consumed per unit of time.



1.2. PROPULSION FOR FUTURE SPACE PLANES 5

1.2.1 Ramjets and Scramjets

Even though some amount of oxidiser must be carried onboard to attain a LEQ,
undoubtedly, a significant portion of the boost phase could utilise oxygen present
in the earth’s atmosphere—so long as efficient air-breathing engines can be de-
signed. In the early 1960s, the United States Air Force (USAF) considered the
concept of an aerospace plane relying primarily on air-breathing propulsion pro-
vided by scramjets [1]. Work on an early aerospace plane was cancelled in October
1963 due mainly to the design requirements exceeding the state of the art at that
time. The idea was later resurrected in the mid-1980s by Defense Advanced Re-
search Projects Agency (DARPA), alongside NASA and others, with the object
to create a fully reusable single-stage-to-orbit (SSTO) vehicle, but no successful
National Aerospace Plane (NASP) design could be produced (ibid.). Lately, there
has been a resurgence of similar ideas that employ Rocket Based Combined Cy-
cle (RBCC) [2] engines for application to transport as well as to missiles for defence
purposes; presently, there is a sense of urgency in finding solutions to the unique
problems associated with hypersonic propulsion. Indeed, hypersonic vehicle de-
signs for the twenty-first century will require an integrated airframe propulsion
system that will fully utilise the oxygen present in the atmosphere.

For air-breathing engines to work, the air stream is first compressed to high
pressures (e.g., 30 times the {ree-stream value). Fuel is then added to a stable high
pressure stream in the injector section, which is burnt in the combustor section,
thus increasing the internal energy of the air mass. This energy is then converted
to kinctic energy as the mass is accelerated through a nozzle providing net thrust.
Jet engines are limited by structural materials that can withstand only limited
temperatures, and conventional turbojets become inoperable much beyond Mach

3. In a ramjet engine, the air inlet takes a supersonic stream (e.g., Mach 3 to 5)



1.3. AIR INLETS 6

and efficiently compresses it to a subsonic stream. Thus, combustion in a ram-
jet occurs within a subsonic stream. At hypersonic velocities, total! temperatures
are progressively higher and high temperature effects [1] become significant. Slow-
ing the gas molecules can cause vibrational excitation and dissociation, and may
even lead to ionisation of the molecules. These effects are detrimental to engine
performance; thus, at hypersonic speeds, it is more efficient to have supersonic

combustion (e.g., scramjet operation up to Mach 15).

1.3 Air Inlets

An important aspect of supersonic and hypersonic air-breathing engines is the air
inlet!. At various flight conditions, efficient compression of the free-stream is of
paramount importance, so that high total pressure recovery is desired. To this
end, many inlet designs exist for supersonic and hypersonic applications and gen-
erally fall under one of two main classes: 1) internal compression and 2) external
compression. Most designs can be further subclassified as having either planar
(two-dimensional) or axisymmetric flow geometry. External compression, axisym-
metric inlets are commonly known as spike inlets, e.g., Oswatitsch-based designs
(Fig. 1.3). Internal- and external-compression planar inlets also exist, e.g., de-
signs based on Prandtl-Meyer theory (Fig. 1.4). Internal compression inlets based
on conical flow symmetry are particularly efficient, e.g., Busemann-based designs
(Fig. 1.5).

A study, juxtaposing these designs, was conducted in the early 1990s by various

researchers, and the interested reader is referred to Ref. [17] for further details.

tIn the gas dynamics sense, total refers to stagnation, i.e., the total available in the stream.
¥The common British term for the same device is air-intake.
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Figure 1.3: Schematic representation of Oswatitsch-based inlet-design.

Figure 1.4: Mach lines in a prototypal, internal compression, Prandtl-Meyer inlet.

R

Figure 1.5: Mach lines in a Busemann model-inlet.
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1.3.1 Starting Characteristics of Basic Inlets

The basic idea here is to develop methods of establishing started flow in high
contraction inlets. The reader will note that the area contraction is not always
fixed, and temporarily lowering the contraction facilitates starting; this point will
become clear, once the theoretical limitations on starting have been examined.

External compression inlets are generally considered easier to start than in-
ternal compression inlets because of a built-in mechanism, which is present in
the former—the effective area contraction in external compression inlets is signif-
icantly reduced (in the unstarted mode), and this facilitates the starting process.

Planar inlets are usually the easiest to start, because it is relatively easy to
cmploy variable geometry in such inlets; the effective area contraction can be
(mechanically) lowered during the starting process.

There is little opportunity for overboard spillage in internal compression ge-
ometries. As such, the basic Busemann inlets (described in Article 2.3), prove
to be among the most challenging, and in relation to general inlet starting, these

idcas will be further explored in Articles (1.3.2, 1.3.3, and 2.2).

1.3.2 Starting—A Key Issue

It is an interesting feature of aerodynamics that sometimes two distinctly different
steady state flows are possible for the same (free-stream and boundary) conditions.
Generally, flows with such phenomena involve a dependence on initial conditions
and/or a two-way change in boundary conditions. Classical examples of this
include some form of hysteresis, such as in: 1) stall angle of a wing and 2) Mach
number for transition between regular to Mach reflection and back. Such is also

the case for all practical inlets operating in the supersonic (and hypersonic) regime,
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Figure 1.6: Two possible modes of operation at the same free stream condition: a) an
unstarted inlet; b) a started inlet.

in that two modes of flow (Started and Unstarted) are possible.

Figure 1.6 shows these two modes in a quasi-one-dimensional, converging-
diverging section. Although theoretical considerations will be examined in Ar-
ticle 2.2, for the sake of introduction in this chapter, a brief note will suffice—
generally speaking, for inlets of practical interest, started flow is not easily estab-

lished, and once established, unstarted flow is highly undesired.

1.3.3 Current Applications

As hinted earlier (Article 1.3.1), for both planar and spike inlets, it is relatively
easy to establish steady started flow. Indeed, two well-known applications of such
inlets include the British Concorde and the USAF Blackbird (SR-71), respectively.
In Article 2.2, the fundamentals of inlet-starting are discussed, and it is clear that
geometries, which are inherently easy to vary from a structural and mechanical
point of view, are also the casiest to start. For the case of a simplc planar inlet,
a flap or hinged door can be used to vary the area ratio during the starting
process. For the case of unstarted spike-inlets, large amount of spillage occurs,

and a natural mechanism exists permitting flow-starting.
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1.4 Brief Review of Literature

In the post-war (WWII) era (1940s and 1950s), a need was felt for supersonic
fighter aircraft. A lot of studies were carried out by NACA (National Advisory
Committee for Aeronautics—predecessor to NASA), and a major effort was de-
voted to examine perforated diffusers’. References [19], [22], and [24] describe
this work. In particular, the work of Kantrowitz [10] and Donaldson [11], led to
the establishment of a criterion for quasi-steady starting, and their supersonic dif-
fusers were designed to automatically meet this criterion at design conditions. In
an exploratory study, Evvard and Blakey [5] employed perforations to extend the
range of operation and to enable starting of diffusers beyond Kantrowitz’ limit.
Hunczak and Kremzier [8] continued the aforementioned investigation (also at
NACA) to study shock stability for subsonic combustors. During the late 1950s
and early 1960s, Brown, Clark [4] and Wu [35] (in chronological order), performed
experimental tests on a two-dimensional perforated diffuser based on a reversed
de Laval nozzle designed for Mach number of 2.5. At the time of these studies,
emphasis was placed on stabilisation of shock for subsonic combustion and also
perforations were to remain open even after the starting process had come to
completion; Clark’s work will be described in some detail in Article 4.2.4.3.

It should be pointed out that there is no known literature, numerical or oth-
erwise, describing the unsteady starting methods, as studied in the present work.
The hiatus in the reported work in this field is due likely, not to a lack of interest

in this field, but to the classification of work done by military organisations, and
also due to the sensitivity of information for national security and its strategic

military value. Indeed, much of the above reference material was once classified!

t Another common term used to describe supersonic air inlets.
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1.5 Overview

1.5.1 Purpose

The purpose of this research is to numerically investigate methods of establishing
steady, started flow in supersonic and hypersonic air inlets (no experimental work
has been carried out). The proposed methods (of inlet starting) are in themselves
not restricted to be of a quasi-steady nature-—but once these methods are ap-
plied, the end result should be steady started operation. The starting problem
is approached mostly from an academic point of view, without delving into the

practicality, and without performing feasibility studies.

1.5.2 Outline

The remainder of the document is organised as follows. Chapter 2 outlines some of
the theoretical considerations for establishing started flow in a hypersonic air inlet;
the aim is to review quasi-steady flows and to lay the ground-work for discussion of
results in Chapter 4. An exploratory study has been performed to highlight some
promising techniques for inlet starting. Chapter 3 describes the mathematical
model and the numerical technique used to obtain the high-resolution solutions
presented in this thesis. Additionally, some test cases are presented for verification

purposes. Chapter 5 presents a brief summary of the work.

1.6 Software

Research work reported in Ch. 4 was largely produced using SolverII [27]. Some
of the other major tools used in the production of this work that are worthy

of mention include: UGG [31], Viewer [26], Mayura draw [15] and gnuplot [34].
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Finally, typesetting for this dissertation was performed using ITEX 2¢; a template
class is available upon request.

A detailed description of the above-mentioned codes is not within the scope of
present discussion. The author is intimately aware of the effort that goes into the
development and debugging of useful software, and hence, he feels it fit to name
these products as a gesture of acknowledgment towards the respective developers.
At the same time, this also makes it possible for the interested reader to obtain

further information about the software used in the production of this work.



Chapter 2

Theory

2.1 Background

To gain a basic insight into the starting and unstarting phenomenon associated
with supersonic air inlets, let us review the quasi-steady, quasi-one-dimensional
model of an inlet (with Fig. 2.1 in mind). This model describes the flow as a
function of one spatial dimension (x) only, while accounting for area variation,
A = A (z); the other two spatial dimensions (y, z) and the temporal variation are
neglected, i.e., u = u(x). Conservation laws for mass, momentum and energy,
along with a state relation can then be used to describe the simple flow in an

arbitrary stream tube, so long as the assumptions of uniform density and velocity

I NN

A, A) A,

Figure 2.1: Geometrical model of an inlet.

13
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across any section of the stream tube remain valid.

In the present context, air is modelled as a calorically perfect gas. Additionally,
thermal and viscous dissipation effects are not accounted for. Fortunately, this
greatly simplified analysis still retains the essential features of quasi-steady start-
ing phenomena, this fact will become clear with further discussion in Articles 4.2.1

and 4.2.2.

2.1.1 Nomenclature

For the remainder of this chapter, in the context of inlet geometries, subscripts
(i, t, and e) signify inlet, throat, and exit planes, respectively. These subscripts
are reserved for area A(z), Mach number M (x), and mass flow m(x), exclusively.
The rest of the symbols and corresponding flow properties are: p(zx) for density,
u(z) for velocity, p(x) for pressure, and T(x) for temperature. In this context,
subscript ¢ always refers to the total or stagnation condition. In addition, R is
the gas constant, ¢ the signal velocity, and v the polytropic index; (v = 7/5, for
air). Let us now review some of the fundamental relationships between local flow

area and the average flow properties at a cross-section.

2.1.2 Area-Velocity Relation

Flow parameters often show a dual-natured relationship with Mach number. To
further motivate this point, the area-velocity relation needs to be explained first.

Conservation of mass states, % (puA) = 0, expanding and rearranging one ob-

tains [13]:

dp du dA
STt =0 (2.1)
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Similarly, conservation of momentum states that for unit mass: a, = (LZ—: = [,
where a, is the acceleration experienced by a fluid element and f, is the pressure
force acting on a unit of mass in that element [13]. For an arbitrary control
volume, the total pressure force along z-coordinate is (ibid.): —% (AzA); dividing

the latter by mass contained in the fluid element pAx A, one obtains the force per

. - 1 0p . . it . o -
unit mass, f, = — P and equating acceleration to force per unit mass one gets,
du _ _1dp
Uar = pdzx’ or,
dp
udu + — =0 (2.2)
P

This is called Fuler’s equation. Using the chain rule for the second term in this

equation, %” = Z—]z%’f and introducing the square of the signal velocity ¢* = (g%) 9],
8
% = czd%lf—’, one obtains the density-velocity relation:
d du
L s do (2.3)
P u

Substituting Eq. (2.3) in Eq. (2.1) results in the classical area-velocity relation:

dfu N M21— 1% (24)
It is clear from the area-velocity relation that at small subsonic values (incom-
pressible flow, M << 1), a decrease in area causes a proportionate increase in
velocity. For higher subsonic values (compressible flow), the same trend holds,
and decreasing area results in increasing velocity. At supersonic velocities, the
(M? — 1) term switches sign, so that a decrease in area results in decrease in
velocity. Alternatively, from Eq. (2.3), it is evident that density decreases faster

than velocity increases, so that area must increase to conserve mass [13]. Lastly,

it is apparent that when (M = 1), for (du/u) to remain finite and continuous,



2.1. BACKGROUND 16

(dA/A) must be zero, i.e., (M = 1) can be attained only at a throat! If the throat
flow is not sonic, then (du/u) must be zero from Eq. (2.4)—that is, the velocity
reaches a minimum or a maximum at the throat, depending on whether the flow

is supersonic or subsonic.

2.1.3 Choking

Mass flux (12—) can be formulated as a function of local Mach number and total
conditions in the flow. For a given set of total conditions, the maximum mass
flow per unit area occurs when the local Mach number reaches unity. The area
is & minimum at the throat, and sonic conditions (M = 1) can occur only at the
throat; when these conditions are met, the flow is said to be choked—mo more
mass can be ingested. In other words, for a given set of stagnation conditions,
the mass flux has an upper limit, which is reached at the throat. For the model
inlet in Fig. 2.1, i = (puA); using the standard equation of state (p = pRT’), and
definition of Mach number M = u/¢, with ¢ = \/yRT, one obtains:

= o M\/YRT A (2.5)
RT
From definitions of constant pressure specific heat (¢, = g%), and total enthalpy

hy = h+ u?/2, and relating (¢, = yR/(y — 1)), one obtains: T; = f(T',~y, M). For

details of these derivations, see [9)].

1
T, =T (1 n VTM‘Z) (2.6)

With isentropic flow relation & = (%)W(%l), one obtains p; = f(p,y, M).
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Figure 2.2: Mass flow per unit area, as a function of Mach number.

v — 1 ¥/(v—1)
pe=p (1 + ——2—M2) (2.7)

Replacing (p,T") in Eq. (2.5) with (p, T;) from Eq. (2.6) and Eq. (2.7), one obtains

an expression for the mass flux, % = \/ZJJTtT? (v, M):

m- Lo\
== py =M1+ L — :
A pe RT; (1 2 M ) (28)

A plot of the result of Eq. (2.8) is shown in Fig. 2.2, and it is clear that for a
given set of total conditions, the maximum value occurs at (M = 1). Thus, the
maximum ingestible air mass during the starting process is equal to that which

will pass through the minimum area (A;), while the flow is choked (M, = 1).
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2.1.4 Limit on Steady, Started Operation

Recall from the previous section that the maximum area reduction permitted
for an isentropic process occurs when the local Mach number reaches unity. For
steady flow conditions, using Eq. (2.8) to relate conservation of mass between two

arbitrary states results in:

(2.9)

Ay py [T My | (
Ay Pt \| 111 My

Simplifying, this relates conservation of mass between entrance and throat, thus
one obtains the minimum (isentropic) area ratio required for flow choking (M = 1)

at the throat:

A [HﬂMz ]_5%
~ =My | —252 (2.10)
Aso 1+ 5=

For supersonic inlets, this result demonstrates the maximum area contraction per-
mitted for steady, started operation (plotted in Fig. 2.3, and compared with results
in Article 4.2.2).

2.1.5 Limit on Quasi-Steady Flow-Starting

There exists a critical contraction ratio for a given value of free stream Mach num-
ber at which a previously unstarted inlet naturally switches to started mode. For
all converging sections (strictly speaking, supersonic inlets of practical interest),
flow choking occurs as the design Mach number is approached (accelerating from
subsonic values). This prevents spontaneous starting and a bow wave forms to
accommodate spillage of mass not ingestible by the throat under free stream total

conditions; c¢f. Fig. 2.4e and Fig. 2.3, with (ﬁ—j = ZAL)M . If the flow aft of this
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bow shock is assumed to be isentropic, then one simply replaces Mo, in Eq. (2.10)
with Mach number M, behind the shock T, thus yielding another limiting contrac-

tion commonly known as Kantrowitz’ relation:

A, 1+ 55 M3 Rix
= My | ——2 5 2.11
Aco I+t (21
with,
2 2
=+ M
y—1

where, M; = M, i.e., the Mach number in front of the bow shock. For su-
personic inlets, this result demonstrates the mazimum area contraction permitted
for spontaneous starting under quasi-steady flow conditions (plotted in Fig. 2.3,
and compared with results in Article 4.2.1). This criterion generally holds well
(Article 4.2.1) even for multi-dimensional inlets because the quasi-steady starting
process is usually one dimensional. The reader will note that Kantrowitz’ area
ratio has an asymptote at hypersonic values of Mach number, so that for v = 7/5,
A/As tends to ~ 0.6 as My — oo (vide Fig. 2.3). The significance of this fact

will become clear with further discussion in Article 2.2.1.

2.2 The Starting Process

Eistablishment of supersonic flow in a fixed geometry, converging section always
requires swallowing of a bow shock. Figure 2.3 shows one possible way of achieving

steady-started flow in low contraction, fixed geometry air inlets. The principles

tMy = f(v, Mi) can be obtained by applying conservation of mass, momentum and energy
across the shock (pg. 70 ref. [9]). Clearly, in Eq. (2.12), M; = My, i.c., the Mach number in
front of the bow shock.
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Figure 2.3: An illustration of starting by over-speeding. Perfect gas, v = 7/5.

outlined below (Article 2.2.1) hold in general, however, for all inlets; this fact
warrants a detailed discussion of the starting phenomenon that is involved in the

over-speeding procedure.

2.2.1 Over-Speeding

Figure 2.4 summarises the corresponding flow configurations labelled in Fig. 2.3
and illustrates successive steps in the over-speeding procedure [9]. Table 2.1 lists
the local Mach number at various stations as the inlet is first accelerated from
low subsonic values (a) to the design Mach number Mp (d), and then over-sped
to starting Mach number Ms (e,f) before finally being slowed back to the design
conditions (g).

Configuration (a) describes the initial phase of acceleration where M; < 1 so

that the mass flow and hence the capture area A, depend entirely on conditions
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Figure 2.4: Starting schedule (a-g), showing basic flow stages during the starting
process.
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Table 2.1: Flow regime at each station during starting (vide Figs. 2.3 and 2.4)

- 0 o0 T
|

downstream of the inlet. As the free stream Mach number is increased to a
higher subsonic value, throat Mach number reaches unity and flow choking takes
place. Under these conditions (b), the capture area A is given by Eq. (2.10)
with A, = A; and A; > A, (Fig. 2.3). Further increasing the free stream Mach
number to the sonic value causes a weak wave to form (¢) and As/Ax = 1, so
that with A, = A;, the capture area equals the throat area. Further increase in
free stream Mach number leads to the appearance of a bow-wave (d).

In supersonic flight, the presence of an inlet can not be detected in the free
stream because signals cannot travel upstream. Since the throat remains choked, a
bow wave must form to provide a mechanism for continued spillage with subsonic
flow immediately ahead of the inlet. The shock stand-off distance is compatible
with the amount of spillage required. There is an increase in entropy and loss in
total pressure across the shock, causing lowered mass flow through the throat, as
stated by Eq. (2.8). The capture area is then governed by Eq. (2.11) as indicated
by Ai/As in Fig. 2.3. Thus, A; > Aw and the inlet does not start at the design
Mach number-.

To permit shock swallowing, the inlet must be accelerated to Mg (Fig. 2.3),
whereby A;/As intersects A;/A;. A stable shock-configuration can not be estab-

lished in a converging section, so that once A, = A;, the inlet starts spontaneously
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(e) as described in Article 2.1.5. Once the shock is fully swallowed (f), the Mach
number may be gently lowered back to the design conditions (g). The reader will
note that for medium and high contraction inlets, (A4;/A; < 0.6) and it can not
intersect A;/As at any value of free stream Mach number. This fact reflects the

limit on area ratio for inlets that may be started using the over-speeding process.

2.2.2 Popular Methods

Though over-speeding is a simple and effective method, unfortunately all by itself,
its application is limited to low contraction inlets only. Other measures must
be taken to start high contraction' air inlets of interest in ramjet and scramjet
applications. Generally speaking, these additional measures only aim to relax the
limit on A;/A., while the basics of the starting procedure remain unchanged.
For instance, it is inherently easier to employ variable geometry in planar inlets,
and starting can be promoted by varying A;/A;; that is to say, it is possible to
avoid formation of the bow shock by varying A;/A; in such a way that it never
drops below the A,/ A, curve. Inlets based on scoop-like geometries have different
effective values of A;/A; in the started and un-started mode because overboard
spillage is possible even after the shock travels past the entrance plane. The same
spillage mechanism, compounded with translating centre bodies, also makes it

possible to establish started flow in spike-inlets.

2.2.3 Slits

Another method used to attain started flow is to perforate the diffuser walls,

thereby allowing enough flow spillage for the inlet to start at a desired Mach

tFor v = 7/5, A,/ Ao tends to ~ 0.6 as M — oc.
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Figure 2.5: Perforation model based on Prandtl-Meyer flow.

number. As mentioned earlier (Article 1.4), inlet starting by way of wall perfo-
rations was popularised by Evvard and Blakey [5]. Here, a simple expression for
spillage through a slit-like perforation is derived, and the analytical results ob-
tained! below will be compared with numerical results presented in Article 4.2.4.
The general idea here is to highlight the trends and important parameters affecting
mass flow across a perforation.

Referring to Fig. 2.5, let us consider a transverse slit ab, in the wall, through
which some flow spillage takes place. In this figure, u represents the local Mach
angle, and Av = v(M;) — v(M;) is the flow deflection determined using the
classical Prandtl-Meyer function [13]. The flow captured by the slit undergoes an
isentropic process between states (D and 2. Under these conditions, Eq. (2.9) can
be used to relate the captured flow areas A, and the spillage area Ay, simplifying,

one obtains: .

1
Ay My (1+35M2\
Al N MZ 1+ j—;—lez

g

(2.13)

In the strictest sense, this flow is representative of planar geometries only, al-

though in practice axially symmetric slits may also be approximately analysed this

tSuggested by Prof. Mélder.
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way—so long as the flow remains locally planar. Clearly, appropriate expressions
for areas (A;) must be used depending on the local geometry being considered.
The general idea here is to highlight the trends and important parameters
affecting mass flow across the slit. To this end, it is instructive to plot mass-flow
as a function of external pressure (outside the inlet), for various internal values
of Mach number near the slit leading edge (M;). For a unit depth (Az into the
page), we have, A; = roAz, but from geometry, ro = risiny; = 7’11\—/15, so that

Ay = T’rM]—’;AZ~ Substituting a similar expression for area A,, in FEq. (2.13), one

gets:
a2\ "2
1+ 50 M
AL e T (2.14)
T 1+ 5= M,

Applying sine-law to Aabc in Fig. 2.5, Sikﬂu = Sin'ﬁig), and substituting for
pe yields, AL = f(ry, My, Av) = 322 The ratio of captured height (rg) to
spillage width (AL) is an indicator of the overall efficacy of the slit; simplifying,
one gets:

70 T My
— = ——>38nA 2.15
AL T2 M1 Sl av ( )

Equation (2.15) can be plotted for various values of approach Mach number
M, (at slit leading), against the slit pressure ratio py/p;. Additionally, using
Eq. (2.6), My = f(M,, pa/p1) can be obtained (because total pressure is constant
for an isentropic process), and the result can be substituted in Eq. (2.14). Thus,
ro/AL = f(M, p2/p) is plotted in Fig. 2.6, and it is clear, at each value of My,
there exists a maximum value of ro/AL. The absolute maximum occurs for a slit
with a sonic leading edge, whereas for higher values of M; the value is signifi-

cantly reduced. This value occurs when the normal component of Mach number
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Figure 2.6: Mass flow coefficient for a slit-like perforation, as a function of external to
internal pressure ratio, at various values of approach Mach number at the slit leading
edge. Perfect gas, v = 7/5.

at the slit reaches unity, i.e., locally, the flow becomes choked. Under these condi-
tions (as the critical pressure ratio is reached), rays of the expansion fan approach
the wall; further lowering the external pressure (beyond the critical value) is not

beneficial.

2.3 Busemann Flow

As indicated earlier (Article 1.3), there exists a class of internal compression inlets
based on a conically symmetric flow; this flow was first postulated in the post
WWII era by Adolf Busemann [3|. Beginning with an infinitesimal-strength wave

in the uniform free stream, it undergoes isentropic compression and is terminated
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by a finite-strength wave resulting in uniform outflow (vide Fig. 2.7). Design
methodologies for efficient, two and three-dimensional, Busemann-based inlets for
hypersonic application have already been popularised by various researchers in the
1960s and '70s [16], [18], and [32]. Busemann flow offers tremendous flexibility
to an inlet designer in that even non-axisymmetric versions of Busemann-based,
modular, streamline-traced, efficient and aesthetically pleasing geometries can be
generated. From a geometrical point of view, Busemann inlets provide a logical

basis for the present work (see Article 1.3.1).

2.3.1 Basic Busemann Inlet

In Fig. 2.7, compression is initiated at the high Mach number (free stream) and
terminated at the exit Mach number by a shock; the isentropic portion is bounded
on the upstream by a Mach cone and on the downstream by a shock cone. The
flow is irrotational, conically and axially symmetric and is described analytically

in polar coordinates (r, #), by the classical Taylor-Maccoll equation [12]:

. O,

0—’&9—80
y—1 o (0L\’| [,  oa, 824, g\ [. 8%,
0=+ —[1-a2— 24, (=) |a,+ ==
2 [ U (aa)““+aecow+ 562 20 ) | e

(2.16)

where the velocity u has been nondimensionalised, so that 4 = —*—, with

max ’

Upar = U /(—ﬁ{—_% + 1. The most well-known numerical integration of this equa-

tion is for the flow over an axisymmetric cone at zero angle of attack in supersonic
flow. Mathematically, a more elegant form of the Taylor-Maccoll equation was re-

cently obtained by Mdlder [28], recasting it in terms of the radial and azimuthal
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Figure 2.7: Flow geometry in a (basic) Busemann inlet.

Mach numbers (M,, Mp).

d . vy—1 M, + Mg cot 0

—M, = — M, M, - 2.17¢
dQMT M9+< 5 M, 9> [ M1 } (2.17a)
d v—=1 .\ [M, + Mgcotd

o - 2.17b
d@Me M,+(1+ 5 M9> [ M1 (2.17b)

The Taylor-Maccoll equation, written above as a set of two, first-order, coupled,
non-linear Ordinary Differential Equation(s) (ODE), forms an initial value prob-
lem, amenable to numerical integration. These equations are used in the solution

method below.

2.3.2 Solution Method

For the Busemann inlet, streamline and characteristics integration can be conve-

niently included the in the solution process.

f

T
u [MT MG r Ig yﬁ]

T
- [Ul Uy U3 Ug ’U,5:| (218&)

where, u)-radial Mach number, us-azimuthal Mach number, us-radial location, u4

and us-location in cartesian coordinates along the C~ characteristic. 6-derivatives
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for above variables in Eq. (2.18a) [28], may be written in vector form as:

T
= [M/ My ' al I/IB}

_ Me N (l;_lM,Me) |:M1.+M3C050}

Mz—1
_ 21y p2Y [ Mot Mscotd
M, + (14 35 0g) | Metocout ]
= M,
TM()

rcos (6 —p) /cos(m/2— 6+ p)
| rsin (8 — ) /cos(n/2 =64 p) |

:[Fl Fy F3 Iy Fs}T (2.18b)

where, ¢ is the local flow deflection given by:

s sing o
5(, 0) = arctan (ulsm U COS@) ,

U cos 0 — uysin 6

and p is the local Mach angle is obtained using:
w(t, 0) = arcsin [(uf + ug)_%] .

Equation (2.18b) can now be written in the general form of a nonlinear ODE,
@ e

5 = F'(u,t), giving:

-1 +uy cot 8 T
U,2+ (—72 U,l’LLg) [u—g———l Y2 :l

us—1
—ur (14 %) [etgacad]
@ = F(ﬁa 9) - ’LL3U1/U2 (2'19)

ugcos (g1) / cos (7/2 — g1)
ugsin (¢1) / cos (7/2 — g1)
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where, g = (i, 0) — (i, 0). Using 0 as a time like variable, BEq. (2.19) may
be written as an Ordinary Difference Equation (OAE) and integrated starting
with, @, = Ua(f0s) at the conical shock, and marching in 0 using h = df with
lpy1 = Un + hii’,. The stopping criterion is that flow becomes parallel to the free
stream, i.e, d = 0. A typical result of this method is shown in Fig. 2.8. Since
the flow is conical, isolines for density, pressure, temperature and velocity all form
perfect radials. Figure 2 9 shows contours of constant Mach number; this is used
for verification purposes later in Article 3.4.3.

T
T

— T T
e
N
Figure 2.8: Busemann inlet contour and Mach lines obtained using method described
in Article 2.3.2.

Figure 2.9: Iso-Mach contours in a Busemann inlet obtained using method described
in Article 2.3.2.



Chapter 3

Numerical Modelling

3.1 Background

From a gasdynamics point of view, the inlet starting and unstarting processes
often contain some very complex phenomena, which can lead to unsteady flows
involving multiple shock waves, contact and slip surfaces, vortices, and boundary
layers. The presence of such localised features leads to complex interactions among
these flow structures, as well as to interaction with the inlet geometry. Generally,

such problems can not be approached from an analytical point of view alone.

3.1.1 Motivation For Numerical Modelling

As outlined earlier in Article 1.5.2, this study has been performed with the aid of
numerical tools only, and no experimental work has been carried out. For initial
studies, such an approach is becoming increasingly popular, and some of the
factors promoting this include: 1) the prohibitively high costs associated with the

initial establishment of a hypersonic experimental facility; 2) the operating costs

31
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of such a facility; 3) the manufacturing costs associated with (scaled) test models;
4) diagnostic issues and difficulties associated with flow visualisation of internal,
non-planar flows (which take place in axisymmetric and modular geometries).
Under these circumstances, capable Computational Fluid Dynamics (CFD) tools
prove to be an effective and economical alternative. The aim of this chapter is
to describe the numerical scheme used here, and also to verify the CFD tools

employed herein.

3.2 Mathematical Model

In the broadest sense, the starting problem should be addressed with Navier-
Stokes equations and circumstantial turbulence modelling. Such an approach is
however, out of the scope of the present study. As a first effort in this study,
the problem is approached mathematically from a slightly simpler set of equa-
tions (following the Eulerian gas model). The basic premise is, in the spirit of
G. L. Taylor [33], that an ideal model should introduce the minimum amount of
complexity while capturing the essence of the relevant physics. This simplification
is justified as follows: Firstly, an initial study including some “simple” phenom-
ena can lead to a fundamental understanding of the problem being studied, so
that one can gradually include and study the secondary effects of more “complex”
phenomena. Secondly, the flows being studied here are generally dominated by
advective phenomena, and in this respect the most essential features of the start-
ing problem are well-represented in the inviscid framework; this is true with the
proviso that the flow is not dominated by large separation zones. This concludes

the basis for the selection of mathematical model.
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3.2.1 Governing Equations

As motivated above, the present discussion is restricted to an inviscid gas model:
conservation laws for mass, momentum and energy written in an integral form
underlie the mathematical model. The governing equation relates the vector of
conserved quantities U, and its convective flux per unit area per unit time F,

for volume of gas (2, bounded by a closed surface df), with normal n pointing

outwards: f
/Udsz}/tj[ F-ndsdt—/tHdt (3.1)

Q o Jto Jdo to
with,

P pu;

U= |puwl|, ¥ = |puwu; +pd;|, H=H; +H,,

e uj (e + p)

where,

0 o]
Hy = |adipp §yonids|, Ha=| [ pa;dQ

0 Jq pusas dQ2
lere, p is the fluid density, p is the pressure, e is the total energy per unit volume,
and u is the velocity vector. The total energy e is composed of kinetic energy per
unit volume %pujuj, as well as the internal energy per unit volume pe (where ¢
is the internal energy per unit mass ). 4;; is the Kronecker symbol, and source
vector Hy contains acceleration terms for computation in non-inertial frames of
reference, while H,; incorporates the geometric source terms for computation with
axisymmetric geometries. In this context, P is the average pressure in the control
volume, obtained from conservative variables in U. For axisymmetric geometries

a = 1, while & = 0 corresponds to planar geometries. The system of equations
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is closed mathematically by a state law, such as the perfect gas law, so that
pressure is related to internal energy via, p = (v — 1) [6 — %pujuj}, with a con-
stant polytropic index . Acceleration in source terms is represented by a; along
coordinate-i. In all but a few cases (see Article 4.3), body forces are negligible so

that a, = a, — 0.

3.3 Numerical Method

For highly unsteady flows, with fast moving shock waves, grid adaptation should
be performed at each time step. The presence of large physical time scales (often
exceeding 10 s in the present work) requires computationally efficient data struc-
tures and code implementation. A two-dimensional code based on these consid-
erations was implemented (ca. 1993) by Voinovich [30], and has been successfully
applied to a vast array of problems by various researchers [23| since. In recent
years, a new version has been under development, based essentially on the above
code, and under the product name SolverII by Tahir et al. [27|. The present
study was carried out using SolverII, and for the sake of completeness, the par-
ticulars of this numerical tool are briefly described next. Conceptually, SolverII
may be classified as a time accurate, locally-adaptive, multi-block, unstructured,
quasi-monotone, finite-volume, Godunov-type code. It uses the Monotone Upwind
Scheme for Conservation Laws (MUSCL) strategy for variable extrapolation, re-
lies on Total Variation Diminishing (TVD) slope limiters to achieve monotonicity,

employs an exact Riemann solver for flux differencing, and uses h-refinement’ for

mesh adaptivity.

tIn the theory of CPDEs, h-refinement refers to local adaptation of the mesh by addition
of vertices in areas where the error is expected to be large; r-refinement refers to movement of
vertices for the same purpose, whereas p-refinement refers to adaptation of the order of the local
basis function, which is used for solution approximation.
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3.3.1 Discretization of Computational Domain

Among the prerequisites for a successful CFD simulation is the good approxi-
mation of the geometry under study. In this respect, even moderately complex
geometries necessitate the use of unstructured meshes, and a good quality dis-
cretization of the computational domain is essential. To this end, an incremental
triangulation is performed using UGG [31], yielding a boundary-fitted unstructured
grid composed of triangular area elements. Non-overlapping control volumes are
then formed about the primary grid nodes (vertex-centred scheme), where volume-
averaged values of the dependent gas dynamic variables reside. In the solution
process, the mesh is locally adapted; some further details will be presented in

Article 3.3.5.

3.3.2 Reconstruction

High-resolution numerical schemes (with global accuracy of at least second-order)
can be employed to easily achieve a desired level of accuracy in regions of smooth
flow (i.e., where the mesh is not refined), while spurious oscillation near flow
discontinuities can be eliminated using TVD operators. To this end, piece-wise
linear reconstruction of primitive variables stored in V is performed in the dual
mesh (vertex-centred scheme), providing second order spatial accuracy.

The volume-averaged gradients at vertex i are first computed using its neigh-

bours in the primary mesh (forming triangular elements) of sub-volumes ., with:
(VV),D 0. => (VV), (3.2)

where, Y Q. = ;. The mean gradients are then limited using a minmod-type
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function:

L(VV); = minmod [(VV).,8(VV),] (3.3)

P!
e K2

with 8 = 1.4 for most problems. Reconstruction is performed using:
in 1 P .

yielding a vector containing primitive variables at the inner side of the control

volume surface s,;, associated with volumes 4, j.

3.3.3 Time Integration—Evolution and Projection

Time integration is performed using a predictor-corrector method due to Han-
cock, commonly known as the MUSCL-Hancock Method (MHM) [29]. It offers
sccond order temporal and spatial accuracy. The predictor step does not involve a
Riemann solver for flux computation, thus contributing to the computational ef-
ficiency of the method. After incorporating source terms into the standard MHM

predictor step, one gets:

D (F(VE) - nsy+Hy) + Hzﬂ,] (3.5)
J
The solution is then advanced to time level (n + 1) by a corrector step; incorpo-

rating the source terms, one obtains:

Uyt - Uy = “% [Z (F(Wiy) -nsy + Hy) + ﬁZQ@} (3:6)

g

Here, VVViJ- = Riemann (Vi?,\vffj““) is the vector of primitive variables obtained
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from an exact, pressure-iterative Riemann solver, with left and right states corre-

sponding to:

Vin = % (VD) + V(U 1+ LTV, 77 (3.7)
v = L(VI0) +V(U) + L(WV), - 5) (3.8)

Source terms in Egs. 3.5 and 3.6 are treated in a uniform (unsplit) manner at

each time step. Source terms in the corrector step are obtained using:
- 1 ~
H- (H(U) n H(U)) (3.9)

In this way, by using a consistent predictor-corrector procedure, globally second

order temporal accuracy is achieved.

3.3.4 Riemann Solver

For all computations reported in Ch. 4, an exact pressure-iterative Riemann solver
has been used. The interested reader is referred to literature for further details;

for instance, a good treatise on Riemann solvers is provided by Toro [29].

3.3.5 Adaptive Meshing

Compressible flows (described by the Navier-Stokes and Euler equations) admit
the presence of non-linear physical phenomena which can lead to the formation of
shock waves and contact discontinuities. Under these circumstances, the fidelity
of a numerical solution depends on the resolution of highly localised flow featurcs.
Computational efficiency can be increased by employing solution-adaptive mesh-
refinement. The Adaptive Mesh Refinement (classical red-green h-refinement)

(AMR) algorithm used in SolverII follows the procedure and rules outlined by
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Lohner [14]. The refinement sensor is based on first and second-differences:

‘(VU)Q”, _ (-V(—J)il
E; = max ——

|0, + [T,

(3.4)

+ ‘Uilﬁd_l

Here, d is a local characteristic scale (“diameter” of cell 1), € is a filter coefficient
(typically 1.5 for unit sized domain), and U = U; = p is typically used in the
sensor. This criterion is consistent with the hybrid formulation, in that the mesh
is refined in locations where the local order of accuracy is reduced by the limiting
operation. The local error measure [; is compared with (user specified) threshold
parameters for refinement and coarsening, T, and T,, respectively. Additionally,
the existing refinement level my, in cell ¢ is compared with the maximum and
minimum permissible global values (also user-specified) and in conjunction with
the error thresholds, this forms the basis for refinement and coarsening criteria.
Mathematically, if (E; > T,) (\(Mmae > m;) then h; «— h;/2, i.e., if the global re-
finement threshold value is smaller than the local value and the local refinement
level is below the maximum permissible, then locally the mesh size is reduced in
half. Similarly, if (E; < Te)()(Mmimn < my) then (h; < 2h;). In the event of tied
criteria, refinement supersedes coarsening. The standard refinement pattern leads
to hmy1 = hm/2, i.e., compared to the basis mesh, with each additional level of

refinement, the local mesh size reduces successively as hgo/2™.
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3.4 SolverlIl

3.4.1 Basic Features

The basic strategy adopted! here places emphasis on fully unstructured meshes
that dynamically adapt to the solution. The local refinement and de-refinement is
made automatic by detecting any moving or stationary discontinuities in the solu-
tion; this contributes towards achieving high computational efficiency. Formally,
the method offers second order temporal and spatial accuracy in smooth-flow re-
gions; in practice, the scheme is made hybrid with a TVD operator in order to
reduce spurious oscillations and as a result, global order of accuracy is usually
less than two. The general operation of SolverII is automated to a high degree
and it requires minimal input from the user. To facilitate ease of use while re-
taining flexibility, a built-in parser is provided. For flow visualisation purposes,
an integrated, Windows XP compliant post-processor is provided that is both fast
and robust. A prototypical result was produced in less than one half-hour (in-
cluding mesh generation, computation and post processing). Excellent qualitative
agreement with the experimental result can be seen in Fig. 3.1, although only a

minimal effort has been made to ensure quantitative validity of the comparison.

3.4.2 Computational Resources

Overall 43 words are reserved to store nodal data (including completely specified
topology, no additional parent-child structures are used). The refinement algo-
rithm is invoked at each time step with up to 5% of the total computational cost.

The cost of the exact Riemann solver is approximately 10% of the total computa-

"Data structures designed by P.A. Voinovich, Supercomputer Centre at Ioffe Physico Tech-
nical Institute, Russian Academy of Sciences, St. Petersburg, Russia.
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(a)
Figure 3.1: Mach reflection on a 25° wedge, M, = 1.7—Comparison of figures
from SolverII with experimentally produced holographic interferogram. (a) SolverII
pseudo-schlieren; (b) SolverII numerical interferogram; (c) holographic interferogram
(by Takayma et al., SWRC, Tohoku University).

tional cost. The typical mesh size is O(10?), requiring less than 4 MB of memory;
in practice, usually 24 MB are requested from the operating system (including
reserves for GUI). Approximately 75 000 nodes are processed per second on a 1

GFlop/s processor (Pentium/ class machine, at the time of writing).

3.4.3 Verification

At the time of this writing, computational tools can not yet fully substitute for
experimental studies, and it is important to have some degree of faith in code
implementation. For the sake of completeness, in this section the aim is to show
the level of temporal and spatial accuracy achieved by the scheme outlined above.
Two test cases are presented: the first one is for unsteady computation, and the

second one is for convergence to a valid steady state.

Case 1: Steady State

In the steady state, from a numerical stand point, one expects that the residual
vector, right hand side of Eq. (3.6), should tend to zero irrespective of initial

conditions. Calculation for a typical Busemann inlet was performed with initial
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Figure 3.2: Lo-norm of residual vector, normalised by mesh size

conditions set to free-stream flow everywhere, and convergence to steady state
was obtained as shown in Fig. 3.2.

This provides a good check when coupled with the fact that earlier a pseudo-
analytical solution was obtained for a steady-state Mach number field in a Busemann
inlet (c.f., Article 2.3.2); a good comparison with this non-trivial solutions proves
code reliance. Figures 3.3 and 3.4 compare respective solutions obtained using
Taylor-Maccoll and SolverII. At 3 levels of refinement, with approximately 6300
nodes, excellent agreement is obtained. Further grid-refinement (4 levels, Fig. 3.4)
produces a more sharply captured shock, showing the effectiveness of the refine-

ment sensor.
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After 3564 Time steps, 4.376583E-02, dI=4.130466E-06, 6268 Nodes present
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Figure 3.3: Iso-Mach contours plotted for Busemann M5.77C16.67 inlet (top-half);
solution adapted mesh, with mpyax = 3 (bottom-half).

After 3730 Time steps, 4.066946E-02, dT=7.53671E-07, 10275 Nodes present

/
—

SolverIIb.Validation, Mach Number [2.35, 5.77, 22], Minf:=5.7701%4, CFL=0.95, beta=1.4, h.max=4

Figure 3.4: Comparison of iso-Mach contours: top-half shows SolverII results, while
the Taylor-Maccoll solution is shown in bottom-half); corresponding contours are drawn
at the same values, in increments of 0.155.
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Case 2: Transience

The starting process is inherently unsteady in that it involves a moving shock
wave. It is therefore important to ensure that some level of temporal accuracy
is maintained. To this end, one may extend to two dimensions (axisymmetric)
the 1-D classical problem known as Sod’s [25]. The problem consists of two states
(labelled as the left and right states) that are separated initially at { = 0. Solution
starts with a hot, high-density gas in the region z < 0, and a cold, low-density gas
in the region z > 0; the gases are initially at rest. The standard parameters for this
problem are: pr/p, = 10, pr/p, = 8. The flow evolution is tracked in time as the
gasses are allowed to interact, causing a shock wave to propagate rightward into
the low-density medium, and also causing a rarefaction wave to propagate leftward
into the high density region. The resulting flow regions are separated by a contact
surface. Analytic solutions for the three resulting states can be obtained from the
shock-tube theory at ¢ = 0%, and because the problem is self-similar, the exact
solution is available in the (z,t)-plane. It should be noted that a good comparison
(between SolverII results and the analytical solution to this problem), verifies
not only the unsteady terms, but also gives an indication of the efficacy of the
adaptive mesh refinement. As an added bonus here, the instantaneous rupture of
the diaphragm is simulated using the multi-block facility with invisible internal
boundary, thus guarantying proper functioning of the sum of various parts of
SolverII. Figure 3.5a shows the initial mesh with intact diaphragm at ¢ = 0.
Figure 3.5b compares the exact solution with SolverII results, and excellent
agrecment is found between the two; it is clear that the shock travels at the correct
speed, and that it is captured exactly (near x = 8.4). The contact surface also
travels at the correct speed, but is somewhat smeared (near x = 6.8, although, it

may still be considered as state of the art). Figure 3.5¢ shows the density-field in
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Figure 3.5: SolverII verification using Sod’s problem: (a) initial mesh, showing
intact diaphragm; (b) comparison with exact solution, mpy.x = 0; (c) isopycnics at
t = 6.1ms, Mmax = 0; (d) same as (b), except Mmax = 3; (e) same as (c¢), but with
Mmax = 3.
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the axisymmetric solution, corresponding to Fig. 3.5b. Similarly, Figs. 3.5(d and
e) show an excellent comparison with the exact solution at ¢ = 6.1 ms, with three
levels of refinement. It is clear that the refinement algorithm tracks the moving
discontinuities in time, while restoring the basis mesh in regions left behind by the
discontinuities. Thus, the contact surface is much less smeared in Figs. 3.5(d and
e) compared to Figs. 3.5(b and c¢). Roughly speaking, there’s an eight-fold increase
in accuracy (near discontinuities, the mesh is eight times finer), even though the
total number of finite-volumes was only doubled (from 958 in Fig. 3.5¢ to 1865 in

Fig. 3.5e).



Chapter 4

Results and Discussion

4.1 Background

The main objective of this effort was to numerically investigate various ways in
which high contraction air inlets may be started—this chapter of the document
aims to present numerical results and to identify some novel possibilities for the
same purpose. In essence, an attempt is made to identify the effects of flow-
unsteadiness on the overall starting process—especially as a result of boundary-

imposed high temporal /spatial gradients in the flow.

4.1.1 Overview

This chapter is broken into several main sections (see table of contents). First, the
naming convention for identifying simulation models is explained. The nomencla-
ture will be defined in a local context as each new symbol is introduced. Second,
results dealing with quasi-steady flows will be presented and discussed, showing

application of over-speeding, unstarting and mass-spillage. In the third section,
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results associated with unsteady flow phenomena are examined. The first part of
that section pertains to accelerative starting (high temporal gradients in flow),
while the second part will address the concept of frangible structures such as
diaphragms (high spatial gradients). Every effort is made to provide a smooth
transition between discussions of a disparate nature, and it is hoped that this will
help the reader keep a mental picture of the underlying structure among various

sections and subsections.

4.1.2 Models and Naming Convention

Most of the research described here is based on a standardised set of models, gener-
ated in the early stages of the study; some examples include: Busemann.M2.2A0.74,
Busemann.M4C5, and Busemann.M6C10. The naming convention is as follows:
the first part of the name refers to the type of geometry under consideration, e.g.,
“Busemann” or “Reversed de Laval.” The second part contains design conditions,
viz., Mach number M, and either the exit to entrance area ratio AR (A:/A;), or a
more descriptive contraction ratio CR (A;/A;)—these notations will be used inter-
changeably. Additional information may be conveyed by adding suffixes, usually
carrying context specific details, e.g., 835.P0.05 for a conical diaphragm at 35°
with initial internal pressure ratio of 0.05 as compared to the free stream value.
In this context, initial means before diaphragm rupture (Article 4.3.2.2).

Figure 4.1 is provided as a reference for the reader, showing some of the models
discussed in this chapter in relation to their starting characteristics. For reasons
that will become clear later on, two sets of models are shown in Fig. 4.1, viz., low
contraction and high contraction. In this context, low contraction inlets refer to
all such geometries, which are effectively located (in the inlet parameter space),

close to the quasi-steady starting-curve as described by Eq. (2.11). Conversely,
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Figure 4.1: Starting and operational characteristics of some models used in this study.

high contraction inlets, in Fig. 4.1, are located close to the isentropic diffusion
curve described by Eq. (2.10).

This classification may seem a bit simplistic at first, and certainly there are
several parameters associated with an inlet designed for hypersonic flight condi-
tions. However, in the present context, two parameters are relevant (at the least,
considered most important by the author). Thus, Fig. 4.1 shows some of the
models, discussed in the following material, in relation to the two most important

design parameters: viz. Mach number and the effective area ratio.
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Figure 4.2: Late stage in the subsonic phase of acceleration for a low contraction inlet
(Model: Busemann.M2.2A0.74): (a) Streamlines showing flow spillage; My, = 0.93,
t = 0.84s. (b) Iso-Mach contours, signifying flow choking by the presence of grey
contour in the throat region; My, — 0.98, t — 1.03s.

4.2 Quasi-Steady Flows

4.2.1 Starting by Over-Speeding

The basics of inlet starting by the over-speeding process were detailed in Arti-
cle 2.2.1, with the assumption of one-dimensional, quasi-steady flow. It was noted
that Kantrowitz’ condition holds well in practice and that it enables one to use
over-speeding as an effective method for establishing started flow in relatively low
contraction inlets. To further examine this statement, a Busemann inlet was de-
signed for Mach 2.2, with an area ratio of 0.74 (Model: Busemann.M2.2A0.74),
and then subjected to a constant acceleration at 10 g’s, causing it to accelerate!
from MO to M2.2.

Figure 4.2 shows subsonic stages similar to the ones described in Fig. 2.4. The
first picture shows subsonic flow throughout, while some flow spillage is taking
place. The second image shows subsonic free stream flow, while the throat is
choked (the right most grey contour is a sonic line). As the inlet is further accel-

erated and the free stream Mach number goes supersonic, a bow shock is formed

tHere, g = 9.806 m/s?; it will be shown in Article 4.3.1, 10 g flow is well within the realm of
quasi-steady conditions.
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(as shown in Fig. 4.3), thereby restoring the subsonic mechanism of flow-spillage
behind it.

For this particular model, as the Mach number reaches the design value, Mp =
2.2, it is unable to swallow the required mass and thus remains unstarted. From
Fig. 2.3 and Eq. (2.11), the inlet must be over-sped beyond Mg = 2.72 for the
shock to enter the inlet; this is precisely the value of M., shown in the last image
of Fig. 4.3. Further increasing the Mach number leads to a started inlet as shown
in Fig. 4.4.

Conceptually, the shock reaches a position compatible with conservation of
mass across it, so one may induce the following fact: for external compression
inlets, such as spike-based geometries, as well as for three-dimensional scoop-like
inlets, the effective area contraction during the starting process is still governed
by Eq. (2.11).

Once started, the craft may be slowed back to inlet design conditions for
optimal performance. Figure 4.3 shows the started inlet at Mo, = MJ and My, =
M. Tt should be noted that for scramjet applications, supersonic Mach number
is desired throughout; this highlights a minor difference between Fig. 2.4 and
those described in the present chapter. This section is concluded by remarking
that quasi-steady starting in multi-dimensional inlets is described by Kantrowitz’

relation.

4.2.2 Operating Limit and Unstarting

In the discussion thus far, emphasis has been placed on establishing started flow
in inlets. It is equally important to prevent a started inlet from spontaneously
switching to the unstarted mode. In Article 2.1.4, an upper limit on area con-

traction was described for steady operation of a started inlet. Additionally, it is
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Figure 4.3: Stages in the supersonic phase of acceleration for a low contraction inlet
(Model: Busemann.M2.2A0.74). Shock moving successively closer to the inlet lip with

increase in free stream Mach number. Sonic line (grey, right most contour) at the throat
indicates local flow choking, ¢ — 2.32-10.2s.
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(a) (b)
Figure 4.4: Started inlet (¢f. Fig. 4.2), iso-Mach contours: (a) during over-speeding,
Mo, = 2.74, t = 11.7s; (b) after reaching design conditions, My, = 2.20, t = 15.3s. It
is interesting to note that the time scales involved in this simulation are several orders
of magnitude larger than those usually associated with shock wave propagation. It took
3.54 million time steps in total to compute this result.

After 5271ﬂ Time steps, 0.1757492, dT=1.834054E-06, 5935 Nodes present

M6C10.UnStarting, Mach Number, Minf:=6, Min:=3.16186, Max:=6.000118

Figure 4.5: Iso-Mach contours in a Busemann inlet at design conditions (Model:
Busemann.M6C10). My, = 6,t = 176ms, r; = 0.776 m.

clear (see labels in Fig. 2.3), that for a fixed geometry inlet (specified area ratio),
there exists a lower limit on the free stream Mach number; below this value of
Mach number, the inlet will unstart. For non-isentropic flows, this value is too
optimistic and generally, the inlet will unstart at slightly higher Mach numbers.
In this section, CFD results showing the unstarting process will be examined. The
discussion also provides a pleasantly surprising segue into the next section, as will
become clear with due discourse.

Steady, started flow was established in a Busemann inlet designed for Mach 6,
with a contraction ratio of 10, as shown in Fig. 4.5. The inlet was then subjected

to a gradually’ decreasing free stream Mach number.

fChange in free stream conditions was specified using: %Ati = 1075, with [dt] ~ 2 us.
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It was observed, at off-design conditions, that the internal shock structure
changes continuously, and that the flow remains stable for M, > 3.95. It was
concluded that the unstarting process began at Mo, =~ 3.95 (¢f., Mo = 3.92),
vis-a-vis the lower limit on Mach number for continuous, isentropic operation at
this area ratio (Fig. 2.3). As this value is approached from higher Mach numbers,
wave angle increases sufficiently to cause local subsonic pockets to appear in the
flow (Fig. 4.6a). Further reduction in free stream Mach number causes complete
flow choking at the throat—this, and changes further ensuing, are best described
by the sequence of pictures shown in Fig. 4.6. The flow can be seen spontaneously
reverting to an unstarted mode starting with Fig. 4.6b.

Once unstarted, the bow shock oscillates for a while, before finding its equi-
librium position. Figure 4.7 shows a few images demonstrating this phenomenon.
It is interesting to note that the unstarting simulation described here took a total

of 2.41 million time' steps to complete.

4.2.3 Second Design Point

While simulating the unstarting process described in Article 4.2.2, it was observed
that as the free stream Mach number is reduced from its design value, the shock
angle increases gradually, causing it to impinge upstream of the throat point. This
leads to a reflected shock from the surface and the formation of an axisymmetric
expansion-fan? originating at the corner (Fig. 4.8a). The decrease in free stream
Mach number and increase in angle of primary shock causes the reflected shock to
re-reflect at the axis and interact with the cxpansion taking place at the corner.

The change in wave-structure is progressively shown in Fig. 4.8.

TThis example highlights the disparate time scales involved in this study (total simulation
time of over 5 s!).

!Strictly speaking, this analogue to the planar P-M fan is not self-similar.
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Figure 4.6: Iso-Mach contours in a Busemann inlet (Model: Busemann.M6C10). Im-
ages showing: (a) flow just prior to unstarting, whereat appearance of sonic line (grey
contour) in throat region signifies presence of subsonic pockets, My, ~ 3.97, t = 4.78s;
(b-¢) flow during unstarting process, whereat frames in succession showing a near-normal
shock moving upstream (leftward) as the inlet unstarts, Mo, &~ 3.94, t = 4.8165-4.833 5.
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Figure 4.7: Iso-Mach contours showing establishment of a bow wave after completion

of the unstarting process in a high contraction inlet (Model: Busemann.M6C10). My, =
3.94, t = 4.83-5.37s.
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Figure 4.8: Second design point—Iso-Mach contours in a high contraction inlet (Model:
Busemann.M6C10).
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At a certain value of free stream Mach number, the evolving flow-structure
leads to a near-perfect wave-cancellation (Fig. 4.8d). It is unlikely that the exit
flow can be made perfectly uniform, and the existence of a small Mach disk due
to the reflected shock is almost certain. Nevertheless, a nearly uniform exit flow
is produced at a Mach number that is significantly below its design value. The
extent of this fortunate, multi-design-point phenomenon, in the Busemann inlet

parameter space, is well worthy of further study and exploitation.

4.2.4 Perforations

As hinted earlier (Articles 1.4 and 2.2.3), there exists a surefire method of starting
high contraction air inlets. An large set of numerical results has been obtained
showing that slots (two-dimensional perforations) may be successfully employed
for wide ranges of area contraction and free stream Mach number. The object of
this discussion is to outline the important lessons relevant to the present study.
For the sake of brevity, only a small sample of the results is included, and the
redundant details, in the voluminous data that was generated in the process, are

omitted.

4.2.4.1 Slit Modelling

The basic mechanism for flow spillage was described in Article 2.2.3 assuming
that locally, the flow is steady and that dimensionally it behaves in a planar
fashion. Figures 4.9 and 4.10 show the general flow structure in a perforated
inlet during the unstarted mode and these results indicate that this assumption
(v.s.) is reasonable even for relatively wide slits (as evident by near-radial rays
of the internal expansion fans). It is also evident, from the adapted mesh shown

in Fig. 4.9, that simulation of the external flow requires an disproportionately
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Figure 4.9: Flow through slits (Model: Reversed.de.Laval.M2.5)—Iso-Mach contours
in and around the inlet with open slits. Flow is from left to right, the top flow is
external to the inlet, while the inlet is unstarted with a bow shock (not shown) situated
just upstream of inlet lip. My, = 1.9.
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Figure 4.10: Flow through slits (Model: Reversed.de.Laval.M2.5)—Iso-Mach contours
with internal flow only, c.f. Fig. 4.9. External pressure specified as twice the static value
in free stream. My, = 1.9.
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large portion of the total number of vertices present in the mesh. For the rest of
the numerical simulations with perforations, the external computational domain
is culled away, and instead a pressure boundary is specified at each perforation.
Figure 4.10 shows a result similar to Fig. 4.9, with external pressure set to twice

the free stream static value.

4.2.4.2 Spillage Flow Coefficient

The extent to which the internal flow is influenced by the external pressure may
he estimated from Fig. 2.6. Streamlines through a slit in a constant area channel
are shown in Figs. 4.11a and 4.11b; the flow is parallel to the wall as it approaches
the leading edge of the slit, and an initial pressure ratio of 0.1 is specified across
the slit. The radial location of the streamline hitting the trailing edge of the cor-
ner has been determined using the wvirtual probe' feature in SolverII, v.i. The
approach Mach number in Figs. (4.11a and 4.11b) is (1.01 and 1.5), while the
flow coefficient is (0.26 and 0.21), respectively; these values compare favourably to
(0.264 and 0.205), as obtained from Fig. 2.6 at the respective pressure ratio and
Mach numbers. Some additional observations are noted regarding the particular
flow depicted in Fig. 4.11: 1) it is for an isolated slit, where the approaching flow
is uniform and initially parallel to the wall; 2) the combination of local Mach
number and flow turning near the trailing-edge leads to an attached-shock con-
figuration. Similar analysis (post processing) of results obtained for perforated
diffusers, however, reveals that the flow coefficient, for slits downstream of the
shock, typically has a higher value than 0.26 and lies in the range (0.2-0.6). The

difference is attributable to departure from the simple/ideal flow described above,

tSolverII window features a multi-panel status bar displaying various mesh properties, as
well as the value of displayed/contoured function at the location pointed to by the mouse cursor.
It can also be used to trace the streamline which hits the slit trailing edge.
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Figure 4.11: Flow spillage through an isolated slit with: (a) M; = 1.01, Z—'f =0.1; (b)
My =152 =0.1.

while some of the identifiable factors contributing to this favourable increase in
spillage include: 1) non-uniform/non-parallel flow approaching the slits; 2) in-
teraction between closely spaced slits; 3) detached trailing edge shock caused by
large flow angle approaching the trailing edge. To validate the overall behaviour
of slits, especially as it relates to spillage through perforations, in the following
discussion, a quantitative comparison with the experimental work of Ref. [4] is

drawn.



4.2. QUASI-STEADY FLOWS 61

Figure 4.12: Mach 2.5 reversed de Laval nozzle, taken from Ref. [4]: (a) General view
of diffuser, several rows of circular (drilled) perforations are visible; (b) Experimental

schlieren, showing started flow (cf., Fig. 4.13d), with A,/A; = 3.258, Ac/A; = 1.110.

4.2.4.3 Clark’s Experimental Work

To examine the applicability of slits in simulating perforations, results obtained
here using SolverII are compared with the experimental work of Clark [4]. Fig-
ure 4.12a shows a planar, perforated inlet, based on a reversed de Laval nozzle
design for Mach 2.5, ¢bid. In that study, it was reported that the perforation area
to throat area ratio required for starting is: (A,/A: > 3.26).

For the present study, a geometry was generated using Foelsch’s method [6]
and subjected to many different slit distributions in simulations under SolverII.

Figure 4.13 shows a sequence of frames depicting the shock swallowing process for
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(d)t=1.63s

Figure 4.13: Mach 2.5 reversed de Laval nozzle with A,/A; = 3.26. Numerical schlieren
produced using SolverII— images showing flow development in the perforated diffuser,
where only half of the flow is simulated, benefitting from the two-fold planar symmetry;
flow is from right to left. Estimated computational cost: 500 Tflop.



4.2. QUASI-STEADY FLOWS 63

this model at (A,/A; = 3.26), eventually leading to a fully started diffuser (¢f.
Fig. 4.12b). It is interesting to note that despite the differences (two-dimensional
spillage, modelling constraints on slit size etc.), in the several attempts that were
made, this diffuser could not be started at a lower value of (4,/A;)". This result
suggests that slits can be used to model spillage in the context of inlet flow starting,
particularly, if a row-wise distribution of perforations is to be used (Fig. 4.12a).
The resemblance is also likely due to the large amount of spillage that is generally
required for inlet starting; in comparison with the size of an individual slit, the
total area is greater by an order of magnitude.

Fig. 4.14 shows sampled values of mass flow through some of the slits during
the shock-swallowing process. The noise in this figure is attributable, largely
to changes in external-flow, which occur during the starting process, nevertheless
there are some visible trends. Initially, more mass flow is being spilled than is being
swallowed through the choked throat (Fig. 4.14a). During the shock-swallowing
process, the total spillage decreases gradually, while the mass flow ingested by
the throat increases. For this particular model, mass flow, through a slit that
is upstream of the starting-shock, is reduced to roughly a third of its maximum
value prior to the shock travelling past the slit. Clearly, this value is a function
of local Mach number and diminishes with an increase in Mach number (evident
by reduced spillage at slit number 1 in Fig. 4.14b).

This concludes the discussion of Clark’s model and comparison with experi-
mental work. In the following discussion, results for higher contraction inlets are

presented, thus demonstrating the application of mass spillage to such geometries.

In this context, slit sizes are fixed. Additionally, there is a fixed number of slits between the
throat and entrance sections (21 slits in this particular model); these are uniformly distributed
over the diffuser surface, and from which, an arbitrary subset of slits can be selected. This
footnote applies to all discussions on slit distribution, henceforth.
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Figure 4.14: Mass flow through slits during starting, c.f., Fig. 4.19: a) Inflow, outflow
and the total spillage through slits; b) Breakdown of spillage at selected slits, viz., values
sampled during simulation for slits numbered: (1, 3, 6, and 8), with slit number 1 located

near the entrance plane (right-most slit).
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4.2.4.4 Opening and Closing of Perforations

In the simulations discussed henceforth, the opening and the closing of each slit
is simulated as an instantaneous process. Figure 4.15 shows a sequence of frames,
detailing the typical schedule of opening employed herein. Steady, unstarted How
is established first, at the design Mach number for the inlet under study. This
is done in order to estimate the amount of spillage that is sufficient to restart
an inlet at design conditions (recall from Fig. 2.3 that it is easier to establish
starting at higher Mach numbers than at lower ones). Thus, it is not possible
to start an inlet during the speedup process with the same or lower amount of
perforated area; additional spillage is required for starting to take place at lower

Mach numbers.

Case 1: Back to Front Sequence

Results for one of the high contraction inlets (Model: Busemann.M4C5) are pre-
sented in Fig. 4.15. Figure 4.15a shows a steady bow shock at M., = 4, as the
inlet failed to start during the acceleration-phase. The presence of a sonic line
(grey contour) at the throat, as expected, indicates that the flow is choked there.
Indeed, no amount of over-speeding is effective for this inlet unless an appropriate
amount of mass spillage is arranged first (at My, =4, A;/A, = 0.67).

Figure 4.15b shows steady flow after the first perforation, located nearest to
the throat, is opened and the reader will note that a new sonic line is formed,
situated at the leading edge of this perforation. In this mode of spillage, from
Fig. 2.6, the maximum amount of mass flow is spilled when M; = 1 at the leading
edge of a perforation and when the pressure ratio across the slit is roughly below
0.2.

Figure 4.15¢ through Fig. 4.15g show sequential opening of perforations two
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Figure 4.15: Starting by spillage—Case 1. Iso-Mach contours showing quasi-steady
flow in a perforated inlet (Model: Busemann.M4C5). Multiply the displayed time (inside
figures) by [t] (for inlet of 1 m radius, operating at sea-level, [t] = 2.49 x 1073 s).
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through six. The seventh perforation is placed such that its leading edge occurs
at a contraction ratio of 0.67, vis-a-vis, the maximum contraction allowed for
quasi-steady starting at M4. Indeed, as Figs. 4.15(h—j) show, after this seventh
perforation is opened, a sonic line occurs at its leading edge, and the shock situates
itself at the inlet lip. Due to lack of unsteadiness in this particular flow, the shock
lacks the impetus to travel far enough downstream and get fully swallowed. Such
an impetus is provided here by opening the eighth and last slit (Fig. 4.15k).

Figs. 4.15(1, m, and n) show a moving normal shock, with the inlet partially
started upstream of it. For this particular model, the process of shock swallowing
alone, took about 32ms. It is clear that the higher momentum fluid in the started
inlet (Fig. 4.150), does not turn as much and the value of flow-coefficient at
high Mach numbers is a small fraction of that occurring in the unstarted mode
(Fig. 2.6). Finally the perforations may be closed as in Fig. 4.15p.

Although the opening schedule described above leads to a reliable method
for starting, it does not necessarily guarantee optimal (minimal) spillage area for
starting. It is desirable to obtain the minimal perforation area to throat area ratio
(A,/A:), which just permits starting. The procedure described above leads to a
perforation area ratio (A,/A; = 9) for this particular geometry. To this end, an
effort was made to determine the effect of slit distribution, on the total spillage

area required for starting.

Case 2: Front to Back Sequence

Figure 4.16 shows results from a second trial, sort of an inverse analogue to

the above case, whereby the slits were sequentially opened, starting close to

"In practice, one would have either made the perforations slightly larger, or temporarily
accelerated to a slightly higher Mach number (as explained in Article 4.2.1)
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the entrance plane and progressing towards the throat. This procedure was ap-
plied until the shock was fully swallowed as shown in Fig. 4.17, for which case
(Ap/A; = 10.86). This increase is attributable to two factors: 1) for a given slit
width, the geometric spillage area increases with radius, so that in a converging
geometry such as an inlet, a slit closer to entrance plane contributes more to the
net spillage area than that closer to the throat; 2) spillage through a slit close
to the entrance plane is greatly reduced (see Article 2.2.3) as the shock moves
downstream of it, necessitating a significant amount of continued spillage down-
stream of the shock. This result indicates that it is not always desirable to have
perforations near the entrance plane, because once the starting-shock is down-
stream of these perforations, minimal mass-relief is provided by them. Since the
mass-flux across the shock moving downstream in a converging section increases,
il sufficient (continued) spillage is not provided by perforations downstream of the
shock (close to the throat), the shock will stabilise in a partially started inlet as
shown in Fig. 4.16; stable location of shock is governed by conservation of mass

across the shock.

Case 3: Improvement to Slit Distribution

A third test was performed to determine if some of the unnecessary spillage area
could be eliminated from the geometry of Fig. 4.15. The approach taken, essen-
tially identifies some of the slits in Fig. 4.15 as redundant, and unnecessary for
(even the quasi-steady) starting process. It was found, through a trial-and-error
method, that the perforation distribution of Fig. 4.15 could be modified to exclude
the second and the seventh slit (these were never opened) as shown in Fig. 4.18,
and in this case (A,/A, = 6.77) is sufficient to permit starting.

Experience with several geometries designed for various area ratios and Mach
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Figure 4.16: Starting by spillage—Case 2. Iso-Mach contours showing shock stabilisa-
tion in a partially started, perforated inlet (Model: Busemann.M4C5). A,/A; = 10.86,
ry =1 m, tg = 379 ms.
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Figure 4.17: Pseudo-schlieren image showing steady flow in a perforated inlet (Model:
Busemann.M4C5). Total perforation area to throat area ratio, Ap/A; = 10.86.

numbers suggests that the methods described above can lead to a reliable starting
process. This discussion is concluded by noting a few important points: Mass
flow relief, as provided by slots is essentially a steady flow phenomenon even if the
slots are opened or closed suddenly. Starting of high-contraction inlets by mass
venting through surface perforations is effective and governed by the quasi-steady
starting theory. A large wall perforation area is required to obtain flow starting
in high-contraction inlets. Results also indicate that sudden opening of all slits at
once is not significantly more effective; compared to sequential, sudden opening

of the individual slits, the overall spillage area is only marginally reduced.

4.3 Unsteady Methods of Starting

Experimental work with high contraction ratio inlets using gun tunnel tests does
not suffer from the starting problems; it is well accepted [17] that CR = 10
inlets can be successfully started at Mach 8+. The highly unsteady starting
flows, coupled with a very low initial pressure and small mass of air in the model
are contributing factors that promote starting in the gun tunnel environment.
Although such conditions are not readily available for flight vehicles, it is still

tempting to gain a fundamental understanding of the role that these factors may
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Figure 4.18: Starting by spillage—Case 3. Iso-Mach contours showing shock swallow-
ing process in a perforated inlet (Model: Busemann.M4C5). A,/A; = 6.77, 1, = 1 m,
to = 517 ms.
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play in inlet starting.

The above considerations led this author to numerically investigate methods
of inlet starting where the flow is sufficiently unsteady (i.e., to the extent that it
is no longer governed by the quasi-steady limits described by Eq. (2.10) and Eq.
(2.11)). For the sake of better organisation, the results have been classified under
two separate categories: one pertaining to accelerative starting, and the other
dealing with frangible structures; conceptually both fall under “unsteady methods

of starting.”

4.3.1 Accelerative Starting

To determine the efficacy of accelerative starting, dozens of computations were
performed to simulate rapid acceleration of an inlet. In each case, the process
is started at a certain initial Mach number M; (e.g., M = 0), and the inlet is
steadily accelerated (e.g., 1000 g’s), up to a desired Mach number, M,. Clearly, if
the inlet does start in this process, for it to remain started under steady operation,
it must be accelerated past the Mach number for which the throat is isentropically
choked (Eq. 2.10). Also, quite clearly, if the inlet is accelerated past the point
of quasi-steady starting (Eq. 2.12), then it would start readily and any potential
benefits of accelerative starting would not be recognisable; it should be noted that
this is applicable only to the low Mach number, low contraction inlets.

Three cases are presented: The first one describes a low Mach number, low
contraction ratio inlet (Model: Busemann.M2.2.A0.74); this model is located
closc to Kantrowitz’ limit in the inlet parameter space (Fig. 4.1). The sec-
ond one describes a relatively high contraction, low Mach number inlet (Model:
Busemann.M2.2.A0.60), located close to isentropic operational limit. Lastly, re-

sults for a high Mach number, high contraction inlet (Model: Busemann.M6.A0.1)



4.3. UNSTEADY METHODS OF STARTING 73

are presented.

Case 1: Low Mach Number, Low Contraction

A Busemann inlet (design conditions: Me = 2.2, AR = 0.74, r, = 1m), was
accelerated at various g-values to determine the efficacy of accelerative starting.
For this particular model, if the Mach number reaches a value close to (or higher
than) My, = 2.7, then this inlet will readily start. To avoid this situation, the
inlet was accelerated from M; = 0 to My = 1.9, operating at sea level. It was
found that even for such a low contraction inlet, 1200 g’s are required to establish
started flow in the manner described above. The acceleration phase was started at
time ¢ = O0ms and lasted for 55ms. It was determined that the same inlet could
also be started, if it was accelerated for ¢ = 217ms at 400g to a higher Mach
number M; = 2.5; the same was not fruitful at 200g.

To further understand the level of unsteadiness required for starting, scale
analysis for such an inlet (having entrance radius of 1 m) may be performed. If
the flight takes place under atmospheric conditions at sea level (density scale,
[p] = 1.225kg/m?; length scale, [L] = 1m; pressure scale, [p] = 101.325kPa),
then under these conditions, a, = g, [9][p]|L]/Ip] = g, - 1 x 1074, that is to say,
the inertial terms certainly play a significant role if g, is O(10*) or higher.

Additionally, the role of unsteadiness (i.e., how the flow differs from a quasi-
steady one) may also be evaluated by estimating the amount by which the free
stream velocity changes during the time period that it takes for a disturbance to

propagate from the entrance to the exit of an inlet. In other words,

Au aAt _ aLinlet _ gNgL'inlet

c c c? c?
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where ¢ is signal velocity, and Ly is the length of the inlet. For an inlet of
length, L. = 10m, one gets AT“ = gy - 1 x 107 i.e., a significant unsteady

influence may be present if ¢, is O(10%) or higher.

Case 2: Low Mach Number, High Contraction

A 1m radius inlet having a contraction ratio of 1.67, was accelerated from MO to
M2.2, and after nearly a dozen simulations, it was determined that the inlet could
be started around 3000 g’s (it could not be started at 2500 g’s). The acceleration
phase was started at time ¢ = O ms and stopped at ¢ = 26.6 ms. Fig. 4.19 shows
a sequence of frames for the accelerative starting process. It should be pointed
out here that this inlet can not be started by over-speeding in the manner of

Article 4.2.1.

Case 3: High Mach Number, High Contraction

A Busemann inlet designed for Mach 6, having a contraction ratio of 10 was
subjected to extremely high accelerations. It was found that the inlet could be
started, if somehow, it was accelerated from rest to M4.1 at 20 000 g’s. It took
less than 20 000 g’s, if the inlet was accelerated for a slightly longer time, viz.,
starting at rest, go up to Mach 5.07 under g, = 15k. The acceleration phase was
started at time (¢ = Oms) and stopped at (¢ = 11.7ms). Fig. 4.20 shows a few
frames in the process; particulary, the coalescence of iso-Mach fronts, leading to
the formation of a shock wave, is interesting in Figs. 4.20(b-d).

This discussion is concluded with the observation that, for unstarted inlets,
impulsive inlet motion as well as rapid approaching flow Mach number changes
are both ineffective at g-values less than several thousand. It is unlikely that the

unsteady effects involved in the accelerative starting process will be harnessed
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Figure 4.19: Accelerative starting process—Case 2: Low Mach number, high contrac-
tion inlet (Model: Busemann.M2.2A0.6). Inlet being accelerated from rest to My, = 2.2,

at 3000 g’s.
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Figure 4.20: Accelerative starting in progress—Case 3: High Mach number, high
contraction inlet (Model: Busemann. M6C10). Inlet being accelerated from rest to Mo, =
5 at gy = 15k. Displayed time corresponds to an inlet of radius 0.776 m.
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by inlet designers of future space planes. It then begs the question: how were
earlier researchers able to start extremely high contraction inlets in the gun-tunnel
experiments? Perhaps, the answer lies in the initial conditions present in the
inlet; the trail veers to a new branch of investigation, leading to the next set of

simulations.

4.3.2 Frangible Structures

In a natural progression to accelerative starting, motivation in pursuing ways to
harness flow unsteadiness, eventually led to the possibility of employing a di-
aphragm in front of the inlet. The purpose of this diaphragm would be to provide
a near vacuum initial state inside the inlet, in a manner similar to low pressures
used in gun tunnels. Upon rupture of the diaphragm, high spatial gradients in
the flow would be imposed locally; possibly, this effect could lead to a started
inlet if the bow shock was fully swallowed. For organisational sake, the results
are classified into two separate categories according to the geometry used for the
diaphragm-—planar and conical. Although related, each case is discussed inde-

pendently below.

4.3.2.1 Planar Diaphragm

In this context, the first set of computations were performed with a planar di-
aphragm (perpendicular to free stream flow, located at the entrance plane) in an
attempt to start a full Busemann inlet. Various combinations of inlet contraction
ratio, free stream Mach number and inlet evacuation pressure were examined.
The general procedure was as follows: A diaphragm was placed at the inlet plane
with the exit plane also plugged (solid wall boundary). Then, the inlet volume

was partially evacuated (set to a low pressure). Then, steady flow was estab-
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lished, resulting in the formation of a bow wave in front of the inlet as shown in
Fig. 4.21a.

A noticeable shock motion was observed after instantaneous removal of the
diaphragm; the extent of this motion in the downstream direction depended on
the free stream Mach number as well as the initial conditions specified inside the
inlet volume. Figures 4.21-4.24 demonstrate the general principle applied to a
relatively low contraction geometry (Model: Busemann.M6.0A0.31.690.P0.85)%.
In the inlet parameter space, this geometry lies at a point, where it can not be
started by over-speeding, so that a start obtained here must be attributed to
unsteady effects.

Figure 4.21a shows steady state solution just prior to rupture, with a bow wave
situated ahead of the intact diaphragm. Figure 4.21b shows a rightward moving
shock and contact surface, and the leftward running expansion waves, 514us after
rupture. The expansion causes pressure to decrease behind the bow shock, causing
it to move inside the inlet. Figure 4.21c shows an oblique (locally conical) shock
at the lip, which allows the flow to turn in towards the inlet (before rupture, the
flow ahead of the diaphragm had a y-component of velocity); this oblique shock is
then overrun by the bow wave resulting in a merged near-normal shock, travelling
in the downstream direction.

Figure 4.22 shows flow evolution as the entire shock-train travels rightward;
the diaphragm shock (the right-most one) and the contact surfaces can be seen
leaving the computational domain.

Figure 4.23 shows normal shock moving slowly in the downstream direction,

and leaving behind, a partially started inlet. In this partially started inlet, up-

tHere, 8 = 90, indicates angle of diaphragm, i.e., planar diaphragm, perpendicular to flow.
P0.85 refers to the ratio of initial evacuation pressure to the static value in free stream.
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Figure 4.21: Planar diaphragm rupture—Isopycnics showing flow evolution for a rela-
tively low contraction inlet (Model: Busemann.M6.0A0.31), with initial internal pressure

of 0.85.



4.3. UNSTEADY METHODS OI' STARTING 80

After 2250 Time steps, 5.288812, dI=6.803604E-04, €543 Nodes present

M&.0A0.31.H%0..M6.0.P0.85, Density, Minf:=6, Min:=0, Max:=30

(a) after merger of bow-wave with the oblique wave, t = 18.4 ms.

After 30@0 Time steps, 5.799147, dT=6.80359E-04, 6602 Nodes present

P

M6.0A0.31.H90..M6.0.P0.85, Density, Minf:=6, Min:=0, Max:=30

(b) shock train moving in the downstream direction, ¢t = 20.16 ms

After 40@0 Time steps, 6.4795%4, dT=6.803604E-04, 5621 Nodes present

)

M6.CA0.31.H90..M6.0.P0.85, Density, Minf:=6, Min:=0, Max:=30

(c) diaphragm shock being swallowed, ¢t = 22.53 ms

After 47$0 Time steps, 6.989929, dIT=6.8036E-04, 4478 Nodes present

B

R

M6 .0A0.31.H90..M6.0.P0.85, Density, Minf:=6, Min:=C, Max:=30

(d) partially started inlet, ¢ = 24.30 ms

After 52$0 Time steps, 7.330152, dT=6.803603E-04, 3697 Nodes present

M6.0A0.31.H%0..M6.0.P0.85, Density, Minf:=6, Min:=0, Max:=30

(e) partially started inlet, ¢ = 25.50 ms

Figure 4.22: Planar diaphragm rupture—Isopycnics showing flow evolution for a Mach
relatively low contraction (Model: Busemann.M6.0A0.31) inlet, with initial internal pres-
sure of 0.85.
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Figure 4.23: Planar diaphragm rupture—Iso-Mach contours showing partially started
flow, t = 28.4 ms.

stream of shock, the flow is supersonic, i.e., it is Busemann conical flow. When the
shock is downstream of the origin, a conical shock must start to form. It was ob-
served that as the shock approaches the “origin” of this particular Busemann inlet
(Fig. 4.23), it appears to interact with the formation of the regular conical shock.
This interaction between a planar and a conical shock leads to multi-dimensional
phenomena, which appear to cause formation of a large vortex behind the moving
normal shock (structure is visible and more pronounced near the inlet surface).
Eventually, this new shock structure is also swallowed leading to a fully started

inlet as shown in Fig. 4.24.

Observed Trends

Low contraction inlets such as the M6.0A0.56.6090 (P1.0) start easily, perhaps not
surprisingly. Attempts were also made to start the M2.2A0.6.690 (P0.0001), one
of the high contraction models (Fig. 4.1 for reference, v.s.). Even at the extremely
low internal pressures (high pressure ratios across diaphragm), the inlet could not
be started. Similar attempts were also not fruitful for Models: M3A0.34.690
(P0.0001), M4C5.690 (P0.0001), and M6.0A0.10.090 (P0.00001).

Figure 4.25 shows a summary of results obtained for (Model: M6.0A0.31.690),

demonstrating the effects of free stream Mach number on the value of initial
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Figure 4.24: Planar diaphragm rupture—Isopycnics showing establishment of fully
started flow (Model: Busemann.M6.0A0.31).
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Figure 4.25: Effects of Mach number on required pressure, for starting with a planar
diaphragm, (Model: M6.0A0.31.690.M*.P*). Estimated computational cost to produce
this figure: 150 Tflop.

internal pressure that is required for starting. This result suggests that for the
case of a planar diaphragm, as one approaches the operational limit described
by Eq. (2.10), it also becomes harder to attain started flow under the aegis of
unsteady flow phenomena. It is clear that higher values of initial pressure ratio
across the diaphragm are conducive to unsteady starting.

Additionally, from the point of view of flow-evolution, it may be noticed that a
core of high density fluid exists behind the bow-wave. Due to the geometry of the
flow prior to rupture, a significant portion of this slug must be swallowed upon
rupture, and this can hinder starting if the inlet ever becomes choked. Thus, it
is desirable to minimise or eliminate this geometrical feature of the flow bechind
the planar diaphragm. Slight variation of the diaphragm geometry are introduced
below so that (upon rupture) the flow evolves differently, and leads to a fully

started inlet, rather than causing spontaneous unstarting after a partial start.
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4.3.2.2 Conical Diaphragm

In an attempt to establish steady started flow in a high contraction inlet, a set of
computations was performed with (Model: Busemann.M6.0A0.1), using instan-
taneous rupture of a new kind of diaphragm. For axisymmetric inlets, a simple
change in geometry was made, and the planar diaphragm was replaced with a
conical one. The general procedure was as follows: First, a conical diaphragm
was placed in front of the inlet, with its apex pointing in the upstream direction,
and with its base coinciding with the leading edge of the inlet. Second, the exit
plane was plugged and the inlet volume was partially evacuated; steady flow was
then established, resulting in a conical shock that was attached at the cone apex
as shown in Fig. 4.26. Lastly, the diaphragm was removed and the flow allowed
to evolve.

Figures 4.27-4.28 show flow development after a conical diaphragm having
a semi-vertex angle of 14 degrees was removed at Mach 6. It is clear that this
simple change in the diaphragm geometry leads to a fundamentally different shock
structure, as compared to the planar diaphragm case. The right running shock and
contact surfaces are initially both conical and head towards the axis of symmetry
as shown in Fig. 4.27a. The external conical shock is initially weak and further
made even weaker by the left running expansion waves. A shock wave is present

on the inside, attached to the inlet lip, allowing for the flow to turn inwards and

After 29056 Time steps, 60.487063 dT=9.398712E-04, 2897 Nodes present

M6.0A0.1.0h14.P0.01, Mach Number, Minf:=6, Min:=0, Max:=7

Figure 4.26: Conical diaphragm rupture—Iso-Mach contours showing steady flow with
intact diaphragm (Model: M6.0A0.16014.P0.01), ¢ = ¢y = 210.3ms. Inlet radius is 1 m.
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Figure 4.27: Conical diaphragm rupture: (a) iso-Mach contours at ¢ = 210.7 ms;
(b) velocity vectors at t = 210.8ms; (c) isobars at t = 211.2ms; (d) isopycnics at
t = 211.2ms; (e) velocity vectors at ¢t = 211.8 ms; (f) lines of constant temperature at
t =211.8ms.
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become parallel to the inlet surface. The general fluid motion is in the downstream
direction as well as towards the axis as shown in Fig. 4.27b.

The right running shock reflects off the axis as shown in Fig. 4.27¢, leaving
behind a core of high temperature (low density) mass near the axis (in this re-
gion, T = 8T,). A non-reflected portion of the shock becomes near-normal and
continues to move in the downstream direction; this is the right most structure.
The reflected shock is horizontal in orientation, and is moving towards the inlet
surface, away from the axis.

Close to the axis, Fig. 4.27d shows a shear layer (not present in the pressure
plot), separating the high-speed outer flow from the nearly stagnant inner mass as
shown in Fig. 4.27e; after shock reflection, high temperatures exists in this inner
mass, leading to relatively low density (p &~ 0.17ps). A bow-wave forms (more
visible in Fig. 4.28 than in Fig. 4.27d , in front of this slow-moving core (in this
region, M < 0.4, compared to M5.5 in the outer flow, above the slip layer). The
outer most flow (between the reflected shock and the inlet surface) is moving the
fastest (M = 5.5-7). Downstream of the slow-moving core, Fig. 4.27e shows the
flow catching up in speed as it goes around the lump. Figure 4.27f shows the high
temperature region trapped behind the slip layer, along the axis, as the overall
structure progresses downstream.

Figure 4.28 shows a sequence of frames, summarising the entire process. It is
clear, during this process that high spatial gradients exist in all flow variables. The
resulting flow is complex, neither steady nor one-dimensional, and is definitely not
restricted by the limiting criteria described in Articles 2.1.4 and 2.1.5.

From the gas dynamic viewpoint, this is indeed an attractive way of starting
inlets. It might be possible to use a higher initial pressure inside the inlet, or to

start at a lower free stream Mach number; these notions formed a basis for further
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Figure 4.28: Conical diaphragm rupture—Iso-Mach contours showing the overall flow
evolution after instantaneous rupture. ¢ = (212.9, 214.1, 215.5, 216.9, 218.3, 219.6) ms.
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study in examining effects of cone angle and free stream Mach number on starting

ability of the above model inlet.

Observed Trends

Results obtained with conical diaphragms show that starting occurs if the initial
internal pressure is reduced to a low value—typically one percent of the free stream
pressure. Attainment of started flow appears to be a function of this pressure as
well as the cone angle. This section presents a summary of the results from (Model:
Busemann.M6.0A0.10), obtained by systematic variation of these two parameters.

As noted earlier (Article 4.3.2.1), it is more difficult to start high contraction
inlets at low Mach numbers than at higher ones. On the other hand, it is desirable
to have an inlet started at a Mach number lower than its design value. To avail
this, one may consider at M, = 4.5 for instance, the effect of cone angle in
determining the highest initial pressure ratio that will permit starting.

Figure 4.29 shows a plot of highest permissible pressure as a function of di-
aphragm angle. From the results obtained, it is evident that in this parameter
space, there exists an optimal angle for the conical diaphragm. For the particular
model under consideration, this value appears to be ~ 35°, thereby significantly
relaxing the requirement on initial pressure. It should be pointed out that previ-
ous results were for M., = 6, where it should be much easier to start this inlet.
To examine this hypothesis, a set of computations was performed. Figure 4.30,
confirms this statement, and shows that at higher free stream Mach numbers, it
is generally possible to start with a higher initial pressure inside the inlet. Con-
versely, at low Mach numbers, as one approaches the isentropic limit described by

Eq. (2.10), it becomes increasingly difficult to attain started flow.
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Figure 4.29: Effect of cone angle on required pressure, for starting with a conical di-
aphragm. Rupture at M, = 4.5, (Model: M6.0A0.10.M4.5). Estimated computational
cost to produce this figure: 500 Tflop.
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Chapter 5

Concluding Remarks

A numerical study has been conducted to examine the effects of boundary-imposed,
high temporal and spatial gradients in flow on the inlet starting phenomenon. Re-
sults have been shown in the form of go, no-go answers for flow starting, through
a range of free stream Mach numbers, for different classes of inlets, at various
area contraction ratios. Methods and conceptual devices have been proposed to
facilitate unsteady starting.

It has been shown that simple starting and unstarting criteria, based on
the assumption of one-dimensional flow, hold well, even in multi-dimensional
flows/geometries. This implies that quasi-steady starting and unstarting pro-
cesses are dominated by inherently one-dimensional phenomena. It has been con-
cluded that unstarting takes place in fixed geometry inlets, when the flight Mach
number is reduced to the value that corresponds to sonic flow at the throat. It
has been found that for a high-contraction Busemann inlet, the lower limit on
Mach number described by isentropic area ratio is slightly optimistic (by +0.03
in Mach number)—that is, in practice unstarting takes place at higher values of

Mach number. It has been determined that after unstarting, the bow wave takes
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a relatively long time to reach a stable position; the oscillations are, of course, of
little consequence in an unstarted inlet.

Variable Mach number studies of fixed geometry Busemann inlets have shown
that the conical shock in Busemann flow is highly stable and that the shock
angle increases gradually with a decrease in free stream Mach number. There
exists a strong indication that multiple “design points” exist in the Busemann
inlet parameter space. Further research needs to be conducted to confirm this
hypothesis. The primary design condition for a Busemann inlet has been used to
verify computational tools.

It has been shown that slit-like perforations can be employed to achieve quasi-
steady starting. In this context, for an inlet designer, the issue is not how to
start an inlet using perforations, but how to remove perforations once the starting
process has come to completion. Mass flow relief, as provided by slits is essentially
a steady flow phenomenon. This is true even when the opening and closing of the
slits is a rapidly occurring process. Slit theory based on Prandtl-Meyer flow may
be used to estimate spillage through wall perforations based on two parameters,
viz., Mach number at the leading edge of the slit and the pressure ratio across the
slit. Results obtained from computational experiments, have been found to agree
with this analysis, indicating that flow spillage through slits may be represented
by Prandtl-Meyer flow in concert with the oblique shock theory. For a perforated
diffuser, starting takes place if a sonic line, at the leading edge of a slit, occurs at
an area ratio equal to, or higher than, that corresponding to Kantrowitz’ limit.
It has been found that in the unstarted mode, the flow coefficient typically has a
value between 0.2 and 0.6, and as a result, a large wall perforation area is required
to obtain flow starting in high-contraction inlets.

It has been shown that purely accelerative starting is generally not possible
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for inlets of any positive contraction, unless thousands of ¢’s of acceleration are
imposed. This is in agreement with scale-based analysis of accelerative starting.
Thus, boundary-imposed temporal gradients do not lead to sufficiently unsteady
flow phenomena so as to easily permit starting beyond Kantrowitz’ limit.

It has been proposed that removal of frangible structures, such as fast rupturing
diaphragms, be used to impose sufficiently high spatial gradients as are necessary
to permit starting beyond Kantrowitz’ limit.

It has been concluded that medium contraction inlets may be started using
planar diaphragms—in some cases, even without requiring initial evacuation of
the inlet. Effects of free-stream Mach number and initial pressure behind the
diaphragm, have been documented. Results suggest that as one approaches the
isentropic limit, it becomes more and more difficult to attain started flow under
the aegis of unsteady flow phenomena. It has been determined that higher initial
values of external to internal pressure ratio across the diaphragm are conducive
to unsteady starting.

It has been concluded that flow starting in high-contraction inlets can be facili-
tated by instantaneous removal of a forward-pointing conical diaphragm from inlet
entry. It has been demonstrated that optimal cone angles exist for diaphragms
of conical shape, and that it is easier to start a hypersonic inlet at high Mach
numbers. It has been shown that the starting problem becomes more difficult as

one approaches the isentropic limit in the inlet parameter space.
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Glossary

AMR Adaptive Mesh Refinement (classical red-green h-refinement)
CFD Computational Fluid Dynamics

CPDE Computational Partial Differential Equation(s)
DARPA Defense Advanced Research Projects Agency

ET External Tank(s)

LEO Low Earth Orbit(s)

MHM MUSCL-Hancock Method

MUSCL Monotone Upwind Scheme for Conservation Laws
NACA National Advisory Committee for Aeronautics
NASA National Aeronautics and Space Administration
NASP National Aerospace Plane

ODE Ordinary Differential Equation(s)

RBCC Rocket Based Combined Cycle

SRB Solid Rocket Booster(s)

SSTO Single Stage To Orbit

STS Space Transportation System
TVD Total Variation Diminishing
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UGG Unstructured Grid Generator
USAF United States Air Force
WWII World War 11
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