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Summary

This document contains the final report for AOARD-FA2386-09-1-4088
“Investigation of Innovative Lightcraft Designs for Hypersonic Air Breathing and
Rocket Flight by Beamed Energy Propulsion”.

The report has three parts, listed below.

Part 1: Lightcraft inlet design. The work conducted on the design of suitable
inlets for a lightcraft is contained in a Masters thesis by Alan Harrland. The
thesis outlines the innovative streamtraced design methodology and a number of
suitable lightcraft inlet designs. It also contains an analysis of laser detonation, a
system level analysis of lightcraft flight and analysis of a ground test model.

Part 2: Experimental ground testing. The lightcraft design documented in Part 1
was tested at the University of Southern Queensland’s hypersonic test facility.
This report documents these tests that includes both flow visualisation and
surface pressure measurements for a range of angles of attack.

Part 3: Future flight test progam. A feasibility study was performed to
investigate how a future lightcraft test program may be conducted. A multi-part
test program is described including trajectory and cost estimates.
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Lightcraft inlet design
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Abstract

The idea of laser powered lightcraft was first conceptualised in the early 1970’s
as a means of launching small scale satellite payloads into orbit at a much lower cost
in comparison to conventional techniques. Propulsion in the lightcraft is produced
via laser induced detonation of the incoming air stream, which results in the energy
source for propulsion being decoupled from the vehicle. In air breathing mode the
lightcraft carries no onboard fuel or oxidiser, allowing theoretically infinite specific
impulses to be achieved. Recently interest has been renewed in this innovative
technology through cross-continent and industry research programs aimed at making
laser propulsion a reality.

In a ground launched satellite, the vehicle must travel through the atmosphere at
speeds greatly in excess of the speed of sound in order to achieve the required orbital
velocities. Supersonic, and in particular hypersonic, flight regimes exhibit compli-
cated physics that render tradional subsonic inlet design techniques inadequate. The
laser induced detonation propulsion system requires a suitable engine configuration
that offers good performance over all flight speeds and angles of attack to ensure the
required thrust is maintained throughout the mission. Currently a hypersonic inlet
has not been developed for the laser powered lightcraft vehicle.

Stream traced hypersonic inlets have demonstrated the required performance in
conventional hydrocarbon fuelled scramjet engines. This design technique is ap-
plied to the laser powered lightcraft vehicle, with its performance evaluated against
the traditional lightcraft inlet design. Four different hypersonic lightcraft inlets
have been produced employing both the stream traced inlet design methodology,
and traditional axi-symmetric inlet techniques. This thesis outlines the inlet design
methodologies employed, with a detailed analysis of the performance of the lightcraft
inlet at angles of attack and off-design conditions. Fully three-dimensional turbu-
lent computational fluid dynamics simulations have been performed on a variety of
inlet configurations. The performance of the lightcraft inlets have been evaluated at
differing angles of attack. An idealised laser detonation simulation has also been per-
formed to verify that the lightcraft inlet does not unstart during the laser powered

propulsion cycle.
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1 Introduction

1.1 Background information
1.1.1 What is a lightcraft

Conventional rocket technology involves the launching of satellite payloads into orbit via
the means of chemical propellants. Current rocket technology is inherently expensive -
a figure of $10,000/kg of payload is typically considered ‘best practice’ (Salvador, 2010),
with typical payload fractions of 3-4% (Langener et al. , 2009). This is due to the large
amounts of chemical propellant required to be carried during launch. Both fuel and
oxidizer are required during launch of traditional chemical rocket, resulting in significant
mass penalties. One method of improvement is through using air breathing engines,
such as ramjets and scramjets or combined cycle engines. These vehicles do not carry
an on-board oxidizer, atmospheric oxygen is used instead either completely replacing or
supplementing the requirement for on-board oxidizer. These types of vehicles are able
to substantially increase the mass fraction carried by removing the weight penalty of
carrying an oxidizer. Scramjets typically employ hydrogen or a hydrocarbon as the main
fuel source. There are significant difficulties with traditional hydrogen fuelled scramjet
engines. Hydrogen has a very low molecular mass, resulting in large volumes required
for realistic flight missions (Segal, 2009). Hydrocarbon fuels such as kerosene or jet fuels
have been proposed, however the residence times within scramjet combustors result in
long flowpaths which add significantly to the vehicle drag.

The laser lightcraft vehicle is a novel concept which goes one step further than the
high speed air breathing concepts by removing the need to carry both the oxidizer and
fuel on board (Kantrowitz, 1972). In the laser propelled lightcraft, the energy source
for flight is provided by a ground based laser. The laser energy is used in the craft to
provide forward momentum, leaving the heavy propulsion energy system in the form of a
re-usable ground based infrastructure. Lightcraft will operate in either air breathing or
ablative propulsion modes (Myrabo et al. , 1998), depending on the phase of the launch.
Air is utilised as the propulsion medium during flight within the sensible atmosphere.
The incoming air is initially compressed by the lightcraft forebody, then energy is added
to the air stream via focused laser energy. A detonation wave is formed by focusing this
laser beam adjacent to a thrust surface, thereby breaking down the air and forming a hot

a plasma. The expanding wave is then used to provide the craft with the required thrust.



When the Lightcraft exits this region of usable atmosphere, the laser is then used to heat
an ablative fuel source providing anaerobic propulsion.

By decoupling the main power source from the vehicle, lightcraft designs are very
simple with little to no moving parts in their current form. This leads to a relatively reli-
able, lightweight and economically advantageous prospect for frequently and repetitively
launching small earth-to-orbit satellites. Current designs are envisaged to be single-stage
to orbit, and completely reusable. High specific impulse values are possible from the
lightcraft engine; in air breathing mode the working medium is air, with the energy being
provided by a ground-based laser - no on board fuel is required to be carried. During
air-breathing flight, the specific impulse of the Lightcraft can be theoretically infinite.
In the case where non-air breathing flight is required (i.e. in an earth-to-orbit satellite
launch) the specific impulse is very high as the only fuel carried is the ablative propellant
required for the non-air breathing stage. With this decoupling of the fuel source from
the launch vehicle, and the re-usability of the ground based laser, the costs of launch can
be significantly reduced. A study performed by Myrabo et al. (1998) suggests that for
payload sizes of approximately 1 to 10kg, costs of as little as $100/kg can be realisable
in the foreseeable future. High payload mass fractions are achievable, in the order of 50-
95% (Davis & Mead Jr, 2007). The economic benefits of Lightcraft vehicles are substantial
when compared to conventional rocket systems. A life-cycle cost analysis conducted Davis
& Mead Jr (2007) has placed the launch to lower earth orbit cost per kilogram of payload
of a Lightcraft at $532/kg. This is 41 times lower than the standard industry cost of
$22,000/kg for a conventional chemical propulsion rocket. The majority of the costs lie
in the initial purchase of the laser, which effects would be substantially reduced when
frequent launches occur.

Further benefits lie in the increased safety of the laser powered propulsion system
(Mead Jr. et al. , 2005). With the removal of chemical propulsion there would be no toxic
fuels, no explosive hazards and no large, environmentally unfriendly propellant farms.
The launch infrastructure would also be significantly reduced - there would be no re-
quirement, for motorised tractors to shift vehicles, no skyscraper gantries and the number
of mechanics and technicians on standby would be significantly reduced. The lightcraft
would be simply wheeled onto the launch pad by a small cart when required.

Current conceptual and experimental designs of Lightcraft consist of three main sec-
tions; the forebody, the engine cowl and the afterbody - shown in Figure 1.1. The conical

forebody acts as both an aerodynamic shape for providing lift to the craft, and a super-



sonic ramp to compress the incoming air before it enters the engine cowl for combustion.
The engine cowl acts as both an inlet and an impulsive thrust surface for the combus-
tion. The parabolic afterbody acts as both a primary receptive optic for the incident laser

beam, and an expansion nozzle for the heated exhaust flow.
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Figure 1.1: Current lightcraft configuration

1.1.2 Current flight achievements

An experiment involving the launch of a flight demonstration vehicle to a significant
altitude (0.6km and 1km) using the existing laser at the High Energy Laser Systems Test
Facility (HELSTF) and White Sands Missile Range (WSMR) was performed (Myrabo
et al. , 1998). 14cm diameter vehicles of 50-60gm were flown on a 10kW pulsed carbon
dioxide laser, which operates with 10kJ pulses at 10 Hz, with a 30us pulse duration. Spin
stabilized, free vertical flights up to an altitude of 4.27m were achieved. Horizontal, wire
guided flights of 121.3m were also performed.

In Germany, parabolic lightcraft have been flown in experimental conditions to an
altitude of 1.7m (Scharring et al. , 2008). The lightcraft were of parabolic nozzle shape,
with height 62.5mm and 100mm base radius. A pulsed carbon dioxide laser, operating at

200J pulse energies with a 10us pulse duration repeated at a frequency of up to 40 H z.

1.1.3 Current limitations/design challenges

Current laser technologies do not provide sufficient power to launch a lightcraft to LEO.
The necessary laser power required to launch useful payloads is in the order of 1T0MW
for orbit-to-orbit maneuvering, and 1GW for Earth-to-orbit launching (Birkan, 2007).

Current laser technologies can only provide power levels of a few MW for continuously



working lasers, and average powers of a few hundred KW average power for pulsed lasers.
There does however appear to be no theoretical limit to the scaling of laser systems, and
it is believed that the power requirements of laser powered lightcraft vehicles can be met
by future development of current laser technology. The major obstacles for laser energy

transmission outlined by Birkan are;

1. Atmospheric absorption and scattering by particulates. It has been found, however,

that this effect can be reduced by choice of laser wavelength
2. Thermal blooming due to the heating of the air in the laser beam’s path
3. Refraction and scattering of the beam by atmospheric turbulence

4. Optical losses such as mirror absorption, scattering, etc

The amount of thermal blooming that occurs depends on both the wavelength and the
peak intensity of the laser beam. Generally, the longer the wavelength of the laser, the less
thermal blooming that occurs. However longer wavelength beams require larger reflective
mirrors, which adds difficulty in the fabrication and operation of such systems. The 11.2
micron wavelength has been suggested as the optimum compromise (Davis & Mead Jr,
2007). Significant effort is currently being applied to laser systems in the lightcraft com-
munity, with technology fast approaching the required levels for vehicle launch.

An area where lightcraft development is lacking is in inlet designs for supersonic and
hypersonic speeds. Currently there has been no detailed investigation into hypersonic
inlets for the lightcraft, with the minimal effort that has been expended concentrating
on subsonic inlet designs. As a well designed inlet is essential for all types of hypersonic
vehicles, it is important that is is addressed such that it does not become a limiting
factor in vehicle development. The interaction between the air-breathing inlet and the
laser induced detonation engine is also not well understood, with research only beginning

recently (Salvador, 2010).

1.2 Aim of thesis

This thesis addresses the current gap in knowledge of lightcraft systems by documenting
the design and evaluation of an air-breathing hypersonic inlet for the lightcraft vehicle.
Hypersonic inlet design techniques have been produced for a notional lightcraft, with the
performance compared through numerical simulation. This work documents the inlet de-

sign process in sufficient detail such that future investigations into hypersonic lightcraft



(and conventionally fuelled scramjet) inlets may use this text as a base to further ex-
tend the knowledge in this area. In addition to the aerodynamic performance of the
lightcraft inlet designs, this work aims to augment the understanding of the inlet process

by investigating the effect of the laser induced detonation wave on the inlets behaviour.

1.3 Remainder of thesis

The content of this thesis is divided into eight chapters, with appendices attached at the
end. Chapter 2 begins the main body of the work with a critical literature review of the
relevant past and present research into laser propelled lightcraft vehicles and hypersonic
inlet design. The current state of knowledge, and the specific gaps in the research are
documented to provide a basis for the motivation of this work. In Chapter 3 a system
level analysis of the lightcraft mission is produced. This investigation is important as it
sets the baseline requirements and constraints of the lightcraft flight. From the system
level analysis, the atmospheric conditions used in the inlet design can be defined.

Once the design conditions for the inlet have been obtained from the system level
analysis, the lightcraft inlets can be produced. Chapter 4 provides a detailed outline of the
inlet design process. The four hypersonic inlet design techniques are presented in a fashion
that would allow the reader to reproduce quickly and easily. After the establishment of
the four inlet designs, numerical simulations are performed in the computational fluid
dynamics code, Fluent. Chapter 5 presents the results from the numerical simulations.
The behaviour of the inlets at both on and off design conditions is discussed. Chapter 6
uses the results from the inlet simulations to quantitatively compare the performance of
the inlets across a range of performance parameters.

Chapters 3 through 6 are the bulk of the work of the thesis, with Chapters 7 and 8
containing ancillary simulations and conclusions, respectively. In Chapter 7, the method
of operation of the laser induced detonation engine and its interaction with the lightcraft
propulsion system is investigated through a transient detonation wave simulation. An
inlet self-start simulation is also performed to verify the starting of the model within the
experimental gun tunnel conditions. Chapter 8 then concludes and summarises the work
contained within the thesis, and also provides an outline of the future work that may
follow this thesis.

Appendices follow, containing the codes produced (trajectory analysis and stream

tracing code) and a list of references.



1.4 Outline of new work contained in thesis

The body of new work performed in this thesis is;

e A trajectory study performed for the specific lightcraft application. Although stud-
ies similar to this have been performed before, an improved hypersonic aerodynamic

lift and drag model has been incorporated, as well as a propulsion system model.

e Four hypersonic inlet designs for the lightcraft have been produced. Theses inlet
designs have addressed the requirement for a hypersonic inlet for the lightcraft
vehicle. The inlets apply traditional scramjet inlet design methodologies, suitably
adjusted for the lightcraft propulsion system. The axi-symmetric stream traced inlet
design technique, although adapted from the stream traced design technique, has

not previously been performed for any vehicle.

e The performance of the hypersonic inlet designs have been quantitatively compared
for the lightcraft case study. A direct comparison has been performed, giving com-
parable data for a range of inlet designs. This data is of use for all airbreathing

hypersonic vehicles, not just lightcraft.

e The performance of the hypersonic inlet designs and their sensitivity to vehicle
angles of attack has also been investigated. No numerical simulations for stream

traced inlet designs at angle of attack have been previously produced.

e A point source detonation numerical simulation for the stream traced inlet design
model using laser induced detonation theory has been produced at hypersonic flight
conditions. This simulation has been used to verify the operation of the inlet at

hypersonic speeds.

e Gun tunnel starting numerical simulations have been performed to ensure successful

operation of the inlet during gun tunnel experimental testing.



2 Literature review

2.1 Introduction

The idea of Laser Propelled Lightcraft Vehicles was first conceptualised in the early 1970’s
(Kantrowitz, 1972) as a means of achieving low cost earth to orbit payload launches. The
concept of using beamed laser energy as a propulsion system stemmed from research into
laser induced breakdown of gases performed in the previous decade (Pirri & Weiss, 1972).
A similar system was proposed in the same year involving a space-based laser rocket (Mi-
novitch, 1972). Research interest was continued in the 1980’s by the Strategic Defense
Initiative Organisation (SDIO), with both air breathing and ablative rocket powered con-
figurations considered (Cook, 2008). Laser propulsion fell out of favour with the SDIO,
as it was unable to produce systems capable of demonstrating a real applicability. As
the SDIO program was winding up, interest in the laser powered propulsion system was
renewed by NASA (Rather, 2003).

A number of extensive reviews of lightcraft history developments have been previously
published (Salvador (2010), Phipps et al. (2010), Komurasaki et al. (2006), Pakhomov
(2007) and Phipps et al. (2009)), and as such will not be detailed in this thesis. In-
stead, the focus of this literature review has been on the laser propulsion system, current

lightcraft inlets and the inlet design methodology.

2.2 Laser propulsion system
2.2.1 Introduction

Thrust is generated in the lightcraft vehicle by focusing a high powered laser beam adja-
cent to a solid surface. When the laser beam is intensified, the working gas is broken down
and a detonation wave is formed. This wave then imparts an impulse on the adjacent
surface, generating the desired momentum (Feikema, 2000). Due to the disruptive nature
of the ionization and plasma generation process, the laser induced breakdown has been
likened to a nuclear explosion, or fireball. Either a steady state or continuously working
laser pulse can be employed in thrust generation, however it has been found that the
plasma created by a steady state laser propulsion system is inherently unstable (Simons
& Pirri, 1977). By pulsing the laser at a duration that is sufficiently short, the thrust
generation can be highly efficient and much more stable.

The pulsed laser induced detonation process is complex, involving many different phys-



ical phenomena occurring during the intermittent laser pulses. Quantum electrodynamics,
optics, fluid mechanics, gas dynamics and high temperature plasma dynamics all play a
role in the laser induced detonation wave formation (Salvador, 2010). The laser induced
detonation process can be divided into three stages, all of which occur in the minute time

scales between consecutive pulses, which can be less than the order of ten microseconds:

1. The initial air breakdown, where ionization occurs in the cold gas and the initial

plasma appears

2. Interaction between the between the remainder of the laser pulse energy and the

initial plasma gas

3. Formation of the detonation process, where the blast wave relaxes in an unpowered

manner across the thrust surface.

The three stages are then followed by the extinction of the detonation wave.

When the focused energy of the pulsed laser beam is higher than the threshold value
of the gas, the initial optical breakdown stage occurs. The breakdown stage is arbitrarily
defined, typically being the electron concentration required to cause significant absorption
and scattering of the incident laser radiation. The combination between the initial break-
down and formative growth stages is very small, the duration being a few nanoseconds or
less. The molecular working gas is broken down into the ionized plasma via two processes;
cascade ionization (the inverse Bremsstrahlung effect) and multiphoton ionization.

In cascade ionization, free electrons absorb electromagnetic radiation and undergo
random oscillating motion, causing collisions with surrounding atoms. If the electron has

sufficient kinetic energy, neutral particles can be ionized by collision (Salvador, 2010);

e +M—2e +MT" (2.1)

Kinetic energy is converted to other forms, and the resulting free electrons have a
lower kinetic energy due to the collision. The laser radiation then again re-accelerates
the electrons, increasing the kinetic energy to a point where they are both able to ionize
another atom, causing ‘cascade’ effect of the number of free electrons available. If the gas
pressure, pulse duration and laser intensity are sufficiently large, gas breakdown can be
caused by the ionization and resulting exponential increase in the number of free electrons
(Morgan, 1975). If the intensity of the beam is not strong enough, loss processes slow and

prevent the cascade effect.



The second process, multiphoton ionization, increases the number of free electrons
through the ionization of particles by the absorption of photons. When particles absorb
photon energy above the particle ionization energy, electrons are caused to detach from

the atom.

M +mhv — e +M" (2.2)

The multiphoton ionization process requires significantly higher laser intensities, and
as such plays a much smaller role in the generation of the plasma cloud.

The ionization process occurs faster than the pulse duration of the laser, and therefore
finishes while the laser pulse is still focused on the plasma. This results in additional
energy being added to the highly ionized, conducting and hot expanding plasma. Free
electrons in the working gas are continually accelerated until the end of the laser pulse.
The plasma begins to move up the laser beam, until the pulse ends. During this period
multiple plasmas may interact and combine.

A blast wave front exists due to the high amount of energy absorbed by the plasma.
The front then expands across the surface, imparting thrust to the lightcraft. If the
time of the pulse is short such that the plasma remains close to the momentum surface,

momentum is imparted and thrust can be generated.

2.2.2 Modelling of the laser induced detonation process

There have been a number of attempts to analyze and model the physics behind the
generation of thrust by the plasma, both experimentally and analytically. Reilly et al.
(1979) have developed a simplified parametric model of the flow field produced by a high
energy laser beam incident onto a non-ablative surface, based on the work of Raizer (1965).
The flowfield present due to the laser supported detonation process can be generally
classified into two different regimes, dependent on laser intensity. The laser supported
combustion (LSC) wave has been observed at flux levels in excess of 3 x 10* W/cm?, while
the laser supported detonation (LSD) wave is apparent in flux levels around 107 W/cm?
and above. Figure 2.1 illustrates the flow regimes present for both types of laser supported

waves. A transition flowfield often occurs between these intensities.
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Figure 2.1: Schematics of flow regimes: a) LSD wave; b) LSC wave (Reilly et al. , 1979).

The surface pressure time histories for the laser supported detonation wave can be
described in terms of two characteristic time scales, as shown in the z—¢ diagrams (Figure
2.2). In these diagrams, 7, represents the pulse length, 7, the axial relaxation time and
Top 18 the radial relaxation time. The more important time scale in describing the process
is the radial relaxation time, which represents the time taken for the rarefaction wave

from the detonation wave outside edge to reach the spot centre. This is given by

Top = Rrsp/Clrsp (2.3)

where R, is the laser spot radius, and Cpgp is the sound speed in the hot plasma.
For a laser supported detonation wave, the sound speed is typically taken as half of the

detonation wave velocity (Reilly et al. , 1979).
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Figure 2.2: x — t diagrams of constant flux LSD (Reilly et al. , 1979).

The initial surface pressure conditions, based on complete absorption of the laser flux

into the detonation front is given by (Raizer, 1965);

2y
11771 poV7
Prsp = {rer ] PorLsp (2.4)
2y (v+1)
where
177
Visp = {2(72 — 1)] (2.5)
Po
Here Vysp is the initial laser supported detonation (LSD) wave velocity in ms~!, and

I is the laser intensity in Wm™2, pg is the density of the working gas in kgm =3 and ~
is the ratio of specific heats of the working gas. These equations are used to establish
the flow and thermodynamic properties of a blast wave that has evolved to cylindrical
geometry adjacent a flat plate. The solution to the pressure and velocity profiles are then
found employing the method of characteristics, with typical pressure and velocity profiles

shown in Figure 2.3.
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Figure 2.3: Radial pressure and velocity profiles at time ¢ (Reilly et al. , 1979).

Feikema (2000) presents a similar approach to obtaining an analytical solution to the
LSD wave, again based on the work of Raizer (1965). In this case Sedov’s unpowered
scaling laws are used to quantify the time dependent conditions of the detonation wave

front for axi-symmetric and isentropic conditions (Sedov, 1959).

P/PREF = (t/tREF)_l ;T/TREF — (t/tREF)l/Q (26)

where Prpr can be expressed as the maximum pressure on the exerted on a flat plate

thrust surface by the detonation wave

Prer = Prsp (2.7)

The value tggp corresponds to the time taken for the blast wave to become completely

cylindrical. The reference time is therefore given as

rLsp  2TLsp

lREF = Top = (2.8)

Crsp  Visp
A simple thermodynamic relation for the expansion of the plasma is then assumed,
and using an equation of state and compressibility factor, Z, the temperature of behind

the front can be calculated.

T = C%SD
= TZRT/IIJ

where M is the molecular weight and R, is the universal gas constant. These first-order

estimates neglect real gas effects such as excitation, dissociation and recombination, how-
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ever they are suitable for generating initial estimates of the behavior of the laser induced
detonation wave. Richard & Myrabo (2005) use this method to perform a performance
analysis of the laser propelled lightcraft vehicle. The performance of the lightcraft design
was evaluated at a range of flight speeds and altitudes.

Woodroffe et al. (1979) extend these preliminary studies to examine the interaction
of the laser induced detonation wave and a surface with a supersonic cross flow. In
these experiments, a 200-J-pulse C'Oy laser with 10us pulse length was used in a mobile
supersonic free jet wind tunnel operating at Mach 2.8. Impulse data was obtained through
quartz pressure gauges with visualization via a shadow-graph system and a movie camera
operating at 40,000fps. The behavior of the laser induced blast wave when it interacts
with supersonic flow is illustrated in Figure 2.4. At low laser laser intensity levels (in the
laser supported combustion regime) there is little interaction between the plasma and the
supersonic flow. At higher flux levels leakage of the plasma into the upstream boundary
layer creates an oblique shock wave. The resulting oblique shock wave then interacts with

the blast wave, producing further secondary shock structures.
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Figure 2.4: Laser induced flowfield in supersonic cross-flow (Woodroffe et al. , 1979).

Numerical models of the laser detonation process have been developed to solve the com-
plex two-dimensional, axi-symmetric, unsteady, fully compressible Navier-Stokes equa-

tions coupled with laser radiation under certain conditions (Birkan, 2007). Due to as-
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sumptions however, these state of the art models cannot accurately simulate systems
operating at high power levels. The issues involved with high power laser systems sum-

marised by Birkam are;

1. Diffraction of the laser beam due to the finite aperture of the lens and refraction

due to the inhomogeneous refractive indexed within the plasma are not included
2. Generalised six-dimensional wide-band plasma re-radiation is not considered
3. Plasma chemistry is not included
4. Transient, three-dimensional models are not available
5. Turbulence is not considered.

Research has focused on developing an understanding of the mechanisms of optical break-
down, laser supported detonation waves, blast wave/flow field interaction and an under-
standing of the loss mechanisms present. Numerical codes developed to model the laser
powered propulsion system range from simple detonation wave models (Brode, 1955) to
complicated models accounting for plasma dynamics (Ghosh & Mahesh, 2008) and can
be divided into two main categories - explosion point source and plasma dynamic models.

Ghosh & Mahesh (2008) have investigated the physical complexity required in the
detonation wave modelling to adequately resolve the flow features observed in experiments.
The flow field resulting from the deposition of laser energy into air is modelled by the
Navier-Stokes equations, with radiation losses after the formation of the plasma spot
assumed to be negligible. Three levels of physical complexity are considered, and the effect
on the resolved flow field examined. The first model neglects real gas effects, and hence
air is modelled as an ideal gas. The second model considers the effects of dissociation,
ionization and recombination of different species in a 11 species model of air. The third
and most complicated model also considers the effects of pressure variation on the gas
properties. Quite significant difference in the results were observed between the three
different models, verifying the requirement for complex physical numerical models when
simulating plasma generation flow fields.

Explosion point source models have been applied as an effective tool for investigating
the dynamics of the laser propulsion system in lightcraft engines. Katsurayama et al.
(2003), in their preliminary feasibility study of a pulse laser ramjet vehicle, have conducted

an explosion source model to analysis the effect of the laser induced detonation wave
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during lightcraft flight. In the numerical simulations, the explosion source was modelled
as a pressurised volume centred at the laser focus which was then used to validate an
analytical engine cycle analysis. Figure 2.5 shows the evolution of the detonation wave in

a supersonic ramjet lightcraft at Mach 5 and an altitude of 20km.

(a) At#=12 ps
(Pmm= = 227 abm, po;. = 2.1 ® w2 atm, dp
0.11 atm)

(b) At t=120 ps.

(Purmx = 4.63atm, p.;, = 2.1 = 1077 atm.dp =
0.23 atm)

(c) At t =38 ps.
(P = 427 atin, pui. = 2.0 = 10727 atm.dp =
0.21 atm)

Figure 2.5: Pressure contours of a laser supported detonation wave (Katsurayama et al.
, 2003).

2.2.3 Research developments

Minucci (2008) gives a detailed report on the developments in beamed aerospace propul-
sion occurring in the Prof T Nagamatsu Laboratory of Aerothermodynamics and Hyper-
sonics in Brazil. Activity began in 2000, when it was first suggested that a laser beam
be implemented to provide a heat source for directed energy air spike (DEAS) experi-
ments. The initial experiments were conducted in a 0.3m Hypersonic Shock Tunnel that
was employed to generate high, medium and low enthalpy hypersonic flow conditions. A
single Transversely Excited Atmospheric pressure Carbon Dioxide Laser of pulse energy
4.5 Joule was used to initiate the DEAS, with a second similar laser added at a later

stage. The two laser set-up allowed both single and double laser pulse experiments to be
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carried out. Results were captured via both a high speed CCD camera and time-lapse
photographs.

In 2005 a Schlieren visualization system integrated with a high speed camera was
developed in conjunction with an improved laser delivery system. Figure 2.6 is a time lapse
sequence of the visualization technique, showing the resulting flow structure from laser
energy deposition in a supersonic flow stream. Laser energy is deposited upstream of a
blunt body, and can be clearly seen to disrupt the upstream flow structure. Measurements

of surface pressure and surface heat flux could also be measured.

Figure 2.6: Time history of the generation and extinction of two laser supported DEAS
in medium enthalpy flow (Minucci, 2008).

Following the DEAS investigations, the facility was upgraded to perform beamed en-

ergy propulsion experiments in both the air-breathing and rocket propulsion stages of
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flight (Salvador, 2010). Flow Mach numbers of 6-25 are being investigated, with the
setup allowing different laser pulse intervals to be investigated during the hypersonic use-
ful test time. Pressure transducers and heat flux gauges employed to allow measurements
at a number of points on the test model, being the model inlet, the laser energy addition
zone, cowl and nozzle exit. The geometry of the experimental set-up is shown in Fig-
ure 2.7. The research aims to investigate the time-dependant pressure profiles over the
lightcraft engine surfaces, and provide visualisation of the expanding blast wave and its
interaction with the incoming hypersonic flow. This will allow the prediction of generated

thrust within the supersonic and hypersonic flow regimes.
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Figure 2.7: Schematic of two-dimensional laser propulsion experimental setup (Minucci,
2008).

2.3 The lightcraft vehicle inlet

The lightcraft vehicle operates in air-breathing mode during its ascent of the sensible
atmosphere. Sufficient air must therefore be delivered throughout the lightcraft flight.
This implies that an suitably designed inlet is required to deliver the atmospheric air to
the laser induced detonation engine. A limited number of different air breathing inlets for
the lightcraft project have been produced, with supersonic and hypersonic aerodynamic
performance consideration remaining either unpublished or non-existent.

Two main configurations of lightcraft inlet are currently being investigated - external
laser induced detonation and internal laser induced detonation. The two configurations

can be seen in Figures 2.8 and 2.9. The difference between the two designs is in the
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way the laser beam is focused. The internal laser induced detonation configuration uses a
traditional bell nozzle rear optic to focus the laser energy along the axis of symmetry of the
craft, and air is delivered by an axi-symmetric, internal compression inlet. The external
laser induced detonation configuration focuses the laser energy in an external annular
ring around the lightcraft centre-body, with air delivered by an external compression axi-
symmetric (typically conical) forebody. Slight variations exist on both designs, however

the underlying principles remain the same.

Figure 2.8: Current lightcraft inlet configuration; internal laser induced detonation (Ushio
et al. , 2004).
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Figure 2.9: Current lightcraft inlet configuration; external laser induced detonation.

Research for the internal laser induced detonation configuration is centred in both
Germany (Scharring et al. , 2008) and Japan (Ushio et al. , 2004), comprising of both
theoretical and experimental investigations. Scharring et al. (2008) have conducted sub-
sonic flight tests of parabolic lightcraft engines, in both air breathing and ablative rocket

propulsion modes. The configuration employed in the experiments is shown in Figure
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2.10, which has a bell diameter of 100mm, and a height of 62.5mm. Laser energy is
transmitted into the rear of the bell nozzle, with the focal point of the parabolic shape
being incident on a ‘firing pin’. The firing pin can be removed in experiments, or coated
with an ablative fuel source. A laser induced detonation wave is initiated at the focal
point, and expanded out the rear of the nozzle. Free flights up to a range of 1.7m were
performed with this configuration. Ushio et al. (2004) have performed a feasibility study
of the laser powered lightcraft configuration shown in Figure 2.8. The performance of the
craft during supersonic air-breathing ‘ramjet’ mode is defined by calculating the coupling
coefficient for a number of flight conditions using a numerical explosion source model.
Strangely, the geometry employed in the numerical simulation is that of the external laser
induced detonation configuration - possibly due to the availability of data for this config-
uration. It appears that in both investigations, the information on the inlet design and

its applicability to higher flight velocities again remains unpublished, or does not exist.

Figure 2.10: Lightcraft nozzle configuration utilised in flight experiments performed in
Germany (Bohn & Schall, 2003).

The external laser induced detonation configuration appears to be the more popular
configuration, mainly due to its ease of integration with ancillary equipment such as
payload and flight electronics. Using an annular inlet external to the craft, a higher degree
of flexibility exists with regards to payload location. The majority of the research on this
configuration stems from the United States of America, with the Lightcraft Technology
demonstrator project (Davis & Mead Jr, 2007).

In the late 1980’s, Prof. Leik Myrabo of the Rensselaer Polytechnic Institute (RPI)
introduced the laser propelled trans-atmospheric vehicle concept (Myrabo et al. , 1998).
The concept envisaged a combined cycle, laser powered engine would launch a 120kg

dry mass, 1.4m diameter lightcraft with a mass fraction of 0.5 into orbit. The study

19



aimed to demonstrate that a laser powered propulsion system could successfully launch
sensor satellites into orbit for less than $1000/kg production cost, and a launch cost of
less than $100/kg. Although these ambitions have been scaled back, similar costs are still
believed to be achievable for vehicles of size 1kg to 10kg. Several different Lightcraft design
configurations were examined during the experiments, as shown in Figure 2.11. Due to
the inlet configuration being chosen for subsonic flight tests, a closed cowl configuration
(Vehicle A, Figure 2.11) was employed. Inlet performance during the hypersonic regime
was either not considered, or deemed unimportant for the preliminary flight tests.

Wehicle Label Description Vehicle Shape

A Final flight configuration. Closed
inlet reverse-curved nozzle.
Parabolic optic and rounded nose.

E Original baseline, open inlet. Same
optic and nose as configuration A,

E-C Same as configuration E but closed
inlet.
P Closed inlet with cowl tangent to

forebody contour,

oo

Figure 2.11: Laser propulsion testing inlet configurations (Myrabo et al. , 1998).

Langener et al. (2009) have performed a study on the Lightcraft Technology Demon-
strator inlet aerodynamics. Numerical simulations were performed up to flight speeds of
Mach 5 for three differing axi-symmetric forebody geometries based on either parabolic
or power law shapes. The coefficient of drag was established for each geometry. Re-
sults of their simulations are shown in Figure 2.12, where coefficient of drag is plotted
against Mach number for three different conical forebody geometries. Although this study
has performed supersonic numerical simulations on the lightcraft configuration, only the
design of the conical forebody and its impact on vehicle drag has been examined. No

consideration to the inlet performance in relation to the laser induced detonation process
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has been considered. Further, the inlet performance and sensitivity to changes in flight

conditions has not been evaluated.
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Figure 2.12: Coefficient of drag for lightcraft forebody configurations (Langener et al. ,
2009).

2.4 Hypersonic inlet design
2.4.1 Introduction

Conventionally fueled hypersonic vehicle combustion systems traditionally consist of five
main sections; compression ramp, inlet, isolator, combustor and expansion nozzle. Due to
the inherent coupled nature of hypersonic vehicles, the designer is required to approach
the design in a holistic manner. The compression ramp typically provides the majority of
the freestream compression, and is integrated into the vehicle forebody. The hypersonic
inlet then compresses and delivers the incoming air flow to the engine. An inlet isolator
serves to contain the shock train, and provide some isolation of the flow before it enters
the combustor. In the combustor, heat is added to the flow. The hot gases are then
expanded in the nozzle to produce thrust.

Although the fundamental principles of compressing an incoming flow, adding heat and
then expanding the hot gases to reclaim the kinetic energy apply to the lightcraft vehicle,
the method of energy addition to flow renders the final design significantly different to
a conventional hypersonic vehicle. The pulsed laser detonation engine does not require
flow features such as combustors or flame holders, and hence the combustion system is

much reduced. The laser induced detonation engine requires a system that delivers the
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air with minimal flow losses, providing an efficient platform for the expansion of the
gases. To achieve this, the lightcraft design consists of an initial compression ramp the
(axi-symmetric forebody) , inlet cowl (to direct and further compress the incoming flow),
an inlet isolator (to contain the expanding detonation wave and prevent inlet unstart)
and an expansion nozzle (which also acts as the focusing optic). The lightcraft can then
essentially be classed into three sections; the axi-symmetric forebody, the inlet including
the isolator) and the expansion nozzle, a typical configuration is shown in Figure 2.13.
Traditional hypersonic design techniques can then be applied to the inlet to achieve a
robust design for the lightcraft project (the aims of this research).

Direction of travel

Incoming air e Laser
stream e Beam

P

> |L
/ ~ \

Forebody

Parabolic Afterbody

Figure 2.13: Lightcraft configuration.

Van Wie (2000) states the primary purpose of an inlet for any air breathing propulsion
system is to “capture and compress air for processing by the remaining portion of the
engine”. To achieve the best hypersonic air breathing engine performance, the inlet design
must provide a high level of efficient compression, with minimal losses. Matthews et al.

(2005) summarise the required properties of a hypersonic inlet:

e The intake should compress the flow as efficiently as possible, minimising viscous

losses and shock-wave losses
e Intake contribution to vehicle drag should be minimised

e The intake should be self starting at the scramjet take-over Mach numbers and
be able to operate over the required range of Mach numbers, with no significant

deterioration in performance

e Intake performance should not be significantly reduced by operation at incidence
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e The intake must be able to tolerate the back-pressures caused by heat addition
e The intake has to be able to withstand the internal pressures and heat loads

e Uniform velocity profiles are generally desirable at the intake exit

A complete and robust hypersonic inlet would take into account all of the above points,
with each item given due attention. In practice, the design of hypersonic inlets is a very
complicated affair with the design process being highly non-linear and based on a series of
compromises. No current hypersonic inlet design can optimally address all of the required
variables, and the designer is often left allocating an order of importance to each inlet
characteristic. The optimal inlet design involves a compromise between these performance
factors and requirements on structural and aerodynamic components.

It is highly desirable for the inlet to provide adequate conditions for propulsion system
and a uniform velocity profile parallel to the freestream at the inlet exit. It is also desirable
to maintain as much of this performance at off design conditions as possible. Sensitivities
to changes in flight Mach number and angle of attack are to be minimised, and boundary
layers in the inlet are to remain thin and attached. There are a number of challenges

present to the hypersonic engine designer (Smart, 2007):

e Mixing and ignition of fuel and air in the short residence times of a supersonic

combustor
e The high heat loads and friction losses that occur at hypersonic speeds
e The control of thermal choking

e Non-equilibrium nozzle flows and the loss of energy from the cycle due to incomplete

combustion

e No thrust production below a flight Mach number ranging from 3.5-5, depending on
the particular engine design. A booster or low-speed propulsion system is therefore

required to raise the vehicle to the scramjet take-over Mach number.

e Operating over a large Mach number range with a “realistic” engine structure re-
quires some finesse and many compromises for adequate performance at the upper

and lower limits of the desired speed range.

Although Smart has developed this list for conventionally fueled scramjet propulsion sys-

tems, only the first point is not relevant to laser propulsion systems. An efficient, flexible
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and powerful engine design is essential for the success of the lightcraft project. The inlet
efficiency is critical to performance of a scramjet engine, with the compression efficiency,
mass capture and combustion stability are all dependent on the inlet wave system. An
addition of thermal energy can decelerate the flow to subsonic levels, causing unstart
conditions in the engine. The free-stream Mach number, angle of attack, free stream gas
properties, extent of heat addition and pressure variations due to the propulsion systems
can all effect the flow through the inlet, thereby causing unstart conditions.

Supersonic inlet designs typically fall into one of three categories; two-dimensional pla-
nar, two-dimensional axisymmetric or three-dimensional (Van Wie, 2000). As previously
discussed in Section 2.3, current lightcraft configurations typically employ a blunt-nosed
axi-symmetric inlet configuration. This form of inlet has the desirable characteristic
whereby the vehicle bow shock performs the initial compression, with the cowl providing
secondary compression. The inlets also employ fixed geometry and no boundary layer
bleed, greatly reducing structural complexity. Manufacturing is also simplified through

the axi-symmetric configuration.

2.4.2 Stream traced inlet design

Stream traced inlet design has generated a lot of interest in the hypersonic research
fraternity of late, due to the promise of higher levels of performance above traditional
compression designs (Billig & Kothari, 2000). Three dimensional inlets traced from gen-
erating flowfields (using the stream traced inlet design methodology) have the benefit
over traditional designs of alleviating the starting problem for internal compression flow
fields, and also include swept leading edges which are favorable for heat transfer consid-
erations (Matthews & Jones, 2006). Billig & Kothari (2000) have shown that their inlets,
designed for a Mach number of 7.8, are self-starting at Mach numbers below 4. These
inlets also have low cowl drag, however skin friction can be higher due to large wetted
surface areas. Another benefit of the stream traced method is the inlets are formed in
a modular arrangement allowing efficient side-by-side mounting. The inlets also exhibit
good starting characteristics at ramjet takeover speeds (Mach 3-4) and efficient operation
up to vehicle cruise condition (Smart, 1999). Flow velocities other than design Mach
number create a shock profile that is not conical, and contains uncancelled expansion and
compression waves. The efficiency of the compression process is still much higher than in

conventional planar inlets (Billig & Jacobsen, 2003). This method has provided a means

24



for designing inlets with minimal shock losses that produce a uniform, diffused stream
after compression and no theoretical upper limit on inviscid total pressure recovery.

The stream traced inlet design method is used to generate three dimensional hyper-
sonic inlets from an inviscid compressive generating flowfield. Stream traced inlets work
on the same principle as the wave-rider design (Anderson et al. , 1991) whereby a desired
portion of a generating flow field is captured by replacing the flow streamlines with a solid,
boundary layer corrected surface that defines the inlet geometry. As the solid boundary of
the inlet is itself an inherent part of the flow field, the flow captured by the inlet is identi-
cal to the flow created by the fictitious generating body, with the leading-edge shockwave
remaining attached to the inlet edges at design conditions. This allows the designer to
effectively choose and dictate the flow properties that will be present in the stream traced
inlet, while limiting flow spillage from the inlet capture area. The stream traced method-
ology can be applied, in its simplest form, from two dimensional planar inlets (Nonweiler,
1963) to more complicated three dimensional geometries (Smart, 1999).

Buseman (1942) first proposed the use of an axi-symmetric internal flow inlet consisting
of isentropic conical compression, followed by a free-standing throat shock at the inlet
isolator. The conically symmetric compression caused by the leading edge shock wave is
initiated at the free-stream Mach angle, the shock reflection and Mach waves cancelling
to create uniform flow parallel to the free-stream. Figure 2.14 is an illustration of a simple
Busemann inlet design. For the numerical solution of the flow, both isolator Mach number
M, and reflected shock 6, are specified, allowing the designer to tailor the combustor flow
properties to their specific application. After the compression shock, the flow is set to be
parallel to the free stream flow, which allows the inclination of the flow upstream to be
calculated through a solution to the Taylor-Maccoll equations.

The Busemann inlet results in long inlet geometries which are not optimized for re-
alistic application due to excessive drag, and is likely to perform poorly in flight. They
also suffer from poor self starting performance. To alleviate the self-starting issues of
the Busemann inlet, sector capture shapes were employed and arranged annularly in the
SCRAM weapon system in the 1960’s (Billig, 1995). The SCRAM project introduced the
technique of generating three dimensional inlets by carving shapes from generating flow
field stream tubes, giving birth to stream traced inlet design. A fully three dimensional

stream traced inlet was designed, built and tested under the SCRAM project.
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Figure 2.14: The Busemann inlet (Molder & Szpiro, 1966).

Research into stream traced inlet designs was somewhat limited after the initial in-
vestigations, due to it being a laborious and time consuming task. Interest has been
recently renewed due to the advent of high powered computing automating a number of
the design tasks (Billig & Kothari, 2000). The process has since been significantly refined
and developed.

Smart (1999) investigates the stream traced inlet design process, using the technique
to create three dimensional inlets with a rectangular to elliptical shape transition for
coupling with traditional elliptical combustor designs. A complete design methodology
for three dimensional hypersonic inlets is presented. The process can be broken up into
two parts; the inviscid geometry generation, and the boundary layer correction. The
first step in the inviscid geometry generation is the selection of the generating flow field.
The key to an efficient inlet is the choice of the compressive flow field, as the features
contained within this flow field will be present in the final inviscid inlet (Smart, 1999). The
generating flow field should posses maximum total pressure recovery, maximum strength
shock train to minimise length, but not strong enough to cause boundary layer separation
and maximum flow exit uniformity (Smart, 1999). Typically axi-symmetric Busemann
inlets are chosen because of the inherent isentropic compression (Billig & Kothari, 2000),
however other shapes have been investigated such as constant slope flowfields (Matthews
& Jones, 2006) or more arbitrary shaped flow fields (Billig & Kothari (2000), You & Liang
(2009)). A number of the flow fields currently used are shown in Figures 2.15, 2.16 and
2.17. It is also often the case that the designer will include a constant radius centre body
within the compression flow field. This feature is included to remove the shock focusing
that occurs at the axis, which leads to efficiency losses (Gollan & Smart, 2010). Matthews
& Jones (2006) compare the constant pressure (isentropic) and constant slope flow field
geometries (see Figure 2.17). It was found that the constant slope generating flow field

geometries produced significantly higher compression ratios above the constant pressure
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design. At lower generating flow field angles the efficiency of the two geometries is similar,
however as the flow field angle increases, the constant pressure boundary becomes more
efficient. The constant pressure generating flow field is also significantly longer than the
constant slope, creating elongated inlet geometries. One method of decreasing the length
of isentropic generating flow fields is through the addition of a finite length lip angle (Song
& Zhao, 2009), however the flow field quality is deteriorated through this approach.

Shock

Figure 2.15: Generating flow field for modular stream traced inlet design (Billig & Kothari,
2000).
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Center-body P finite lip angle

Figure 2.16: Generating flow field for modular stream traced inlet design (Smart, 1999).
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Figure 2.17: Generating flow field for modular stream traced inlet design (Matthews &
Jones, 2006).

The next step in the stream traced inlet design methodology is the definition of the
sector capture area from which the inlets will be traced. The streamline tracing technique
enables the generation of inlet shapes that have characteristics almost identical to the
predetermined flow field, but with independently specified capture shapes. The capture
area shape is highly dependant on the application, a whole range of considerations will
dictate the final chosen geometry. The two most important considerations are that of
vehicle integration, and mass flow capture. Typically the modular inlets are arranged side
by side on a planar vehicle or annually around a conical vehicle. Smart (1999) employs a
semi-rectangular shape with a horizontal top surface and parallel sides, shown in Figure
2.18. The bottom may form a more general shape, as it is not required to integrate to
any other vehicle surfaces. Matthews & Jones (2006) have designed their modular inlets
for a conical missile geometry, and a hence a capture area that allows annular spacing
around the vehicle centre body is used. This configuration is shown in Figure 2.19. You &
Liang (2009) investigate a number of different capture area geometries, shown in Figure
2.20. These shapes, along with those employed by Billig & Kothari (2000), are similar to
that of Matthews & Jones (2006) due to the requirement that they are integrated into an
axi-symmetric missile like geometry. Gollan & Smart (2010) are designing modular inlets
for integration into a winged conical vehicle, and hence have employed a capture geometry
that can be again annularly spaced around a vehicle centre-body, shown in Figure 2.21. It

was found in their study that due to code sensitivity, certain stream tube capture shapes
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would produce non-ideal inlet configurations with the combustor throat being located
below the inlet entrance. This would increase the size of the vehicle, and also increase

drag.
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Figure 2.19: Sector capture shapes for the modular waverider inlet (Matthews & Jones,
2006).
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Figure 2.20: Stream traced inlet capture profile (You & Liang, 2009).

29



Figure 2.21: Stream traced inlet capture profile (Gollan & Smart, 2010).

The streamlines that pass through the defined capture area perimeter are then traced
backwards through the flow field, creating the final inviscid shape. This process can be
done in a number of ways, typically either using a post processing plotting tool (Smart,
1999) or by a space marching numerical scheme (Billig & Kothari, 2000). The geometries
of a number of three dimensional modular stream traced inlet designs are shown in Figures

2.22 through 2.25.

Inlet leading edge

Figure 2.22: Stream traced modular inlet geometry (Billig, 1995).
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Figure 2.23: Stream traced modular inlet geometry (Smart, 1999).
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Figure 2.24: Stream traced modular inlet geometry (Matthews & Jones, 2006).
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Figure 2.25: Stream traced modular inlet geometry (You & Liang, 2009).

To allow for the growing boundary layer within the inviscid inlet geometry, a boundary
layer correction is required. A growing boundary layer will reduce the cross sectional area
available to the flow, resulting in a greater pressure rise than predicted in the inviscid
calculations (Smart, 1999). To allow for this growth within the inlet, Smart (1999) em-
ploys the small cross-flow equations to solve the boundary layer displacement thickness a
boundary layer streamline co-ordinate system. Matthews & Jones (2006) have employed
a local flat plate correction to the surface, estimating the boundary layer displacement
thickness based on empirical correlations for a flat plate within supersonic flow at the
inlet design conditions. It is believed that this method may underestimate the correct
displacement thickness for the inlet flow fields due to the adverse pressure gradients and
regions of strong lateral inward-turning curvature. This technique is supported however
due to its simplicity and reasonable agreement with experiment and numerical simula-
tions. To reduce the viscous drag of stream traced inlet designs, the length of the final

inlet is required to be reduced through increasing the strength of the shock structure
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within the generating flow field. This creates the issue of shock induced boundary layer
separation, where the boundary layer is caused to separate from the inlet wall by strong
adverse pressure gradients (Van Wie, 2000). Shock-induced boundary layer separation can
produce significant losses within the inlet, possibly leading to inlet unstart. Large bound-
ary layer separations also invalidate the use of the simplified boundary layer equations
during the viscous correction of the inlet geometry. It is therefore important to include
some form of treatment of turbulent shock-wave/boundary layer interactions within the
inviscid portion of inlet design. Smart (1999) employs established incipient separation
criteria (outlined in further detail in Van Wie (2000)) in his current design methodology
to determine the maximum shock strength allowable within the inlet to avoid boundary-
layer separation. This translates in practice into a minimum limit on the length of the
inlet to avoid separation.

The performance of stream traced inlet designs has been evaluated extensively by the
designers in their investigations. Both numerical and wind tunnel experiments have been
performed, creating an extensive understanding of the behaviour of the inlets at both on
and off design conditions. The REST inlet design has been tested with both numerical
simulation (Smart, 1999) and wind tunnel testing (Smart & Trexler, 2003). The flow field
inside the inlet was simulated using a cell-centered, finite volume upwind computational
fluid dynamics code, with flow spillage upstream of the notched cowl modeled by using
an extrapolation boundary condition for the boundary cell faces ahead of the leading
edge. Inviscid flow field calculations at the design value of M; = 6.0, as well as off design
conditions of M; = 3.6 and 4.8 can be seen in Figure 2.26. Significant flow spillage occurs
below the notched cowl in the M; = 3.6 case. The reflected cowl shock also strikes well
upstream of the throat, causing minimal cancellation of the shock train downstream of
the throat. At Mach 4.8, it can be seen that there is much less flow spillage, and the
reflected shock moves closer to the throat, resulting in a more uniform flow through the
closed portion of the inlet. As the flight Mach number approaches the design condition,
it can be seen that the shock train is almost canceled at the throat, with minimal spillage
before cowl closure. The flow field in the inlet, while not identical to the compression flow
field, is only slightly degraded in terms of exit non uniformity and total pressure recovery.
Wind tunnel tests were performed at a Mach number of 4.0, which is well below the design
Mach number of 5.7 for the REST inlet studied. Experimental results indicated that the
inlet was not able to self-start at Mach 4 conditions, however self-starting was achieved by

incorporating a small number of bleed holes on the inlet wall. These bleed holes created a

32



spillage penalty of an estimated 4%. Similar off-design Mach number investigations have
been performed by Sun et al. (2010). Numerical and experimental wind tunnel testing
was performed for a inlet with a Mach 5.3 design point at flight speeds of Mach 5.3 and
3.5. At both testing conditions, the flow spillage was minimal with the inlets remaining
in a started state, however poor outlet flow profile was found from the current design.
This was attributed to flow separation within the inlet. Figure 2.27 shows numerical
simulation and experimental wind tunnel results from the investigations. Matthews &
Jones (2006) compare the full mass capture engine performance of modular stream traced
inlets against axisymmetric re-expansion (REX) inlets and external compression (EXC)
inlets as a function of total total contraction ratio in Figure 2.28. For a given contraction
ratio, the full mass capture engine performances of the MW and insentropic-spike inlets do
not differ significantly. Intakes with conical compression surfaces have lower performances
and optimum contraction ratios due to increasing wave loss across the conical shock wave.
It was suggested that because of the similarity of full mass capture engine performance of
different intake concepts at a given contraction ratio, the criteria for selecting an intake
design is most likely to depend on other factors such as intake self-starting ability, the
back pressure that can be tolerated, isolator and combustor friction, performance over

the flight trajectory, and operation at incidence.
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Figure 2.26: Symmetry plane pressure contours for the Mach 6.0 REST inlet at M — a)
3.6, b) 4.8, and ¢) 6.0 Smart (1999).
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Figure 2.27: Mach number contours and Schlieren imaging for a stream traced inlet (Sun
et al. , 2010).
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Figure 2.28: Comparison of inlet designs Matthews & Jones (2006).

From experimental and numerical investigations into the stream traced inlet design
methodology, significant progress has been made towards the development of a robust,
fixed geometry hypersonic inlet. The inlets posses good starting characteristics, particu-
larly at Mach numbers significantly lower than the design point. The stream traced inlet
design methodology has been shown to produce highly efficient, robust inlets and is hence
a suitable candidate for the lightcraft project. One area of research lacking in the stream
traced inlet design methodology is their performance at angles of attack. To this authors
knowledge, the inlets behaviour at angles of attack remains un-investigated. This is an
important aspect of the inlet design methodology, as craft maneuverability will be signif-
icantly limited if the inlet is to become unstarted at low angles of attack. A thorough

investigation into the behaviour at angles of attack is therefore required.
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Figure 2.31: Final modular intake shape (Matthews & Jones, 2006).
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Figure 2.32: Final modular intake shape (Sun et al. , 2010)

2.4.3 Hypersonic inlet design issues

Inlet unstart is an important consideration in hypersonic inlet design as it can greatly
affect inlet performance. Inlet unstart is defined as an abnormal operating state (Tan
et al. , 2011), and is characterized by an abrupt decrease in captured flowfield and total
pressure efficiency. Severe increases in aerodynamic and thermodynamic loads due to
violent shock system oscillations and prominent pressure fluctuations may be present in
the inlet during operation. These processes have highly detrimental effects on the thrust
generated by the engine, and may cause catastrophic damage to the craft (Yu et al. ,
2007). Tt is therefore essential that a hypersonic inlet remains in a started phase for

proper operation throughout the flight envelope.

normal shock with oblique shock and expansion
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Figure 2.33: Flow patterns of supersonic and hypersonic inlets at unstarted conditions
(Tan & Guo, 2007).

Hypersonic inlets are designed to operate always in the started phase, however a num-
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ber of factors may lead to unstarted conditions in the application of the design in flight
testing. Inlet unstart can be caused by disturbances to the inlet flowfield, either due to
changes in flight conditions (i.e. angle of attack, flight speed or free-stream conditions)
or disturbances due to the propulsion system. Unavoidable physical processes within the
hypersonic inlet flowfields, such as strong-shock/boundary layer interactions, over com-
pression from low operating Mach numbers, changes in angles of attack or even small
perturbations in atmospheric conditions, lead to a situation where inlet unstart is often
difficult to avoid. The immaturity of design methods, inaccuracy of CFD tools, inconsis-
tency between the ground simulations and flight conditions, and the uncertainty of the
engine thrust regulations (Tan & Guo, 2007) are some of the leading contributors to the
sensitivity of hypersonic inlet designs. Determination of inlet start/unstart conditions is
therefore important in establishing the performance of the inlet, and classifying its suit-
able operating range. More specifically relating to the lightcraft project, it is important to
verify that the inlet will be able to restart (and consequently refresh the flow field) after
each individual laser pulse. Failure to do so will severely compromise the performance of
the pulsed laser engine.

Detection of inlet unstart in experimental and test flight situations is often difficult
due to the transient nature of the pressure oscillations, however with CFD visualisation
the process is much simpler. Figure 2.33 is an illustration of the different flow patterns
between supersonic and hypersonic inlets in an unstarted state. In a supersonic inlet, flow
is decelerated and spilled sub-sonically, whereas in a hypersonic inlet a large separation
zone, or ‘bubble’, is formed at the inlet throat. The flow is spilled supersonically (Tan &
Guo, 2007).
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(1) separation bubble; (2) separation bubble induced oblique shock;

(3) the reflected expansion waves of the cowl originated shock on the
boundary of the separation bubble;

(@) the detached cow] shock.

Figure 2.34: Schlieren imagery of inlet unstart in a hypersonic inlet (Tan et al. , 2009).

Figure 2.34 shows the typical structure of a hypersonic inlet unstart cycle. There exists
a large separation bubble at the end of the initial compression ramp, with a resulting
strong oblique shock due to the bubble. The separation bubble creates a restriction to
the flow, and the upstream shock train Mach number is reduced to subsonic levels by the
separation bubble oblique shock. In addition, there is flow spillage out of the inlet due to
the abrupt rise in local pressure. The time sequence shows the oscillatory nature of the
inlet unstart, with the bubble growing and shrinking in a regular cycle (Tan et al. , 2009).

Boundary layer separation is also highly undesirable during hypersonic inlet operation
as it may lead to unstart even at design conditions. Figure 2.35 shows possible methods
of shock wave and boundary layer interaction that can lead to boundary layer separation.
In both situations, it is possible to define a maximum pressure rise that causes significant

incipient separation of the boundary layer.
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Figure 2.35: Two and three-dimensional shockwave /boundary layer interactions (Van Wie
(2000), reproduced from Stollery (1990) and Delery (1985)).

One method of reducing the likelihood of inlet unstart or boundary layer separation
is through bow shock location (Lewis, 1993). The angle of the forebody bow shockwave
is dependent on the angle of the generating body of the craft, the ratio of specific heats
of the working fluid, the angle of attack of the craft and the Mach number. A change
in any of these variables will result in the change in the angle of the bow shock wave
off the forebody. Careful consideration of bow shock location is required for efficient
vehicle design. If the shock angle is such that the bow shock is located far from the
vehicle, excessive drag will occur. It is therefore beneficial to keep the bow shock close
to the inlet cowl. If the bow shock is allowed to fall such that it impinges on the lip of
the inlet, excessive heating will occur that would be detrimental to the structure. The
third scenario, where the bow shock is allowed to enter the engine cowl, would create
detrimental shock reflections that will propagate through the engine, impeding the thrust

generation process.
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2.5 Summary and conclusions

The wide range of literature available on the lightcraft provides a significant insight into
the concepts and ideas currently under investigation. The lightcraft concept, although
somewhat established, is still in its infancy and extensive further research is required
to bring it into reality. Research into the pulsed laser detonation continues to be the
main area of research interest, with a large collection of international institutions and
organisations involved in both theoretical and experimental research in this field. The
sophistication of research facilities is increasing rapidly as interest is garnered in this
promising new technology. Hypersonic research facilities for lightcraft are few, with the
Prof Henry T. Nagamtsu facility being the most significant facility for laser induced
breakdown in hypersonic flow investigations relevant to this research. Facilities in both
Europe and Asia are fast being developed, with the Deutches Zentrum fiir Luft- und
Raumfahrt (DLR) facility in Germany and other facilities in China, Japan and Korea
being continually developed as beamed energy propulsion projects expand.

With research concentrating on understanding the laser induced detonation physics,
the hypersonic aerodynamics of the craft continues to be neglected and progress is falling
behind other research areas. Little effort has been attributed to the aerodynamics of the
inlet at hypersonic speeds, with no consideration given to reliable operation at off design
conditions. As this is a very significant portion of the flight trajectory, the lightcraft
project requires more research in this area if it is to be successful. A number of hypersonic
inlet design techniques are available, all with their own benefits and drawbacks. To design
a suitable lightcraft inlet it is essential to consider the specific requirements of the laser
induced detonation process and select the most appropriate inlet design methodology. At
present, a detailed hypersonic inlet design study has not been conducted for the lightcraft
mission requirements.

Further to the lack of a hypersonic inlet design for the lightcraft, a detailed inves-
tigation into the inlets behaviour and response to realistic flight scenarios has not been
conducted. The inlets’ behaviour when subjected to reduced Mach numbers, vehicle an-
gles of attack and laser energy deposition is currently unknown. It is essential that an

understanding of these phenomena is developed.
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2.5.1 Gap statement

This project aims to address the gaps within lightcraft research relating to hypersonic in-
let design. No investigations have previously looked at the hypersonic flight requirements
for the lightcraft, particularly relating to the air breathing propulsion system. To ensure
sufficient air is delivered to the laser induced detonation engine at hypersonic speeds,
a detailed investigation into inlet design is required. The inlet plays a vital role in the
operation of the laser powered propulsion system during hypersonic flight, and a suitable
design is required. A hypersonic inlet for the lightcraft vehicle is to be produced in this
work through the application of traditionally fuelled hypersonic inlet design techniques.
Consideration to the requirements of the lightcraft launch conditions, as well as the limi-
tations of the laser induced detonation systems, have been given due attention. A range a
inlet designs for the lightcraft vehicle sympathetic to the engines requirements at higher
flight speeds are established, providing insight into both the design requirements and the
expected performance achievable.

Further to this, the behaviour of the hypersonic inlet at angles of attack is not well
understood. The sensitivity of hypersonic inlet designs to flight perturbations has cur-
rently been under estimated within the lightcraft community. No research to date has
been conducted in these areas, with the assumption that the lightcraft can continue to
produce thrust at high angles of attack, at all flight speeds. Extensive conventionally
fuelled scramjet research has illustrated the sensitivity of inlets to unstart at hypersonic
speeds, yet no investigation into how the proposed lightcraft trajectory relates to inlet
dynamics has been performed. An investigation of the inlets behaviour at realistic flight
angles of attack is essential to ensuring operation throughout the flight envelope. Not
only does this research aim to establish the flight conditions that the hypersonic inlet will
experience during its ascent to lower earth orbit through a detailed trajectory analysis,
numerical simulations are performed at realistic vehicle angles of attack to ensure the

inlet remains operable throughout the hypersonic flight envelope.
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3 System level analysis

3.1 Introduction

In order to launch a satellite into orbit, it is necessary to optimise the flight path. This
involves selecting a suitable flight path that minimises cost, while maximising the chance
of success. The launch to lower earth orbit is a complicated task with many inter-related
variables that must be balanced to achieve the optimal result. If, for example, the time to
reach lower earth orbit is reduced by accelerating the vehicle at a higher rate, a significant
increase in the heating of the craft will occur. This may result in vehicle failure - an
undesired event. A wide range of considerations are required to choose the optimal flight
path.

A system level analysis has been undertaken, determining the trajectory the lightcraft
will follow during its ascent through the atmosphere. Once the trajectory has been estab-
lished, the flight behaviour at each point in the launch is known. By combining this with
knowledge of the atmospheric properties at specific altitudes, the basis of the lightcraft
flight conditions can be established. A flight path simulation is especially important in
the context of the air breathing inlet design, as it will establish the atmospheric condi-
tions entering the propulsion system throughout the flight. By performing the system
level design, real flight conditions obtained can then be used to form the basis of the inlet
design.

Lightcraft launch trajectories are simulated using a numerical code programmed in
Matlab. The code is able to produce, at each time step iteration, outputs such as altitude,
horizontal range and flight speed. There are three main parts that form the system level
analysis - a point mass equations of motion model, an aerodynamic model and a propulsion
system model. With reduced order models for the components of the flight system, an
accurate approximation of the physics for the air breathing portion of lightcraft flight has

been produced.

3.2 Flight path model

The flight of the lightcraft is defined by Newton’s laws of motion. Figure 3.1 illustrates the
forces acting on the point mass approximation of a lightcraft during an arbitrary stage of
the launch. The thrust imparted by the laser beam, T, acts co-linearly with the direction
of velocity, V, and the drag, D, acts in the opposite direction to velocity. Lift, L, acts

43



perpendicular to the direction of the velocity vector of the lightcraft. The gravitational
force, mg, acts towards the centre of the earth. It is the product of the mass of the
lightcraft, m, and the acceleration due to gravity, g, at the current altitude. The flight
path angle, v, is defined as the angle between the velocity vector and the local horizontal.
Additionally, the altitude (the distance between the lightcraft and the earth’s surface) is
defined as h, the horizontal range R and the radius of the earth Rpg.

T;V

Laser powered
lightcraft

“img

.
.~ Centre of
Earth

Figure 3.1: Forces acting on the lightcraft during flight.

Using the point mass equations of motion (Miele, 1962), four differential equations

describing the dynamics of the flight can be established, where V, v, x and h are the time

derivatives of the respective variable.

. 1
V=—(T—-D —mgsinv) (3.1)
m
) 1
g = m—V(Lg cosy + L —mgcos~y) (3.2)
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cos 7y (3.3)

h = Vsiny (3.4)

Since the extent of flight duration is only considered within the sensible atmosphere,

Rg > h and Eqn. 3.3 can be approximated as

&=V cosy (3.5)

Differentiating Eqn. 3.4 and Eqn. 3.5 with respect to time, and then substituting into
Eqn’s. 3.1 and 3.2 yields the point mass equations of motion used in the system level

design (Doolan, 2007)

mi =T cosy — Dcosy — Lsiny — L, cosysin~y (3.6)

mh = L, cos® vy + Lcosy —mg + T'siny — Dsin~y (3.7)

The lift due to the centripetal force associated with the gravitational acceleration,
Lg, has been assumed to be small and is neglected in this study. The values of density,
pressure, temperature and speed of sound are updated with altitude using the US standard

atmosphere model (Stengel, 2004).

3.3 Aerodynamic model

The lift and drag of the lightcraft can be represented by the equations

1

L= pV*CrA (3.8)
1 2

D = 2pV*CpA (3.9)

where pis the density of the free stream atmosphere at the current lightcraft altitude,
V' is the velocity of the lightcraft, Cp, is the coefficient of lift, C'p coefficient of drag
and A is the plan-form area. The lightcraft geometry has been approximated as a three

dimensional cone, with three flow regimes in the trajectory simulation; subsonic, transonic
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and supersonic. The aerodynamic lift and drag change considerably during these regimes,

and separate approximations are required to model the system with sufficient accuracy.

10 , T
Cp, +
08 1 /f\

0.45 _/
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Flight Mach Number

Figure 3.2: Coefficient of drag for a 30° half angle cone (Hoerner, 1965).

Flight velocities less that Mach 0.9 are considered subsonic, and the coefficient of drag
is taken as a constant value of 0.45 (Richard et al. , 2006). Between flight velocities of
Mach 0.9 and Mach 1.5, the transonic coefficient of drag is approximated by Eqn 3.10.

This is a linear interpolation of the transonic drag in this transonic region (Hoerner, 1965).

Cp = 0.5833 % M — 0.07495 (3.10)

For both the subsonic and transonic region, the data used is for a 30° half angle cone,
as shown in Figure 2.12. The final lightcraft design uses a 15° half angle, so this estimate is
considered conservative. For both the subsonic and transonic regimes, the lift is assumed
to be zero. This is based on a vertical launch, with flight maneuverability occurring once
supersonic flight has been established.

For flight velocities greater than Mach 1.5, the lift and drag coefficients are approxi-
mated using a local surface inclination model (Newton’s method), with the angle of attack
determining the amount of lift and drag the lightcraft produces at a specified velocity.
Newton’s flow theory is based on the principle that when a flow of particles encounters
an inclined surface, each particle will lose all of its’ momentum normal to the surface, but
the momentum in the direction tangential to the surface will be maintained (Anderson,

2000). Figure 3.3 illustrates the mechanics of Newtonian theory for a single particle strik-
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ing a two dimensional surface. The particle travels parallel to the free stream velocity,
until it encounters the inclined surface. The particle is then forced to travel parallel to
the inclined surface. The momentum required to change the trajectory of the particle is

supported by an increased surface pressure on the inclined object.

ASING

Figure 3.3: Newtonian theory (Anderson, 2000).

From Newton’s second law, the rate of change of momentum of the particle is equal
to the force exerted on the plate. This can be expressed as
F

3= Poc V2 51?0 (3.11)

Due to Newton’s assumption that the motion of particles is rectilinear, this pressure

needs to be interpreted as the pressure above free stream conditions,

E_,- (3.12)
=P~ P :

where p is the surface pressure and p is the free stream static pressure. Rearranging

Eqn’s 3.11 and 3.12 gives a result for the coefficient of pressure acting on the plate.

P — P )
C, = =2 0 3.13
P vz (3.13)

The geometry of the lightcraft is assumed to be a three dimensional circular cone of
base radius R and half-angle 7, as shown in Figure 3.4. The pressure acts normal to the
conical surface, generating both vehicle lift and drag forces. By integrating the pressures
over the upper and lower surfaces, the lift and drag of the lightcraft at each specific
velocity and angle of attack can be calculated. The base of the lightcraft is essentially
‘shielded’ from the flow, and can therefore be assumed to have the freestream pressure

acting on it (Anderson, 2000). Using the Cartesian co-ordinates of the body reference
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frame, the velocity vector V is incident on the cone at an angle of « to the x axis, defining
the angle of attack of the vehicle. Due to the assumption of no side slip of the craft, « is

always defined in the x — z plane.

Vv

Figure 3.4: Newtonian theory applied to simplified lightcraft geometry.

Applying Newtonian flow theory to the conical geometry (Prime, 2011), the coefficient

of pressure is defined as

Ch.cone = 2(ny, Neone)? = 2(cos asin 7 + sin a cos 7 sin ¢)?

These expressions are in the body-reference frame of the lightcraft, and therefore need
to be rotated back to the velocity reference frame. The resulting expressions for lift and

drag in the aerodynamics model are then

1
L= iﬂ'pVQRQ (sin 2a cos® 7 cos a — (sin? a + 2sin® 7 — 3sin® asin® 7) sin @) (3.14)

1
D = §7rpV2R2(sin 2a.cos® Tsina + (sin® o + 2sin® 7 — 3sin® asin® 7) cosa)  (3.15)

3.4 Propulsion model

During aerobic operation the laser lightcraft vehicle utilises air from the atmosphere as

the medium for converting the laser energy into usable thrust. The incoming air stream
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is compressed by the inlet, and the intense laser energy deposited within the engine cowl.
The resulting detonation wave is then expanded over the lightcraft afterbody to generate
an impulsive force. An analytical model of the laser induced detonation wave has been
used to determine the effect of the air conditions on the detonation cycle. From this
model, an approximation to the amount of thrust produced given certain inlet conditions
can be calculated. The model therefore establishes the required performance of the inlet,
and also provides a verification of the final inlet design.

Numerous analytical studies of the laser induced detonation wave thrust generation
process have been produced previously (Feikema (2000); Ushio et al. (2004); Richard
& Myrabo (2005) and Salvador (2010)), with this model following a similar approach.
The laser induced detonation wave is modeled as a cylindrical blast wave emanating
from an initial plasma radius. Real gas effects, such as dissociation, recombination and
ionisation are not considered. It is assumed that the time taken for the plasma to form
is significantly less than the detonation formation process, and plays a sufficiently small
part in the thrust generation process (Ghosh & Mahesh, 2008). The initial velocity of the
expanding detonation wave front is

Visp = [2(+* — 1)1]1/3 (3.16)
Po

where I is the laser intensity (W/m?), v is the ratio of specific heats of the gas
and po is the initial gas density (kg/m?). The laser intensity is dependent on the
design of the ground based laser, and published values vary from anywhere between
1x10"°W/m? (Reilly et al. , 1979) and 5x10" W/m? (Feikema, 2000). A laser inten-
sity of 5x101°1¥//m? has been assumed in this study, as this ensures the laser supported
detonation (LSD) wave is present (Reilly et al. , 1979). The maximum pressure exerted

on the thrust surface by the detonation wave is

2y
11771 poV7
Prsp = P - ]7 PolLisp (3.17)
2y (v+1)
The time for the blast wave to become completely cylindrical is
2
top = LSD (3.18)
Visp

where rpgp is the radius of the blast wave. This value has been taken as bmm

(Feikema, 2000). The properties of the gas behind the detonation wave front are then
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modeled using Sedov’s scaling laws (Sedov, 1959)

Plppsp = (Yiap) ™" (3.19)

frrso = (Yiap) (3.20)

where 7 is the position and P the pressure of the wave front at time ¢. The conditions
of the wave front are considered to be constant until the wave is cylindrical, then the
scaling laws apply (Feikema, 2000). The thrust generated by each individual pulse is
obtained by integrating the pressure of the blast wave front over the lightcraft afterbody
as it expands. The conditions behind the wave front are assumed to be the same as the
expanding front. This assumption will slightly overestimate the thrust produced by the
lightcraft, however it is considered acceptable for this preliminary study.

A Matlab code has been produced that solves the analytical solution of the laser
induced detonation wave for a specific pulse cycle configuration. The laser intensity,
incoming air stream density, evolved plasma radius and lightcraft thrust surface geometry
are specified, and the resulting detonation wave structure computed. Figure 3.5 shows
a laser supported detonation wave profile for the conditions listed in Table 3.1. The
time history of the generated thrust, pressure, velocity and position of the wave front
are shown. We can see that the conditions remain constant while the plasma becomes
completely cylindrical, then the expansion of the wave as time increases. The thrust is
initially very small, until the wave expands and encompasses a greater area of the thrust
surface. There is a peak period of thrust generation, which then tapers away as the wave

expands and the pressure behind the front is reduced.

Radius of plasma 5 mm
Specific heat ratio of plasma 1.2
Laser intensity 5x 1010 W/m?
Air density 0.32 kg/m?

Table 3.1: Flow conditions for blast-wave analytical solution.
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Figure 3.5: Typical blast wave simulation results. a) Impulsive force; b) Wave front
pressure; ¢) Wave front velocity; d) Position

3.4.1 Numerical simulation verification

The results obtained from the one dimensional analytical model were then compared
against a numerical simulation performed in Fluent as a means of cross-code verification.
The analytical solution of the wave propagation was made using initial conditions cal-
culated from Equation 3.17. The region of high pressure was then allowed to relax in a
transient, compressible simulation. A two-dimensional structured grid of size 41,954 cells
was found to be sufficient to ensure grid independence. By the final simulation time of
3x107% s, both pressure waves had relaxed to ambient conditions. Figure 3.6 shows the
time-dependant pressure history of the gas wave front for both the analytical solution
and the CFD numerical solution. The plot indicates that the solution of the wave profile
obtained from the numerical simulation drops to atmospheric conditions more rapidly
than the analytical solution. It has been previously noted that the Sedov solution to the
expanding detonation wave does not accurately match the expansion at longer time scales

(Salvador, 2010).
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Figure 3.6: Analytical and Computational result comparison.

3.5 Flight path results

The lightcraft trajectory simulation schedules thrust and angle of attack over the flight
path. Various scenarios are investigated to obtain realistic trajectories for lower earth
orbit insertion. During the flight of a lightcraft, thrust will be controlled by modulation
of the ground based laser beam, and in this model it is assumed that this can be done
with a high degree of accuracy. The designer can dictate how much thrust can be applied
at each stage of the flight, within the practical limits of the laser system. Although at this
stage it is not yet known how the craft will manoeuvre, it is assumed that the angle of
attack of the craft will be controllable throughout the entire flight. This can be achieved by
adding a flight control system, however this is outside the scope of this project. A Matlab
code to solve the general equations of motion has been modified to suit this application.
The resulting system of differential equations, Eqn 3.6 and 3.7, are solved by the inbuilt
Matlab ‘stiff” ODE solver, odel5s (Stengel, 2004). The solution is marched through time,
with values for velocity, flight path angle, altitude and horizontal range solved at each
solution step. These updated values are then used to solve the subsequent iteration.

The values for thrust and angle of attack were scheduled over a number of altitude
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envelopes, either by manual input from the user or by a coded function. Allowing input
from a coded function gives the code significant flexibility, and the complexity of control
input can be significantly reduced. If, for instance, the designer wishes to implement a
complex control system based flight conditions at certain stages of the launch, they can
implement a user developed code to interface with the flight path code.

It was chosen to specify the thrust and angle of attack values over distinct altitude
ranges in order to be able to specifically limit the drag in the lower regions of the at-
mosphere. Five flight paths are presented, with the thrust and angle of attack schedules
shown in Tables 3.2 through 3.6. The values for thrust and angle of attack were produced
through a combination of previous studies, and trial and error. Previous studies acted
as a guide on the upper limits on the thrust able to be practically achieved (Richard &
Myrabo (2005), Ushio et al. (2004), Richard et al. (2006)). A change over altitude from
aerobic to anaerobic propulsion of 35km was assumed, and a lightcraft velocity of Mach

8 was desired at this point (Davis & Mead Jr, 2007).

Altitude range (km) Thrust (N) Angle of attack (Degrees)

0-0.050 300 0
0.05 - 10 400 0
10 - 15 623 0
15 - 32 700 0
32 - 40 623 0
40 - 70 400 0

Table 3.2: Trajectory code input parameters, flight path 1.

Altitude range (km) Thrust (N) Angle of attack (Degrees)

0-0.050 300 0
0.05 - 10 300 2
10 - 45 700 0
45 - 70 700 0

Table 3.3: Trajectory code input parameters, flight path 2.

Altitude range (km) Thrust (N) Angle of attack (Degrees)

0-0.050 300 0
0.05 - 10 400 0
10 - 45 400 6
45 - 70 1000 6

Table 3.4: Trajectory code input parameters, flight path 3.

23



Altitude range (km) Thrust (N) Angle of attack (Degrees)

0-10 400 0
10 - 35 1100 4
35-53 200 4
53 - 70 400 6

Table 3.5: Trajectory code input parameters, flight path 4.

Altitude range (km) Thrust (N) Angle of attack (Degrees)

0-0.050 500 0
0.05 - 10 900 12
10 - 45 900 8
45 - 70 800 8

Table 3.6: Trajectory code input parameters, flight path 5.
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Figure 3.7: Flight path geometries for varying thrust and lift inputs.

120

Figure 3.7 shows the simulated flight paths for the thrust and angle of attack input

conditions outlined in Tables 1 through 5. This figure illustrates the sensitivity of the

physics of the lightcraft; the behavior of the lightcraft responds significantly to changes

in thrust and angle of attack.
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Figure 3.8: Mach number vs time for varying flight trajectories.

Figure 3.8 shows the Mach number of the lightcraft as a function of time. It can be

seen from this plot, a number of different final exit velocities can be achieved.
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Figure 3.9: Flight conditions for varying flight path geometries.
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Figure 3.10: Flight conditions for varying flight path geometries.

Figures 3.9 and 3.10 show plots of altitude, air density, air pressure and temperature
at each point in the flight, with Figure 3.11 showing the actual flight path taken by the
vehicle. These plots were used to select the final flight path launch parameters, flight
path number 4 (Table 3.2). This was selected as it provided a suitable exit velocity for

change over to ablation propulsion, without placing onerous requirements on the inlet
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compression and creating a sensible exit path from the atmosphere.
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Figure 3.11: Range vs altitude plot for varying flight path geometries.

Figure 3.12 shows a plot of the density required at the laser detonation process (ob-
tained using the propulsion system model, discussed in Section 3.4) against the stagnation
density of the free stream air. This plot gives an indication as to whether the required
compression of the flight path is physically achievable. If compression above the stagna-
tion density is required, the flight path is deemed unacceptable. It should be noted that
this is not an absolute indication as to whether the required compression is achievable by
the inlet design, which is discussed further in Section 4. In this case, it may be necessary
to increase the laser power to achieve the required thrust at lower densities than designed

for, in the instance where an inlet cannot provide sufficient compression.
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Figure 3.12: Required density compared to stagnation density over flight envelope.

It is now a matter of choosing a design point for the inlet, based on the trajectory
study. The inlet design has been based on a flight speed of Mach 8, at an altitude of
35km. This design point was chosen as it is the highest Mach number the inlet will
experience during air breathing propulsion. The highest Mach number will result in the
lowest forebody shock angle. This allows the inlet to be designed such that the forebody
shock is not ingested. As the speed is reduced, the shock moves away from the inlet. The

relevant flight conditions are listed in Table 3.7.

Parameter Design value
Mach number 8
Altitude 35,000 m
Freestream pressure 575 Pa
Freestream temperature 237 K
Freestream air density 0.00846 kg/m?

Target density for laser detonation thrust generation  0.651 kg/m3

Table 3.7: Inlet design parameters.

3.6 Summary and Conclusions

A system level design for the air breathing portion of flight has been successfully produced.

Simplified, but accurate, approximations to the lightcraft flight physics were employed in
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a numerical solution to the equations of motion. The design conditions for the lightcraft
inlet have been established, allowing realistic values to be utilised in the inlet design.
The sensitivity of the flight craft flight dynamics were made apparent in the system
level design. Small changes in the input parameters result in large changes to the flight
path of the vehicle. Often non-real solutions to the equations were obtained if careful
consideration of the trade-off between vehicle drag and acceleration was not applied. This
highlights the significant control issues presented to the lightcraft designer. It was found
that the thrust required by the lightcraft in the system level design correlated well to other
studies (Richard & Myrabo (2005), Ushio et al. (2004), Richard et al. (2006)), giving
confidence in the solution. It is also a promising result that the required compression of

the hypersonic inlet is not significantly onerous throughout the hypersonic flight regime.
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4 Inlet design

4.1 Introduction

The aim of this research is to produce a hypersonic inlet for a lightcraft vehicle. Four
hypersonic inlet designs have been produced and evaluated. The best performing inlet is
then to be used and tested in the final lightcraft inlet design. This chapter presents the
lightcraft inlet design methodologies used in this research and the final inlet geometries
that are numerically simulated (see Chapter 5). Three novel lightcraft inlet designs have
been created, using stream traced hypersonic inlet design techniques. They are the stream
traced axi-symmetric inlet geometry, the stream traced axi-symmetric modular geometry
and the stream traced ‘scalloped’ modular inlet geometry. Further to these new inlet
designs, the traditional axi-symmetric lightcraft inlet configuration based on the Lightcraft
Technology Demonstrator (LTD) inlet geometry has been applied to the design conditions
employed in this study to provide a performance baseline against which the other inlets
can be compared.

Each inlet design serves the purpose of compressing and delivering air to the laser
detonation process as efficiently and effectively as possible. In line with the traditional
lightcraft vehicle, each design consists of three distinct sections; a conical forebody which
provides the initial compression, and inlet cowl/isolator that further compresses the flow
and provides a thrust surface for the expanded laser induced detonation wave, and the
parabolic after body that expands the heated flow. A representation of each inlet design

is shown in Figure 4.1.

Stream traced
axi-symmetric geometry

Axi-symmetric geometry

Stream traced modularr
scalloped geometry

Stream traced axi-symmetric
modular geometry

Figure 4.1: Inlet geometries investigated.
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The design of the features downstream of the inlet flow (i.e. the nozzle/reflective
optic) are outside the scope of this research, and hence have not been optimised for
each individual application. Instead they have been based on parabolic curves currently
employed to focus the incoming laser beam to a point at the isolator exit (Feikema, 2000).
A parabolic nozzle has been included in the simulations to aid in the visualisation of the
final numerical results. The ancillary lightcraft components (the conical forebody and the
parabolic afterbody) have been kept identical for the different inlet geometries to allow
a fair comparison between designs. This section of the thesis outlines the inlet design

methodologies used in the study, and presents the final inlet designs produced.

4.2 Conical forebody

Although not specifically a part of the design aspect of this research, the conical forebody is
an important aspect of the inlets’ operation that must be considered. The conical forebody
provides the initial compression of the incoming hypersonic freestream atmosphere, setting
up the flow conditions at the inlet entrance. The lightcraft conical forebody is examined
in greater detail in Langener et al. (2009) and Davis & Mead Jr (2007). As previously
mentioned in Section 3.3, the drag of the lightcraft is proportional to the coefficient of

drag, and the velocity squared;

D x CDV2

This implies at the extremely high velocities present in hypersonic flight, drag is
tremendously high. Any reduction in the coefficient of drag will benefit the lightcraft
project substantially, reducing the laser power required to launch the craft into orbit.
Davis & Mead Jr (2007) have investigated reducing the drag of the lightcraft by altering
the geometry of the conical forebody. Figure 4.2 illustrates that drag can be reduced
significantly at transonic speeds by reducing the half angle of the conical forebody (here-
after referred to as 6.). Although the benefits are far more apparent at transonic speeds,

reductions in drag at these flight speeds also result in lower drag at higher Mach numbers.
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Figure 4.2: Coefficient of drag for lightcraft forebody configurations (Davis & Mead Jr,
2007).

A number of other techniques of varying complexity for reducing the drag of a conical
compression ramp are available to the designer, such as multi-stage or isentropic compres-
sion ramps (Heiser et al. , 1994), however these have not been considered in this research.
The inlet geometry has been designed using a conical forebody length of 60cm and base
diameter 30cm in line with Davis & Mead Jr (2007) . This geometry gives a conical
forebody half angle 6. of 14.04°. Although a sharper conical forebody has been employed
in this research compared to the work of Langener et al. (2009), it is important to note
that the following inlet design methodologies (with the exception of the stream traced

modular scalloped inlet) can be applied to any forebody shape.

4.3 Axi-symmetric inlet

The first inlet design is based on the typical hypersonic inlet geometry that would be seen

in an axi-symmetric spike configuration. As outlined in Section 2.3, investigations into
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the performance of this inlet geometry at hypersonic flight speeds is limited at best. This
implies that although the design of this inlet for the lightcraft project is not new work,
its analysis will provide a broader depth of understanding for this inlet configuration at
both on and off design conditions. It will also provide a baseline for the analysis of the
stream traced inlet concepts.

The axi-symmetric inlet design is based on a traditional supersonic axi-symmetric
spike inlet design, where an external cylindrical engine cowl is employed to turn the flow
inwards after the initial leading edge compression; shown in Figure 4.3. The vehicle
forebody is employed to provide the initial compression, with the secondary compression
coming from the cowl shock. The final geometry is similar to inlets typically seen on
supersonic air breathing missile configurations (Van Wie, 2000). The position of the cowl
is designed so that the secondary shock created by the cowl lip comes to rest on the
expansion of the forebody cone into the isolator, resulting in uniform flow parallel to the
isolator walls. This inlet design methodology is the most straight-forward method with
which an axi-symmetric inlet can be produced.

This design process revolves around a two-dimensional axi-symmetric solution to the
shock structure of the resulting flow field. In Figure 4.3, the angle 6. is the angle of the
conical forebody, and is fixed for the specific lightcraft design (see Section 4.2). By em-
ploying a solution to the Taylor-Maccoll equations (Huwaldt, 2008), the resulting oblique
shockwave angle 5; can be determined. The next step then involves calculating the sec-
ondary shock angle of the cowl, 55; again through conical shock theory. To obtain uniform
flow through the isolator, it is required that position of the cowl lip and resulting the angle
(B are such that the secondary shock wave comes to rest on the expansion of the conical

forebody into the isolator.

il
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o
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Axis of symmetry

Figure 4.3: Axi-symmetric inlet design.
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Once the inviscid shape has been calculated a viscous correction is applied to the
conical forebody and inlet isolator geometry to allow for the growing boundary layer,
further discussed in 4.4.2. After applying the viscous correction, the resulting flow field
inherits some flow non-uniformities. Through careful adjustment of the inlet geometry
these effects can be controlled satisfactorily. A re-expansion, similar to that described in
Matthews et al. (2005), is added to the inlet throat to aid in the starting of the inlet, and
also to allow a smoother transition for the conical forebody boundary layer as it enters the
isolator. The re-expansion is incorporated into the lightcraft geometry by rounding the
sharp angle where the conical forebody and inlet isolator meet into a smooth radius. It was
found by providing this re-expansion, the strength of the expansion wave at the isolator
could be reduced and the flow uniformity in the isolator increased. This is attributed to
reduced shock /boundary layer interaction at the isolator throat. The optimal geometry of
the re-expansion was found through a trial and error approach using numerical simulations
to measure the flow uniformity through the inlet isolator. The radius of the re-expansion

was increased until the radius that resulted in the most uniform isolator flow was achieved.

Inlet isolator

Conical forebody
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afterbody
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travel z\ granal
nozzle
Mesh Mar 01, 2011

ANSYS FLUENT 12,1 (3d. dp. dbns imp, 5-A)

Figure 4.4: CAD representation of axi-symmetric inlet geometry employed in this study.

A CAD drawing has also been produced showing the dimensions of the craft used in

the simulations, shown in Figure 4.5.
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Figure 4.5: Technical CAD drawing of axi-symmetric inlet geometry.

4.4 Stream traced axi-symmetric inlet

The following three inlet design techniques are based on the stream traced inlet design
methodology. The inlet and isolator geometry is formed by tracing streamlines through
an axi-symmetric generating flow field. This process is essentially the same for the three
inlet geometries, however there are some minor differences that will be highlighted. The
general technique is discussed in this section, then the different inlet designs are discussed
in the sections following. For simplicity the first inlet geometry, the stream traced axi-
symmetric inlet, is designed in two dimensions, then rotated about the centre line to form

an axi-symmetric, three dimensional geometry.

4.4.1 Inlet design methodology

The stream traced inlet design methodology is a technique used to design hypersonic inlets
for integration into high speed craft. This technique has been applied to conventionally
fuelled scramjet engines (Smart (1999), Billig & Kothari (2000) and Matthews & Jones
(2006)), but has been modified in this work to suit the requirements of the lightcraft inlet.
The method presented here will apply the main principles of the design technique to the
axi-symmetric inlet design, with these principles then extended into three dimensions.
This process allows a progressive introduction of complexity to the design procedure.
The stream traced inlet design methodology process is outlined in Figure 4.6. Spe-
cific desired inlet design conditions in the isolator can be chosen, and an inlet geometry

generated to suit. This is done by employing an generating flow field that compresses
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the incoming flow to the desired properties. Typically when using the stream traced inlet
design methodology for a scramjet engine, the designer will choose a desired pressure ratio
within the combustor at a certain inlet entrance Mach number (Smart, 1999). With the
lightcraft design, performance is inherently linked to the density of the air delivered to
the laser detonation process. It is therefore required to deliver the air to the laser induced
detonation process at the required densities in order to achieve the required thrust (see
Section 3.4), while maintaining flight operability. This implies that the incoming free
stream air is compressed sufficiently to achieve the desired density, without the negative

consequences of over compression. Such effects can include inlet unstart or excessive drag.

. Mass flowrate
Desired e Pressure rise
Inlet Conditions Flow uniformity

Generating Shack angle
Flowfield Flow compression

Inlet Capture Inviscid streamlines
Geometry """""" Solid boundary

Viscous Correction

Stream Traced
Inlet Geometry

Figure 4.6: Stream traced methodology.

Once the required compression has been established, a generating flow field is created
that performs the necessary compression of the inlet flow. From Section 3.4, the required

density at the design conditions is found to be 0.651 kg/m3. At an altitude of 35km, the
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freestream air density is 0.00846 kg/m?, requiring a compression ratio of 77. The conical
forebody provides a compression ratio of 5.9, implying the generating flowfield is a required
to compress the incoming flow a further 13 times. It was found that this compression ratio
was too onerous for the generating flow field, resulting in Mach disks along the axis of
symmetry. The compression requirements had to be somewhat downgraded from a flow
field angle of 15° to 7.6° to reduce the size of the Mach disk. A reduction in the compression
abilities of the inlet will reduce the peak thrust generated, however it necessary to avoid
the inlet going into an unstarted state. The streamlines of the generating flow field
geometry, and resulting shock structure, dictate the final inlet geometry and hence careful
consideration of the flow field is required. All properties of the chosen flow field, such as
compression ratio, flow uniformity and uncancelled shock systems, will be present in the
final inviscid inlet design. It was decided that by over compressing the incoming flow to
sonic conditions, the inlets performance may suffer at angles of attack and reduced flight
speeds.

The generating flow field shape can be classified into three types based on the ra-
dial deviation parameter (RDP); inward turning, planar and outward turning (Billig &
Kothari, 2000). The RDP spans from values of RDP = 1 (inward turning) through to
RDP = —1 (outward turning). At an RDP = 0, the flow field is planar. This is used for
two dimensional inlet designs, with the generating body used shaped as an infinite wedge.
For the lightcraft design an inward turning ( RDP > 0) has been used. This is due to the
nature of the flowfield surrounding the lightcraft geometry. The role of the generating flow
field is the same as that of the two dimensional planar case - to manipulate the free stream
supersonic flow via a fictitious generating surface into the desired combustor flow field.
The flow is initially compressed by the lightcraft forebody in an outward turning, conical
compression field. It is then desired to turn this flow back in towards the lightcraft centre
line, directing it towards the laser propulsion system. For three dimensional inlet designs
an axi-symmetric generating flow field is employed, having either an isentropic boundary
to improve compression efficiency (Molder & Szpiro, 1966) or a constant slope boundary
to decrease flow field length (Matthews & Jones, 2006). In this study the constant slope
boundary has been chosen to limit the final length of the lightcraft vehicle.

The generating flow field used in the light craft inlet geometry creating is shown in
Figure 2.16. This is generated for the design conditions listed in Section 3.4. In this image,
the flow is moving from left to right, with the centre line being the axis of revolution. The

conditions used at the entrance of the flow field are that of the flow off the conical forebody
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- i.e. the initial compression has been taken into consideration in the inlet design. This
is why the inlet conditions are at Mach 5.39, rather than Mach 8. The conical shock that
provides the main compression can be seen meeting at a point in the centre of the flow

field, with the resulting parallel flow after.

Incoming supersonic ~—— Generating flow
air stream — field solid

boundary

1.10e400
8.63e-01
6.25e-01

Contours of Mach Numpér Oct 05, 2010

ANSYS FLUENT 12.1 (axl, dp, dbns imp)

Shock off — Axis of
flow field lip symmetry

Figure 4.7: Generating flow field for lightcraft inlets.

The inlet geometry is then created by choosing a stream surface to form the solid inlet
wall. The desired shaped can then be defined either upstream of the compression shock or
at the end of the compression field. The streamlines that pass through the defined shaped
are then followed or ‘traced’ downstream to the end of the compression field (or back
towards the leading edge shock), defining the inlet shape. Figure 4.8 visualises the stream
tracing technique for visual clarification. Each particle passing through this isolator profile
is then traced back through the flow field along its streamline. This is further illustrated
in Figure 2.18, where the final lightcraft geometry is mated to the stream traced inlet
developed from the stream traced inlet design methodology. It is apparent in this image
that the lightcraft is rotated slightly from the horizontal. This is due to the deflected
flow off the conical forebody. This is required to be accounted for in the inlet design, and
hence the final inlet geometry has been rotated an angle of 3° - the average value through

which the chosen freestream streamlines are turned by the conical forebody.

69



Generating flow field

leading edge 8 ave Path fracing process is started

when the leading edge shockwave
is reached
Stream path of particle
passing through isolator
S profile
/ o =\, e
) I, :
—_—
I I\
. . J |
Incomlng air stream S - 7
] i \“‘
|
I ‘,\\\
_— I'I .
\ P T
\ ‘.‘
Isolator profile from
which inlet geometry
is created
Axi-symmetric generating
flow field

Figure 4.8: Stream tracing technique.
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Figure 4.9: Stream traced inlet geometry from generating stream lines.

4.4.2 Stream traced inlet design code - streamTracer

The method of stream traced inlet design has traditionally been a laborious task, due to
the complex analytical solutions required of the generating flow field and resulting stream
traced inlet geometries. With the advent of modern computers, a number of research
codes or techniques that allow the rapid generation of stream traced inlets have been de-
veloped (Smart (1999), Gollan & Smart (2010) and Croker (2007)). These are generally
not available to the public. A code that allows the rapid generation of stream traced inlet
designs has been created, called streamTracer (see Appendix B). The aim of the stream-

Tracer code is to provide a simple, yet powerful, Matlab code to design three-dimensional
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stream traced inlets from three-dimensional generating flow fields. StreamTracer allows
the rapid prototyping and testing of different stream traced inlet geometries by acting
as an ‘interface’ between flowfield design and inlet geometry. Figure 4.10 is a flow chart
detailing the process involved in generating a viscous-corrected stream traced inlet design
using the streamTracer code.

Fluent simulation —— Read in generating flow field User inputed capture area
velocity field geometry

l
Calculate streamline paths ,—‘

Y
Form inviscid inlet geometry
from streamline paths

l

Apply viscous correction to
inviscid 3D inlet geometry

Y
Fluent simulation -=————— Write corrected geometry to file

Figure 4.10: streamTracer code flowchart.

In the streamTracer code, flow field geometry selection is left up to the user - the
current code is designed for quasi two-dimensional axi-symmetric flow fields, however it is
possible to extend this to generic three dimensional flow fields. Quasi-two-dimensional axi-
symmetric flow fields form the majority of flow field geometries used in inward turning
inlet design, and hence are a suitable choice for the streamTracer code. StreamTracer
takes input in the form of a velocity vector field from the CFD code Fluent; however any
CFD code may be used.

Once the flow field has been imported into the streamTracer code, the user then defines
the perimeter shape of the inlet capture area in Cartesian co-ordinates. The number of
points defining the perimeter of the inlet shape is left up to the user - a lower number
will reduce the accuracy of the final shape, but will also reduce computing time. The
code then takes each individual point of the perimeter geometry, and uses the velocity
flowfield data to generate Cartesian co-ordinate descriptions of their streamlines. The
calculation of the inlet geometry in the three-dimensional space is handled by converting
the Cartesian co-ordinates into a cylindrical co-ordinate system. Any point P in the flow
field can be described by its position along the flowfield, z, its radial distance from the

centre line, r, and its rotation about the z axis, ¢ as per Figure 4.11.
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Figure 4.11: Position of an arbitrary particle within the generating flowfield.

Due to the axi-symmetric nature of the generating flow field, each streamline lies in
planes of constant ¢, depending on its initial point. The streamTracer code takes the
initial Cartesian co-ordinate of the point and transforms it to cylindrical co-ordinates by

transformation. The radial position of the point, r, is first calculated by

r=+/z2+y?

The rotation of the streamline plane, ¢, is then calculated

¢ =tan"! <z)
Y

Hence the transformation of the Cartesian profile point, P, into the cylindrical co-

ordinates is

[x7 ¢ =[x /22 + 2 tan~! <;>]

The x and r co-ordinates of the particles constant ¢ stream path are then calculated
by the Matlab function ‘streamline’. Each stream path co-ordinate is then converted back

to the Cartesian co-ordinate system, using the transformation

[z y z] = [x rcos ¢ rsin @

This works efficiently with the axi-symmetric flowfield, as the two-dimensional field

can be used to create a three-dimensional space. This significantly reduces the computer
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power required for the code, however some generality is lost in being limited to axi-
symmetric flow field geometries. For generic three-dimensional flow field geometries, a
true three-dimensional method would be required to be implemented in the streamTracer
code. The inlet geometry is then stored in the system memory as a series of Cartesian
co-ordinates defining the three dimensional inviscid surface.

In order to account for the growth of the boundary layer within the inlet, we require
an expression for its height above the surface at a specified distance. If we can obtain an
expression for this value, the inlet geometry can be enlarged to allow for the boundary
layer. In the streamTracer code the boundary is approximated using a flat plate estimation
(Boyce et al. , 2000). The boundary layer thickness at a position x along the plate is

0.2145M 375

(o

where M is the local Mach number, and Re, is the local Reynolds number. To
ensure the validity of this method, the analytical solution has been compared to a flat
plate simulation in Fluent at conditions similar to those experienced in the isolator of
stream traced inlets. The flat plate shown in Figure 4.12 has been modelled at a free
stream pressure of P = 22000 Pa, Mach number M = 2.6, density p = 0.096 kg/m?, and
viscosity = 1.53 x 1075 kg/ms.

. Boundary layer height
Growing boundary layer atend of flat plate

(L

X Flat plate

Incoming flow

Figure 4.12: Flat plate verification.

The flat plate was then simulated in the CFD code Fluent with identical conditions
to verify that the same boundary layer height was achieved. Both the Matlab code and
Fluent simulation give a boundary layer height at the edge of the flat plate of 6.2mm, and
this method can therefore be considered acceptable.

As the inlet walls do not lie in the x plane, a two-dimensional correction needs to be
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applied to the above one-dimensional formula to allow for angled isolator walls. Consider
a segment of the isolator wall, shown in Figure 4.13. Here z and y are the Cartesian
co-ordinates of the endpoints of the segment, n is the normal direction vector, @ is the
angle of the line segment and 0 is the boundary layer thickness correction corresponding

the boundary layer displacement height above the surface.

n

Flow

——

Growth of boundary
layer across inlet
segment

Xit1,¥ji1

Figure 4.13: Boundary layer displacement thickness correction.

The angle of the line segment can be defined as

tanf = il T M
Yi+1 —Y;
By reducing the boundary layer displacement thickness correction into its components,

the correction applied in the y direction is given by
6*

o = sin 0 (42)

No correction is applied in the x direction (i.e. the length of the inlet remains un-
changed). A constant Mach number within the isolator has been assumed, taken as the
average value. The final step the streamTracer code undertakes is to write a text file
defining the inlet geometry to allow its importation into CAD or meshing software. Cur-
rently the code is designed to allow the importation of its data into the meshing program
Gridgen, and data is exported in the segment (*.dat) file format. In Gridgen, high quality

meshes can be generated rapidly, allowing fast exportation to Fluent for simulation.

4.4.3 Inlet truncation

The stream traced method of inlet geometry typically results in substantially elongated

inlets compared to traditional lightcraft designs, due to the shallow angles obtained from
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the generating flow fields. It is not possible to simply increase the angle through which
the flow is turned, as undesirable mach disks form in the region where the flow field shocks
meet. This is illustrated in Figure 4.14, where the 7.58° flowfield used in the final inlet

design is compared the original inlet flow field of compression angle 15°.
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Figure 4.14: Generating flow fields of turning angles 7.58° and 15°, respectively.

The growing Mach disk, where flow is decelerated sub-sonically, can be seen along the
centre line of the generating flow field. With a large Mach disk in the generating flow
field, there is a much greater possibility that flow disturbances can cause undesirable inlet
behaviour, such as inlet unstart. This is due in part to a higher portion of the flow being
decelerated to near sonic and sub sonic speeds. There is, therefore, a trade off between
total inlet drag and inlet flow stability. As a compressive flow field is made shorter,

compression is increased while viscous drag on the internal surfaces is reduced, but the

75



form drag and likelihood of inlet unstart is also increased. One method of reducing the
total inlet drag while maintaining flow field stability is to truncate the inlet before the
secondary reflected shock off of the generating flow field centre line. This is not done in
traditionally fueled scramjet engines due to the residence time of the chemically reacting
species within the combustor. Due to the supersonic speeds within the scramjet flow path,
residence in the order of the chemical reaction times are experienced. Hence relatively long
combustor lengths are required to realize the potential chemical energy from the fuels. The
lightcraft engine does not face this restriction, due to the nature of the propulsion system.
Although some of the original inlet design compression is lost, the benefit of reduced inlet
drag outweighs the resulting performance loss. Flow uniformity and total pressure loss
are also maintained, and the inlets do not become any more sensitive to changes in flight
conditions. One further benefit of the truncated inlet design is the increased radius of
the parabolic receptive optic. By truncating the inlet, the laser energy capture area is
significantly increased over the untruncated stream-traced inlet design, and is only slightly
reduced compared to the LTD inlet geometry. Figure 4.15 shows a comparison of density

contour plots between the original and truncated stream traced inlet design.
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Figure 4.15: Original and truncated inlet simulations illustrating amount of total com-
pression lost.

A total drag reduction over the initial inlet of approximately 47% is achieved in the
truncated design, while the resulting loss in compression is only approximately 18%. There
is therefore a significant benefit to truncate the initial stream traced inlet design. The
amount that the inlet is truncated is the designers choice, and is a trade-off between total
compression and inlet drag for a given flight configuration. It is also a requirement that
the inlet length be sufficient that the expanding laser induced detonation wave is contained
within the inlet isolator, and not allowed to protrude out the front of the lightcraft vehicle
and unstart the inlet. The length that the detonation wave extends up the isolator walls
can be established from the numerical simulations described in Section 7.1. The resulting

geometry can be seen in Figure 4.16.
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Figure 4.16: CAD representation of Stream traced axi-symmetric inlet geometry employed
in this study.

A dimensioned CAD drawing displaying the major dimensions of the craft used in the

simulations is shown in Figure 4.17.
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Figure 4.17: Dimensioned CAD drawing of the Stream traced axi-symmetric inlet geom-
etry.

4.5 Stream traced modular axi-symmetric inlet

The third inlet design technique to be investigated in this study is that of stream traced
modular axi-symmetric inlets. This inlet design technique again employs the stream

traced inlet, design methodology, however the inlet is comprised of a finite number of three
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dimensional modular inlets arranged axially around the conical centre body. The modular
inlets benefit from tangential sidewall compression as well as the radial compression of the
external surface. Modular inlet design is more complicated than the previous two inlet
design methodologies, however the additional benefit of three dimensional compression
has been shown to improve their performance at off design conditions (Smart, 1999).
The shape of the isolator curve is fixed due to the stream tracing process, and is
identical to that of the axi-symmetric stream traced design. The difference between the
two designs is the number of modules being employed in the design - the straight axi-
symmetric case has one module. The configuration investigated in this research consists
of six evenly spaced modules arranged annually around the lightcraft centre-body. Six
modules were chosen as this is a good compromise between flow performance at off design
conditions and efficiency losses due to the addition of inlet struts between the modules.
Each module spans a capture area of 58°, with the remaining area making up the strut
member that holds the module in place. The major dimensions of the craft are shown in

Figure 4.19.

Inlet isolator

Incoming laser
beam

Conical forebody

Parabolic

afterbody
Module struts /
X ! ) Expansion nozzle
N Inlet cowl lip
Mesh Mar 01, 2011

ANSYS FLUENT 12.1 (2d. dp. dbns imp. S-A}

Figure 4.18: CAD representation of Stream traced axi-symmetric inlet geometry employed
in this study.
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Figure 4.19: Technical CAD drawing of Stream traced modular axi-symmetric inlet ge-
ometry.

4.6 Stream traced modular scalloped inlet

The fourth and final inlet geometry produced again employs the stream traced inlet de-
sign methodology outlined in Section 4.4.1, however the stream line tracing is performed
in three dimensions. The extension of the methodology to a three dimensional tracing
technique creates a ‘scalloped’ inlet arrangement, where the inlet forms the geometry of
both the conical forebody and the isolator. In this design, there is no distinction from
the initial forebody compression and the secondary cowl compression. The capture area
geometry uses the axi-symmetric nature of the lightcraft to create a modular arrange-
ment, as shown in Figure 4.20. The final lightcraft geometry is formed by arranging the
individual modules around the lightcraft centre body.

A wedge configuration is employed in the capture area shape, as this results in a
circular profile similar to a traditional missile configuration. The technique is the same
as that employed by Billig (1995) and Matthews & Jones (2006). Six modules have been
chosen in this design, resulting in a wedge angle of 58°. Due to the three dimensional
tracing method employed in this configuration, the conical forebody is formed from the
lower edge of the inlet module. The flow field is therefore required to be adjusted to
maintain the same internal geometry of the lightcraft. This is important for the housing of
ancillary equipment and payload. A generating flow field lip angle of 14.04° was employed
to keep consistent with the other lightcraft inlet designs. The problems associated with
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the over compression were not present in this flow field, due to the entrance Mach number
being that of the free stream conditions - Mach 8. The modified flow field geometry is
shown in Figure 4.21. The final inlet geometry can be seen in Figure 4.22. A dimensioned
CAD drawing has also been produced to show the major dimensions of the craft, shown

in Figure 4.23.

Module capture
area Solid, inviscid
geometry

Generating
flow field
lip shock

Figure 4.20: Three dimensional streamline tracing of scalloped inlet module
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ANSYS FLUENT 12.1 (2, dp, dons imp)

Figure 4.21: Modified generating flow field geometry used in stream traced modular scal-
loped inlet geometry.
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Figure 4.22: CAD representation of Stream traced modular scalloped inlet geometry

employed in this study.
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Figure 4.23: Dimensioned CAD drawing of Stream traced modular scalloped inlet geom-

etry.

4.7 Inlet performance parameters

As discussed in Section 3, the purpose of the inlet is to compress and deliver air to the

laser supported pulsed detonation process at suitable conditions over a range of flight

conditions. To meaningfully compare a range of different inlet configurations, suitable

performance analysis parameters need to be established. A good inlet design will maximise

the compression and uniformity of the incoming airflow, while minimising the system

losses. These parameters will all be evaluated at the exit of the isolator, as this is where

the laser energy deposition occurs. The flow structure in this region is critical to the
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performance of the pulsed laser detonation engine. While the nozzle configuration will
have a significant effect on the performance of the vehicle a a whole, its design is outside
the scope of this research, and as such will not be considered in the performance analysis.

The inlets are evaluated using five different performance parameters; total mass cap-
ture, average compression achieved, uniformity of isolator flow, total inlet viscous drag
and total pressure loss of the inlet. The level of compression achieved by each inlet is
evaluated on the average density across the isolator exit for each inlet at the three different
angles of attack. This is obtained by taking the arithmetic average of the cell node values
of density along a surface located at the isolator exit. A higher average density value,
the greater level of compression the inlet achieves. To evaluate the flow uniformity, the
standard deviation of the cell node values for density on the surface are computed. The
lower the standard deviation, the higher the uniformity of the flow. Finally to evaluate
the losses of the system, two approaches are taken. The first is based on the total drag
of the inlet and isolator walls. Fluent is able to calculate a value for both viscous and
pressure drag along a surface, and this is employed to give a quantity for the drag of
the inlet. The second approach involves evaluating the total pressure loss in the system.
This is done by dividing the average isolator exit total pressure by the free stream total
pressure. The total pressure rise is an indicator of the shock losses in the system, and

therefore a lower value implies a better performing inlet.

4.8 Summary and conclusions

Four different lightcraft inlet designs have been produced alongside performance evalua-
tion criteria. This allows the fair comparison of their relative strengths and weaknesses
within the hypersonic flight regime. The axi-symmetric, stream traced axi-symmetric,
stream traced modular axi-symmetric and the stream traced modular ‘scalloped’ inlet
design have been designed for maximum performance at design conditions. The three-
dimensional geometries produced are now able to form the basis of computational meshes
to be simulated in the CFD software. From the CFD software, a quantitative analysis of

the inlets relative performance can be obtained.
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5 Numerical Analysis

5.1 Introduction

Numerical simulations of the four different inlet designs presented in Chapter 4 have
been performed at a range of flight conditions to provide the basis of the performance
comparison. This chapter presents the numerical simulation results, and discusses the
interesting flow processes occurring within the hypersonic inlets.

The evaluation of the axi-symmetric individual inlet designs was performed in two
stages. The first step involved the two-dimensional, axi-symmetric simulation of the
inlet at on design conditions. This first step was performed to allow the evaluation and
‘tweaking’ of inlet designs with minimal computational expense. Multiple two dimensional
simulations could be performed in a matter of hours, as opposed to days for the three
dimensional meshes, allowing the design to be altered as required.

Once the final axi-symmetric shape was produced, the two dimensional case could
be extended to three dimensions. Three dimensional simulations were required for off
design simulations at angles of attack. This is because a two-dimensional axisymmetric
simulation would not be able to sufficiently resolve the tangential components of flow
at angles of attack other than 0°. For both the axi-symmetric and the stream traced
axi-symmetric cases, this was achieved by revolving the two-dimensional profile about
the z-axis (as defined in Figure 5.1), creating a three-dimensional mesh. The nature of
the symmetry of the problem allowed the meshes to be split in half about the z — y
plane. The mesh then used symmetry boundary conditions on the x — z plane, halving
the computational expense required to perform a three-dimensional simulation. The same
mesh for each lightcraft geometry was used for all off design simulations by appropriately
altering the boundary conditions. In all simulations at angles of attack, the windward
side is the lower surface and the leeward side is the upper surface. A representation of the
computational space employed in the simulations is shown in Figure 5.1, with the craft

moving from right to left.
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Figure 5.1: Computational domain for numerical simulations.

For the two modular inlet designs, the process is slightly more complicated due to the
periodic location of ‘struts’ that form the sidewall compression component of the inlet
module. The stream lines used in the generation of the stream traced axi-symmetric
modular inlet are identical to the ones used in the stream traced axi-symmetric case, but
modifications were required to the three dimensional mesh to produce a three dimensional
modular mesh. For the stream traced modular ‘scalloped’ inlet design, a completely new
three dimensional mesh was generated. This was done by creating an individual module
in the stream tracer code, then revolving it around the axis of symmetry to form the final
lightcraft shape.

In addition to the on design conditions outlined in Table 3.7, a set of off design
conditions have also been investigated to form an understanding of each inlets behaviour
throughout the accelerating flight envelope. An off design flight Mach number of 5 was
chosen, corresponding to the design conditions listed in Table 5.1. As compression within
the inlet is increased at lower Mach numbers, resulting in reduced Mach numbers through
the inlet, the probability of unstart is increased (Van Wie, 2000). If an inlet is able to
operate at both Mach 5 and 8 conditions, then it is will be suitable for the accelerating

hypersonic portion of flight.

Parameter Design value

Mach number 5
Altitude 21500m
Pressure 4500 Pa

Temperature 220K

Air density  0.0711kg/m?

Table 5.1: Inlet off design simulation values.

All simulations were performed in Fluent using a density based solver, where the conti-
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nuity equation is employed to obtain the density field. The pressure field is then obtained
from an equation of state, in this case as an ideal gas with no dissociation or ionisation con-
sidered. Density based solvers have historically been employed in high speed compressible
flows, and this research has continued in this vein (Ansys Inc., 2009). A Spalart-Allmaras
one equation turbulence model was also employed. With the Spalart-Allmaras model,
accuracy of the turbulent behaviour is reduced in favour of computational speed (Ansys
Inc., 2009). This was considered acceptable as fine resolution of turbulent behaviour was
not required in this study. The Fluent Spalart-Allmaras turbulence model also allows a
coarsening of the mesh in the boundary layer region, and has been shown to model the
behaviour of boundary layers subjected to adverse pressure gradients well. Fluent em-
ploys a standard upwind flux splitting technique, with the flux splitting handled by a Roe
scheme (Ansys Inc., 2009). Fluent allows blending of the spatial discretization order, from
a minimum of first order to a maximum of second order. Difficulty in achieving converged
solutions was experienced at higher order spatial discretization, so first order was used
for the three dimensional simulations. It was possible to achieve convergence at second
order accuracy for the two-dimensional grids, so this was employed in two-dimensional
simulations. A second order implicit time marching scheme has been employed in the
steady state simulations. Far field boundary conditions were modelled using a Pressure
Far Field boundary condition. The Pressure Far Field boundary condition models free-
stream supersonic flow at infinity, with the freestream Mach number, static pressure and
temperature specified. In the case where there is supersonic flow across a Pressure Far
Field boundary, the code automatically computes the static pressure at the flow exit by
extrapolating the flow within the domain. For the walls of the lightcraft, a standard wall
function boundary condition is employed (Ansys Inc., 2009).

5.2 Mesh refinement study

To be confident in the accuracy of the numerical simulations, it is essential to ensure the
solutions obtained are independent from the computational grid size. If a computational
grid is not refined sufficiently around important flow features, the fidelity of the solution
is reduced and vital information about the flow field may be lost. To ensure grid inde-
pendence, a mesh refinement study was performed. This involved monitoring the flow
conditions within the simulation domain as the mesh size is decreased, until there is no

significant difference between mesh results. Due to the similarities in geometry between

87



the 2D and 3D cases, the mesh refinement study was done on the two dimensional axi-
symmetric stream traced inlet case. The static pressure along the conical forebody, inlet
isolator lower wall and parabolic reflective optic were used to determine whether mesh
convergence had been achieved. Average (non-dimensionalised) mesh spacings of 0.004,
0.0033, 0.002, 0.0005, 0.0001 and 0.000075 were employed for an unstructured mesh in the
axi-symmetric stream traced geometry, and simulated in Fluent at on design conditions.
The average mesh spacing represents the average distance between node points along a
connector (in metres), with a larger number representing a coarser mesh. The resulting
mesh sizes can be seen in Table 5.2. The plot of static pressure along the bottom surface
of the lightcraft model, shown in Figure 5.2, demonstrates the solution dependency on

mesh density.

Average node spacing (m) Number of cells in mesh

0.004 25,978
0.002 55,815
0.0005 82,447
0.0001 204,534
0.000075 232,082

Table 5.2: Mesh sizes employed in mesh refinement study.
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Figure 5.2: Density profile at mesh outlet for different mesh densities.
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Figure 5.2 shows that the coarser meshes, while capturing the general flow properties,
do not adequately resolve the peak pressures within the isolator resulting from the complex
shock structure. Increasing the mesh density from 0.0005 to 0.000075 shows a clear
trend of solution convergence, with minimal change between mesh densities of 0.0001 and
0.000075. The number of cells in the resulting meshes are 204,534 and 232,082 respectively.
Since computational time is directly related to the number of cells in the computational
space, the small increase in computational accuracy achieved with an average mesh spacing
of 0.000075 over 0.0001 is not deemed necessary, and hence a mesh spacing of 0.0001 is
employed in subsequent simulations.

It was found that when this mesh density was extended to the three dimensional
models, the resulting mesh sizes were prohibitively large. Three dimensional meshes of
over 40 million cells were required in order to accurately resolve the flow within the
lightcraft isolator. The mesh was modified by coarsening in regions where the pressure
gradient was low to reduce the mesh to manageable sizes. It was still found that the
required level of resolution within the isolator still left the mesh sizes to large to solve
on the available computing resources. The twelve core parallel machine used in this work
was unable to produce results in a reasonable time frame for mesh sizes greater than
approximately 8 million cells, and hence the resulting grid error introduced was required
to be quantified.

By following the approach outline by Stern et al. (2001), and estimation of the error
introduced by the coarser grid solutions was obtained. Using the results of the mesh
refinement study, a parameter convergence study was performed based on mesh node
spacing assuming all other parameters are held constant. Grid convergence is established
through the evaluation of the drag of the lightcraft body, which is calculated in the CFD
code Fluent by summing the pressure forces on the body surfaces in the direction of
flow. Four grid densities were employed, each with constant refinement factor. The grids
employed in the study shown are outlined in Table 5.3 with the resulting value for drag
force, and the percentage change from the previous value. It can be seen that there is
little variation between the calculated drag value as the grid spacing is decreased, and the
grids appear to yield the same result for the integrated variable within a suitable error
bound. This indicates that even at the coarsest spacing, the grid error is still under 10%.
For the three dimensional meshes, grid spacings of 0.0001 to 0.0005 were employed within
the isolator where the flow physics were highly complicated. Free stream boundaries,

and surfaces with reduced flow complexity were modeled with grid spacings up to 0.0015.
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This approach allowed the creation of manageable grids, without significant introduction

of error.
‘ Grid number ‘ Tk ‘ T ‘ Cells ‘ F,; ‘ € ‘
1 2 |1 0.0020 | 55,815 | 313.40 -
2 2 | 0.0005 | 82,447 | 327.51 | 4.50%
3 2 1 0.0002 | 124,536 | 335.09 | 2.26%
4 2 | 0.0001 | 204,534 | 337.66 | 0.77%

Table 5.3: Grids employed in mesh refinement study.

It was determined in the mesh refinement study that the ‘bulk’ behaviour of the flow
could be obtained at lower mesh densities, at the cost of some fidelity of the pressure
peaks. It was then decided to simulate the three dimensional cases at the highest mesh
resolution possible, and compare to the two dimensional axi-symmetric cases. This would
allow the bulk behaviour of the flow to be captured with the three dimensional cases, while
the complex flow structure within the isolator could be adequately resolved with the two
dimensional axi-symmetric simulations. Unfortunately this approach was not possible for
the two modular inlet designs, due to the inherent three dimensionality of the flow fields.
The lower fidelity results produced from the three dimensional simulations are therefore

the only numerical information available for these two inlet designs.

5.3 Axi-symmetric inlet design
5.3.1 Numerical results at Mach 8 conditions

The first configuration simulated was that of the axi-symmetric inlet geometry. Contours
of Mach number at angles of attack of 0°, 3° and 6° for the three dimensional mesh are
shown in Figure 5.3 at a flight Mach number of 8. The initial compression off the conical
forebody can be clearly seen, along with the growing boundary layer along the surface.
This illustrates the necessity for the boundary layer correction, as the available core flow
region is significantly reduced. The growing boundary layer along the conical forebody
acts to push the forebody shock further away from the inlet cowl lip. Further compression
due to the inlet can also be seen, in the form of a secondary shockwave off the cowl. This
shockwave comes to rest on the expansion of the conical forebody, serving to correct the
direction of the flow such that it is parallel to the isolator walls. This expansion is not
ideal, as a small disruption to the flow in the form of an expansion wave can be seen to be

present in the isolator. This can be clearly seen in Figure 5.4. This flow non-uniformity
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is caused by the interaction of the secondary compression wave with the conical forebody
boundary layer as they enter the inlet isolator.

Figure 5.4 shows a comparison between the refined two-dimensional axi-symmetric
mesh, and the coarser three-dimensional mesh. Significant shock-smearing occurs within
the isolator, resulting in a lower fidelity solution to the complex flow processes occurring.
The static pressure within the isolator is approximately matched between the two grids,
shown graphically in Figure 5.5, where the pressure profile across the isolator outlet are
compared at 0° angle of attack. This confirms that the coarser three dimensional mesh,
while not able to resolve the complex flow structure exactly, is able to provide an estimate
of the conditions within the isolator.

The flow uniformity within the isolator produced by the three dimensional grid is
considered to be very good, as illustrated by the contour plots of density at the isolator
exit in Figure 5.9. The flow exhibits a high level of uniformity, also appearing to behave
well at angles of attack. The simulations indicate little loss in flow uniformity and no
signs of inlet unstart. The contour plots at angle of attack demonstrate the strengthening
of the windward shock, and conversely the weakening of the leeward shock off the conical
forebody. This results in a change to the isolator flow structure with a strengthening of the
expansion wave, decreasing the flow uniformity. This also shown in the two-dimensional
axi-symmetric simulations, with significantly less shock smearing within the flow field.

The significance of this is illustrated in Figure 5.10, where contours of static pres-
sure are shown on the outer isolator wall. An oblique shock can be seen to be forming
as the angle of attack increases. The ‘rings’ that can be seen on the isolator walls are
the regions where the expansion and shock waves are incident on the isolator walls. The
two-dimensional simulations do appear to confirm that the coarser three-dimensional sim-

ulations are a valid means for determining inlet operation.
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Figure 5.3: Contours of Mach number for angles of attack of 0°, 3° and 6° for three
dimensional mesh at Mach 8.
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Figure 5.4: Close up of inlet contours of static pressure for an angle of attack of 0° at
Mach 8 - 2D high resolution grid (top) and 3D grid (bottom).
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Figure 5.5: Static pressure profiles at isolator exit for 0° angle of attack and Mach 8.
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Figure 5.6: Contours of density for an angle of attack of 0°, 3D mesh (top) and 2D mesh
(bottom).
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Figure 5.8: Contours of density for an angle of attack of 6°, 3D mesh.
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Figure 5.9: Contours of density at isolator outlet for angles of attack of 0°, 3° and 6° at
Mach 8.
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Figure 5.10: Contours of surface pressure along lightcraft walls for angles of attack of 0°,
3° and 6° at Mach 8.
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5.3.2 Numerical results at Mach 5 conditions
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Figure 5.11: Contours of Mach number for 3D mesh at angles of attack of 0°, 3° and 6°

and Mach 5.
99



Mach 5 simulations were performed to determine the inlets operating state at lower flight
speeds, conditions of which are shown in Table 5.1. Contours of Mach number are shown
in Figure 5.11, where the effect of the reduced flight speeds on the flow structure can be
seen. The conical forebody shock angle increases, moving it further from the inlet cowl.
The angle of the inlet cowl shock also increases, reducing the flow uniformity throughout
the isolator. This can be seen with greater clarity in Figure 5.12, which shows contours of
density along the axis of symmetry at all angles of attack. The strength of the expansion
wave increases, propagating down through the isolator. The inlets all remain started at
the lower Mach number, indicating that the inlet will remain in the started operating

state within the flight speed range.

100



ko k. ok o e s s ek

LEEeoTTey

s L N S T B et 4 ] X}

SR

Contours of Density (kg/m3) Feb 16, 2011
ANSYS FLUENT 12.1 (2d, dp. dbns imp, S-A}

Contours of Density (kg/m3) Feb 16, 2011
ANSYS FLUENT 12.1 (2d, dp. dbns imp, S-A}

L

Contours of Density (kg/m3) Feb 16, 2011
ANSYS FLUENT 12.1 (2d, dp. dbns imp, S-A}

Figure 5.12: Contours of density for 3D mesh at angles of attack of 0°, 3° and 6° and
Mach 5.
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5.4 Axi-symmetric stream traced inlet design
5.4.1 Numerical results at Mach 8 conditions

Identical simulations were performed for the axi-symmetric stream traced inlet design.
Both Mach 5 and 8 simulations at angles of attack of 0°, 3° and 6° were produced on a three-
dimensional grid, with two-dimensional axi-symmetric simulations also performed on a
refined mesh at 0° to resolve the inlet flow features more accurately. The axi-symmetric
stream traced inlet design achieves a higher level of compression over the axi-symmetric
inlet, due to the inward turning cowl. This increases the intensity of the interaction
between the inlet cowl shock and the forebody boundary layer, reducing the uniformity
of the flow throughout the isolator. A stronger shock train is present, which reduces the
inlets efficiency through irreversible increases in entropy. A comparison between the three
dimensional simulations and the refined two-dimensional axi-symmetric results is shown
in Figures 5.14, 5.15 and 5.16. This reiterates what was found for the axi-symmetric inlet
geometry - the general flow structure is resolved in the 3D case, however some degree of
shock smearing occurs, with the pressure peaks underestimated in the three dimensional
simulations. Again the inlet remains started in the finer simulations. Contours of density

at the isolator outlet shown in Figure 5.14 again show good levels of flow uniformity.
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Figure 5.13: Contours of Mach number for the 3D mesh at angles of attack of 0°, 3° and
6° and Mach 8.
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Figure 5.14: Contours of density for an angle of attack of 0° at Mach 8 - 3D mesh (top)
and 2D mesh (bottom).
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Figure 5.15: Contours of density for an angle of attack of 3° at Mach 8 - 3D mesh.
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Figure 5.16: Contours of density for an angle of attack of 6° at Mach 8 - 3D mesh.
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Figure 5.17: Contours of density at isolator outlet for angles of attack of 0°, 3° and 6°.
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Figure 5.18 illustrates the complex flow processes within the inlet obtained from the
two dimensional axi-symmetric simulations. At the throat of the inlet, there is a separation
bubble where the cowl shock and the forebody expansion wave meet. The separation
bubble is a subsonic recirculation region, that is typically unstable and exerts oscillatory
growth and decay (Tan et al. , 2009). If the separation bubble is able to grow sufficiently,
it may cause the inlet to unstart. This bubble can be seen to grow at angles of attack,
shown in Figure 5.14. There is a region of high heating where the inlet cowl shock meets
the separation bubble, at the origin of the expansion fan. The temperature in this region
can reach over 3000 K. The high temperatures across the shock may cause the air to ionise
and dissociate (Anderson, 2000), which may adversely affect the performance of the laser
induced detonation process. The incident cowl shock can be seen to penetrate somewhat
into the separation bubble. This shock is a source of decreased efficiency of the inlet, as
the some of the total pressure loss across it is unable to be recovered by the expansion
through the nozzle. The difference between the core inlet flow and the boundary layer has
been illustrated in Figure 5.18. The isolator shock train does not cause boundary layer
separation. An illustration of the flow processes, from Segal (2009), is included in Figure

5.19 to clarify the complex flow interactions occurring within the inlet.

Cowl lip primary shock

Isolator shock train

Separation bubble Expansion fan

Inlet boundary layer

Figure 5.18: Close up of isolator flow field, Mach 8 at 0° angle of attack for the 2D mesh.
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Figure 5.19: Illustration of flow processes about separation bubble. (Segal, 2009)

5.4.2 Numerical results at Mach 5 conditions

Figure 5.20 shows contours of Mach number for the reduced flight speed simulations. It
is clear the stream traced axi-symmetric inlet geometry also remains in a started state for
the investigated angle of attack range. Again a degradation in the isolator flow structure

can be seen due to the change in cowl shock location.
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Figure 5.20: Contours of Mach number for angles of attack of 0°, 3° and 6°
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Figure 5.21: Contours of density for angles of attack of 0°, 3° and 6°
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Contours of density at the isolator exit in Figure 5.22 again demonstrate high levels
of uniformity achieved at all angles of attack, the standard deviation of density across the

isolator outlet .
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Figure 5.22: Contours of density at isolator outlet for angles of attack of 0°, 3° and 6°
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5.5 Stream traced axi-symmetric modular inlet design
5.5.1 Numerical results at Mach 8 conditions

For the stream traced axi-symmetric modular inlet design, the inlet truncated geometry
obtained from the streamTracer code (see Section 4.4.2) was mated to a viscous corrected
conical forebody. The resulting shape is then mated to a parabolic receptive optic and
a expansion nozzle, creating the final lightcraft geometry. The truncated inlet is then
divided into six modules to form the modular arrangement. The geometry is again simu-
lated at the conditions specified in Tables 3.7 and 5.1. The introduction of struts, while
a realistic structural requirement, severely reduces the uniformity of the inlet flow field.
Oblique shocks are formed, which are swallowed by the inlet. Contours of Mach number
for the three angles of attack are shown in Figure 5.23, demonstrating all inlets remain

in a started state.
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Figure 5.23: Contours of Mach number for angles of attack of 0°, 3° and 6° at Mach 8.
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Contours of density at the exit of the isolator for the stream traced modular inlet
arrangement are shown in Figure 5.24. It can be seen that the flow exhibits a high amount
of non-uniformity due to the shock waves generated by the inlet module struts. This shock
structure increases the flow non-uniformity and will add to the losses of the inlet. It will
also decrease the performance and controllability of the laser induced detonation system.
Regions of higher density will generate higher initial plasma pressures and temperatures,
resulting in a non-uniform detonation wave structure. It is highly possible a detonation
wave structure like this could cause catastrophic loads on the structure, and undesired or
unexpected force moments on the body during flight.

Current research into the laser induced detonation process has not quantified the effect
of total pressure losses on the performance of the system. Traditionally fueled hypersonic
engine performance is highly dependant on the efficiency losses due to uncancelled shock-
waves within the isolator (Heiser et al. , 1994). It is currently unknown what the effect of
irreversible entropy changes due to shock waves will have on the performance of the laser
lightcraft at supersonic speeds. While uncancelled shockwaves will present significant
structural issues to the craft design, some level of flow efficiency losses may be acceptable
in the laser induced detonation engine. The increases in density realised may actually be
desirable in increasing the initial detonation wave front pressure, however the realizable
energy of the flow may be somewhat reduced by real gas effects such as dissociation. It is
most likely that efficiency losses from compression waves will not significantly reduce the
amount of thrust able to be achieved by the propulsion system, with the additional com-
pression benefiting the system substantially. The benefit of this additional compression
achieved must be weighed against the drag penalty that will occur from the unnecessary

shock structure.
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Figure 5.24: Contours of density at isolator outlet for angles of attack of 0°, 3° and 6°
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The shock structure resulting from the inlet module struts is illustrated with further
detail in Figure 5.25. This image show contours of static pressure on the lightcraft external
surfaces at the different flight angles of attack. The oblique shockwaves off the struts can
be seen to travel backwards through the isolator, where they meet at the regions of high
density visible in Figure 5.24. At angles of attack, this shock structure can be seen to
weaken on the leeward side, and strengthen on the windward side. There is also significant
heating along the struts, where the supersonic flow is brought to stagnation. The surface

temperature here can reach as high as 3,330 K.
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Figure 5.25: Surface contours of density for angles of attack of 0°, 3° and 6° at Mach 8
(logarithmic scale).
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5.5.2 Numerical results at Mach 5 conditions
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Figure 5.26: Contours of Mach number for angles of attack of 0°, 3° and 6° at Mach 5.
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Mach 5 simulations show similar trends to the previous cases, however at angles of attack,
it can be seen the flow uniformity is severely degraded. At the maximum angle of attack,
the inlet can be seen to unstart - shown in Figure 5.26. A normal wave is disgorged from
the inlet, severely reducing the mass flow rate through the engine. The effect of this can
be clearly seen in Figure 5.27, where very low air densities are achieved at the isolator
exit. It should be noted here that the numerical solutions obtained when an inlet is in
unstarted mode are highly unstable, and cannot be used for quantitative results. The
contours have been included for demonstration of the unstarted state. This does not
necessarily exclude the inlet design from practical use, it just reduces the angle of attack

envelope that the craft can fly within at certain flight conditions.
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Figure 5.27: Contours of density at isolator outlet for angles of attack of 0°, 3° and 6° at

Mach 5.
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5.6 Stream traced modular ‘scalloped’ inlet design
5.6.1 Numerical results at Mach 8 conditions

For the stream traced modular ‘scalloped’ inlet design, the three-dimensional inlet geom-
etry obtained from the streamTracer code forms both the conical forebody and the inlet
structure. An individual inlet geometry was created, which was then rotated annually
around the centre-line to form the three-dimensional shape used in the numerical simula-
tions. The resulting shape would typically be then be connected to a parabolic receptive
optic and a expansion nozzle, creating the final lightcraft geometry. This was not done in
this case due to mesh size restrictions. As the flow at the isolator exit is supersonic, with
the exception of the boundary layer, there is no flow feedback across the majority of this
boundary. This allows the nozzle to be neglected from the simulations without significant
loss in solution accuracy. The geometry is then simulated at the conditions specified in

Tables 3.7 and 5.1.

122



MNoncommercial use onk

Contours of Mach Number Aug 28, 2011
ANSYS FLUENT 12.1 (3d. dp. dbns imp, S-A)

£8.00e+00 [ :
7696400 Moncommercial use onk
7.45e+00

7.21e+00

65 e+00

o
o3
@

3
{=1
o

IR RS R
.
e}
@
*
o
Q

Contours of Mach Number Aug 28, 2011

ANSYS FLUENT 12.1 (3d. dp. dbns imp, S-A)
£.00
7.68
7.44
7.20
G.96
5.72

MNoncommercial use onk

Contours of Mach Number Aug 28, 2011
ANSYS FLUENT 12.1 (3d. dp. dbns imp, S-A)

Figure 5.28: Contours of Mach number, illustrating three-dimensional shock structure for
angles of attack of 0°, 3° and 6° at Mach 8.
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Figure 5.23 shows contours of Mach number for angles of attack of 0°, 3° and 6° in an
isometric view perspective. This image illustrates the three-dimensional shock structure
within the inlet. In the on-design case, the forebody shock can be seen to rest along the
sharp edges of the lightcraft inlet, before entering the isolator. At angles of attack, the
forebody shock appears to still remain attached to the inlet edge, however it becomes
distorted due to change in the direction of the incoming air stream. At the 6° angle of
attack case, significant distortion of the forebody shock can be seen.

Contours of Mach number along the axis of symmetry are shown in Figure 5.29. These
images illustrate the growth of the boundary layer along the lower surface of the inlet.
The secondary shock wave off the scalloped cowl of the inlet impinges on the boundary
layer, causing its height to sharply increase. It does, however, still remain attached to the

lower surface with the inlet remaining in a started state at all angles of attack.
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Figure 5.29: Contours of Mach number for angles of attack of 0°, 3° and 6° at Mach 8.
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Contours of density at the exit of the inlet isolator can be seen in Figure 5.30 for the
modular scalloped inlet arrangement. The flow exhibits a high level of uniformity within
the core flow region. The size of the boundary layer regions is relatively large compared
to the other designs, with a significant decrease in the density. The separation of modules
could possibly allow the control of the laser energy deposited in the individual modules,
which would have performance benefits at angles of attack where turning moments would

be produced due to different compression in the individual modules.
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Figure 5.30: Contours of density at isolator outlet for angles of attack of 0°, 3° and 6°.
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5.6.2 Numerical results at Mach 5 conditions

Contours of Mach number for the Mach 5 case are shown in Figures 5.31 and 5.32 for the
isometric and axis of symmetry views. The forebody shock wave can be seen to stand off
the inlet edges due to the lower flight speed. Again shock distortion can be seen in the

angle of attack cases, with the inlet remaining started at all angles of attack.
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Figure 5.31: Contours of Mach number, illustrating three-dimensional shock structure for
angles of attack of 0°, 3° and 6° at Mach 5.
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Figure 5.32: Contours of Mach number for angles of attack of 0°, 3° and 6° at Mach 5.
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At angles of attack, the flow uniformity is somewhat degraded over the Mach 8 case.
The flow uniformity is still quite good, with the standard deviation of the density being
approximately 0.06. This does represent an almost six fold increase over the vehicle op-
erating at design conditions, however. Expansion waves can be seen in Figure 5.33 where
the crotch shock generated by the inlet cowl meets the boundary layer. The uniformity
at the isolator exit is good, with the core flow region slightly enlarged over the Mach 8

case.
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Figure 5.33: Contours of density for angles of attack of 0°, 3° and 6° at Mach 5.
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Figure 5.34: Contours of density at isolator outlet for angles of attack of 0°, 3° and 6° at
Mach 5.

5.7 Summary and conclusions

Three-dimensional fully turbulent hypersonic numerical simulations were performed for

the four lightcraft inlet designs outlined in Section 4. In addition to the three-dimensional
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simulations, two-dimensional axi-symmetric simulations were also performed, where pos-
sible, to validate the three dimensional simulations. This was required as it was discovered
that suitably refined meshes in three-dimensions contained too many cells, and the com-
puter used could not produce results in a sufficient time frame. Comparison between the
coarse three-dimensional and refined two-dimensional simulations showed that the coarser
grids could capture the features of the isolator flow, however shock smearing reduced their
use as a predictive tool. Some features of the flow, such as exact shock location and separa-
tion bubbles were not produced in the three-dimensional simulations however the general
flow properties were reproduced to an adequate level. Based on the analysis outlined in
Section 5.2, it is believed that the results obtained would only introduce an error of at

most 10%, and as such can be used confidently in an inlet comparison.
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6 Inlet performance evaluation

The numerical analysis of the inlet designs is performed to quantify and compare the
performance at both on and off design conditions. A set of performance goals have been
established to form the basis of the inlet comparison, outlined in Section 4.7. Inlet drag
losses, inlet flow uniformity (density deviation), average compression (flow density), total
pressure loss (compression efficiency), and total mass flow rate capture are explicitly
measured for each inlet design through the numerical simulations. These results are then
compared and discussed in order to establish the relative merits of each design.

Although all inlets posses the same ultimate goal, each design is significantly different.
It is essential to ensure that assessment is performed in a fair and consistent manner. If
this is not done, the results may not reflect the actual relative performance of the inlets.
As discussed in Section 4, the inlets were designed in such a manner that fair comparison
was achievable. Flight conditions simulated are identical for each inlet, with on-design
performance at three different angles of attack - 0°, 3° and 6°, analysed. In addition,
off-design conditions of Mach 5 were also simulated to evaluate each inlets sensitivity to
lower flight speeds. Ideally the final inlet design will produce the highest density (and
therefore greatest laser induced detonation wave pressure) with a uniform flow (to reduce
the force moment associated with an uneven laser detonation process) at all angles of
attack and flight Mach numbers, with minimal system losses. It is also essential that the
final inlet design remains in a started state.

As discussed in Section 3.4, the initial pressure of the detonation wave created by
the laser energy deposition is dependant on the density of the working fluid. A direct
link can therefore be established between the density of the inlet flowfield and the thrust
generated by the propulsion system. Higher levels of compression of the incoming flow
will allow greater thrust to be generated, or less laser energy required for the same levels
of thrust. To compare the inlets performance in this regard, the mass weighted average
density at the isolator exit plane has been calculated. The mass weighted average density
can be calculated automatically in the commercial numerical code employed. The mass-
weighted average of the density is obtained by dividing the summation of the density
value multiplied by the absolute value of the dot product of the facet area and momentum
vectors by the summation of the absolute value of the dot product of the facet area and

momentum vectors (Ansys Inc., 2009). This is expressed mathematically as
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where 7 is the cell index, p the cell centred value of density, ¢ the momentum vector, A
the individual facet area of the cell on the surface being integrated over and ¢ the selected
field variable, in this case density. The average density comparison shown in Figure 6.1
indicates that the stream traced modular inlet achieves the greatest average compression
across the isolator exit. This can again be attributed to the additional compression
associated with the module struts. The stream traced axi-symmetric design achieves
the second highest level of compression, significantly greater than the axi-symmetric and
scalloped designs. This is due to the inward turning cowl configuration, adding further
compression to the flow. This is a good result, as the design achieves this high level of
compression with minimal drag penalties. Another interesting result from the average
density comparison is that the compression achieved does not vary significantly over the
angle of attack range. This implies that (neglecting optical effects due to defocusing of
the laser) the thrust will not be significantly altered during maneuvering of the craft.

The density standard deviation across the isolator exit gives an indication of the
uniformity of the flow at the isolator exit for the inlet configuration. A higher deviation
from the mean value signifies there is more variation across the surface, and is therefore
less uniform. Flow uniformity will effect the performance of the propulsion system, with
the possibility of uneven pressure distributions due to variations in density across the
isolator exit. The density standard deviation is calculated by taking the root of the sum
of difference between the facet value and the mean squared, divided by the total number

of facets on the surface (Ansys Inc., 2009). This is expressed mathematically as

o = \/2?21 ((rbl - ¢mean)2

n

The relative performance of the inlets is shown in Figure 6.1. The best performing
design is that of the axi-symmetric geometry, which exhibits the least amount of variation
from the average value. The stream traced axi-symmetric and the stream traced modular
‘scalloped’ inlet geometry also perform well, each with slightly less flow non-uniformity
than the axi-symmetric design. It is also interesting to note that at increasing angle of
attack, the stream traced modular ‘scalloped’ inlet geometry is the least affected indicating

good off-design performance.
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Although an increase in the compression achieved by the inlet design will result in
greater levels a thrust generated by the propulsion system, there is a trade-off between
against an increased level of drag. Any increases in thrust may be far outweighed by
the increased drag due to the additional shock structure. To be able to compare the
performance of the inlet designs in this regard, both the coefficient of drag and mass
weighted average density normalised to coefficient of drag are shown in Figure 6.2. The
coefficient of drag is calculated from the drag force of the inlet Fy, the speed of the vehicle
V', the reference area A and the density of the fluid through which the craft travels. The

coefficient of drag is therefore given as

2k
LATEY

The reference area in this case is taken as the plan-form area of the vehicle. The drag

force is composed of a pressure component and a viscous component, and acts in the

opposite direction of the velocity vector. The pressure component of drag is calculated

by summing the individual force vectors on each wall cell face (Ansys Inc., 2009),

n

Fd:Z(p_poo)Aﬁ

i=1

where A is the cell face area and 7 is the unit direction vector normal to the cell face.
The viscous component of drag is calculated by summing the viscous force over each cell
face for all wall boundaries. The best performing inlet, based purely on a propulsion
system efficiency, would be the inlet that has the highest density to coefficient of drag
ratio. Both the axi-symmetric stream traced and axi-symmetric stream traced modular
geometries perform best in this aspect, indicating they have the most efficient compression
in terms of drag. It is interesting that the additional drag from the module struts does not
penalise the performance of the lightcraft at the conditions simulated. The axi-symmetric
inlet performs poorly due to a higher coefficient of drag. The axi-symmetric inlet has a
significantly higher drag force than the other three designs, without increased compression
to compensate. Another interesting aspect of the inlets performance is the relatively low
variation in density to coefficient of drag ratio. Only the drag along the propulsion
flowpath (excluding the nozzle) is considered, so the external drag of the vehicle body is
not considered. The external drag would be more significantly affected by angles of attack,
and as such more variation would be seen if external aerodynamics were included. This

does indicate however (variations in thrust due to flow non-uniformity notwithstanding)
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that the propulsion system flowpath will be insensitive to changes in angle of attack of
the vehicle.

The next performance parameter analysed is mass flow rate normalised to vehicle drag,
shown in Figure 6.3. Similar to mass weighted average density normalised to coefficient
of drag, this performance parameter quantifies the efficiency of the inlet in terms of the
amount of atmospheric air it can capture and effectively deliver to the propulsion system.
The continuity equation can be used to calculate the mass flow rate within the system.
Using the freestream density p., and speed of the vehicle V., with the effective capture

area A, the mass flow rate is defined as

M = Poo Voo A

Comparison for the four inlet designs shows that at on design conditions the axi-
symmetric stream traced inlet performs the best, closely followed by the modular scalloped
inlet design. As the angle of attack is increased, the performance of all inlets decrease
due to increased flow spillage and vehicle drag. There is a crossover point in the angle
of attack range that results in the scalloped inlet design performing better than the axi-
symmetric stream traced design, however no reason as to why this occurs is offered. The
stream-traced modular inlet design is the worst performing at all angle of attack values,
possible due to the increased pressure drag associated with the module strut shock waves.

The total pressure efficiency of the lightcraft inlet designs also present interesting
insights into the performance of the vehicles. Total pressure efficiency is an often used
performance measure for traditionally fueled high speed inlets (Heiser et al. , 1994), and
gives an indication of the flow properties that can be recovered - i.e. not lost to irreversible
processes. The total pressure efficiency of the vehicle is calculated by dividing the mass
weighted average total pressure at the isolator exit by the free stream total pressure. This

is expressed as

_ PTisolator
Pr . = ot
eff PT

Although it is not believed to be of great importance to the lightcraft performance due
to the nature of the propulsion system, total pressure efficiency is included in this analysis
as it is an important parameter for conventionally fueled scramjet inlets and can be seen in

Figure 6.3. These design techniques are applicable to scramjet inlets, and will therefore be

of interest not just to lightcraft designers. The three-dimensional stream traced modular
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‘scalloped’ inlet design clearly possesses the greatest total pressure efficiency of the inlet
designs. This is in agreement with previous literature, where the inlet design is noted for
its pressure recovery performance (Molder & Szpiro, 1966), but is helped in-part by the
fact that the inlet is operating at a lower compression ratio. Both the stream traced axi-
symmetric and stream traced modular inlet designs have similar total pressure efficiencies.
This indicates that the total pressure efficiency of the inlet design is not highly sensitive

to the secondary shock structure caused by the module struts.

139



o.o7§ .................................................................................... |
X X
«w» 0.06 i
S
kel
< 0.05 .
> 1
2
k5 0.04 -
o M [ 2h
S 003T - 1
o
>
< 002t ]
axi-symmetric ——
0.01 t stream traced axi-symmetric ---)<--- 4
stream traced modular -
0 stream traced scalloped | e .
0 1 2 3 4 5 6
Angle of attack, Degrees
(a) Average density at isolator exit
0.03 T T T T T
axi-symmetric ——
stream traced axi-symmetric ---)&---
0025 | stream traced modular -2+ X

stream traced scalloped |~}

Density standard deviation, kg/m3

1 2 3 4 5

Angle of attack, Degrees

(b) Density standard deviation at isolator exit

Figure 6.1: Inlet performance comparison, Mach 8 flight conditions.
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The Mach 5 performance analysis is shown in Figures 6.4, 6.5 and 6.6. Values for
the axi-symmetric stream traced modular design at a 6° angle of attack have not been
included due to inlet unstart. The results show similar trends to the Mach 8 results, with
a few anomalies worth mentioning. The first is the performance of the stream traced

axi-symmetric design at Mach 5, it appears to perform much better in terms of mass
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flow rate normalised to vehicle drag at the Mach 5 conditions relative to the other inlet
designs. The second anomaly is the performance of the axi-symmetric inlet design at 6°
angle of attack. The flow field uniformity appears to be severely reduced at the higher
angle of attack. The cause for this is the strengthening of the oblique shock within
the isolator (see Figure 5.10), which significantly increases the difference in compression
between the leeward and windward sides of the vehicle. The discontinuity acts to form
a distinct demarcation of density regions on the isolator exit. It is interesting that the
other inlet designs (in particular the axi-symmetric stream traced inlet, which is not of

module configuration) do not exhibit this behaviour.
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Figure 6.4: Inlet performance comparison, Mach 5 flight conditions.
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6.1 Summary and conclusions

For the performance analysis, it appears that there is not one inlet design that is supe-
rior, each design performs well in different areas. This necessitates the need for a holistic

approach to the lightcraft design. In consideration of the laser powered propulsion sys-
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tem, the axi-symmetric stream traced and the axi-symmetric stream traced modular inlet
designs are the best options. They both perform well in regards to achieving high lev-
els of compression at both flight conditions, without adversely high levels of drag. The
inlet designs also exhibit comparable flow uniformity, with the modular design suffering
somewhat from the strut induced shocks. The modular design does unstart at Mach 5
and an angle of attack of 6°, however this does not necessarily preclude it from selection.
The trajectory could be modelled such that this extreme flight condition is avoided, or
the strut configuration could be altered to reduce the influence on the inlet flow field.

It is a positive finding that a range of different inlet configurations are possible, giving
flexibility and a wider scope to the vehicle designer. Not only do different aerodynamic
considerations create considerable differences in performance, each inlet design has draw-
backs and benefits, not only limited to the performance of the laser propulsion system.
Size, weight, maneuverability, structural performance, payload capacity, cost and external
aerodynamic performance are just small selection of the additional considerations required
in the inlet selection process. Flexibility is an invaluable attribute in such a constricted

design space.
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7 Additional inlet numerical investigations

In addition to the numerical investigations performed in Section 5, a number of subsequent
simulations were performed to check the validity of the design for the lightcraft applica-
tion. This section outlines these ancillary investigations, and describes the methodology

employed.

7.1 Laser induced detonation wave simulation

Although the primary focus of this research is concerned with the design of the hypersonic
inlet, the lightcraft concept is highly complex - an integrated approach to all facets is
required. One cannot simply design a single component of the vehicle independently of
all the others and expect success. The purpose of the hypersonic inlet is to deliver air
to the laser detonation process at optimal conditions; the performance of this process is
determined by the quality of the inlet design. However the performance of hypersonic
inlet is highly dependent on the laser detonation process - the two facets of the lightcraft
vehicle are intrinsically linked and must be considered as a whole.

The major concern with the laser detonation process is the effect that the resulting
detonation wave structure and propagation will have on the incoming compressed air flow.
There is a risk of the detonation wave propagating back through the isolator and disrupting
the sensitive hypersonic inlet flow field. This will in turn restrict the refreshment of the
air being provided to the laser detonation process. It is essential to ensure that the design
of the inlet is robust enough to adequately refresh the isolator after each laser pulse cycle.
Figure 7.1 from Salvador (2010) illustrates the effect that the laser induced detonation
wave has on the inlet flowfield, with the inlet becoming unstarted due to the expanding
detonation wave. In these experiments the laser deposition energy was significantly lower
than those required for hypersonic flight, and it can be reasonably expected at proper
flight laser powers the effects of the detonation wave on the inlet flow field will be much

more significant.
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Figure 7.1: LTD inlet geometry at M=9.43 with laser induced breakdown (Salvador, 2010)

To investigate the inlet sensitivity to the laser detonation process, an idealised nu-
merical model of the laser induced detonation wave present in the lightcraft has been
produced. This model does not take into account real gas effects such as the dissocia-
tion, ionisation and recombination of the resulting plasma generation - rather a simple
two dimensional model of the high pressure laser induced detonation wave is applied to
the specific lightcraft geometry. Experimental evidence has shown that the time scale
of plasma formation is of an order of magnitude less than that of the detonation wave

formation (Ghosh & Mahesh, 2008), for this reason it is deemed acceptable to assume the
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plasma is formed instantaneously and therefore has little to no effect on the surrounding
fluid. Based on the work outlined by Feikema (2000) in Section 2.2, the initial properties
of the blast wave created by each laser pulse cycle can be determined. These values are
then patched into a region of cells in a CFD simulation representing the initial state of
the laser induced detonation wave. A two-dimensional axi-symmetric turbulent transient

simulation was performed to record the time dependent flow history of the detonation

wave.
Parameter Value
Initial diameter of laser induced plasma Smm
Pressure 1,364,000Pa
Velocity 10,320m/s
Temperature 18,000K

Table 7.1: Laser induced detonation wave initial conditions

A two-dimensional axi-symmetric turbulent transient simulation was performed in the
computational fluid dynamics code Fluent to record the time dependent flow history.
The initial flow field shown in Figure 7.2 was employed to represent the initial conditions
present during cruise flight conditions at zero degrees angle of attack, Mach number of 8
and no laser induced detonation. The values listed in Table 7.1 were then patched into a
cell zone of diameter 5mm representing the completely cylindrically evolved laser induced

detonation wave.
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Figure 7.2: Laser induced detonation wave simulation initial setup.

Figure 7.3 shows the transient progression of the detonation wave as it expands and
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relaxes over the lightcraft afterbody. The detonation wave front can be seen to expand
over the lightcraft afterbody as the solution progresses. The high pressure region due
to the laser induced detonation wave can also be seen to move up into the inlet isolator,
where it remains for a period of time until it is exhausted by the inlet flow. The detonation
wave must remain in the isolator for a period less than the laser pulse cycle, as it presents
a blockage to the incoming air flow. The working gas is required to be refreshed for
successive pulses in order for the maximum thrust to be achieved. This is a significant
issue for the laser induced detonation process design, as the efficiency and performance

will be decreased.
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Figure 7.3: Contours of pressure for detonation wave evolution.

The blockage the laser induced detonation wave creates is further illustrated in Figure

7.4. The contours show the normal wave where the flow is decelerated to subsonic speeds,
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before being expanded at the nozzle.
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Figure 7.4: Inlet isolator normal wave.

From these numerical simulations it can be seen that the hypersonic inlets successfully
restart between laser pulses. It is imperative this occurs, otherwise the inlet flow field
will not be re-established between pulses. The laser induced detonation simulations also
provide a upper limit on the laser pulse frequency, given by the time taken for the flow field
to re-establish after a laser induced detonation. The laser induced detonation simulations
indicate that the stream traced inlet design is able to refresh in the order of 1.5 x107*

seconds.

7.2 Gun tunnel model

To experimentally verify the numerical results obtained in this thesis, a scale model is
to be produced and tested within the University of Southern Queensland hypersonic gun
tunnel (Jacobs, n.d.). A simplistic explanation of gun tunnel operation is the model is
separated from a region of high gas pressure in the test area by a diaphragm. When
the high pressure region reaches a certain pre-specified pressure, the diaphragm ruptures.
The expansion of the gas into the gun tunnel chamber creates a normal shock wave, with
the experimental test conditions that the specimen is subjected to behind this shock. The
normal shock passes over the model, with the test flow closely behind. This experimental
work is external to this thesis, however supporting simulations have been performed to
allow direct comparison between the experimental model and the numerical simulations.
A simulation mirroring the normal shock wave the model is subjected to within the gun
tunnel has been produced to ensure the inlet will start in the gun tunnel conditions. In
order for the inlet to start and the test to be successful, it must swallow the initial normal
shock. In addition to ensuring inlet start does occur, simulations at 0°, 3° and 6° angle of

attack have been performed to provide pressure plots along the axis of symmetry.
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7.2.1 Test specimen geometry

The geometry of the test specimen is based on the stream traced axi-symmetric modular
inlet design, as shown in Figure 7.5. This design was chosen due to its relatively novel
design and ease of manufacture. There are also many interesting flow phenomena present
within the isolator due to the module struts. As it is the inlet with the most complicated
flow structure, it is believed to provide the most robust verification of the numerical
results.

Six modular stream traced inlets are spaced annually around the centre body of the
lightcraft, which deposit the compressed gas at the source of the laser induced detonation
wave. This detonation wave is then expanded across the axi-symmetric parabolic after
body. Figure 7.6 is an image of the lightcraft with the cowl outer surface removed illus-
trating the modular arrangement of the inlets. Each module is separated by a strut that
holds the upper surface of the engine cowl in place. Each individual module spans 58°,

with the remaining 2° being the module strut.

Figure 7.5: CAD representation of lightcraft configuration

Figure 7.6: CAD representation of inlet geometry with outer surface of cowl removed
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The geometry used for the test specimen is required to be altered slightly from the
final design developed in this research. This is done in order to accommodate different gas
conditions present in the gun tunnel experiment and the available test specimen space.
It was found that by simply scaling down the final design to fit in the tunnel dimensions
(a scale of 1:0.4762), problems arose with the inlet being unable to self-start. The conical
forebody was therefore further modified to allow for the increased boundary layer height
expected to be present in these gun tunnel experiments. This additional viscous correction
results in the original inviscid 14.03° half angle of the conical forebody altered to 12.3°.

Figure 7.7 illustrate the test specimen geometry in a technical drawing format.
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Figure 7.7: Lightcraft geometry section through inlet

It is desired to locate pressure transducers along the lightcraft body to verify the
numerical simulations. The pressure transducers shall be located along the centre line
of each individual module on the left hand side of the lightcraft (facing towards). It is
not required to locate pressure sensors on the two modules on the right hand side due to
the symmetry of the problem. The vehicle can be rotated if pressure readings are desired
from the off-axis modules. The spacing in the longitudinal direction will be determined

by the transducers and spatial availability.

7.2.2 Inlet gun tunnel start verification

A two-dimensional, axi-symmetric transient simulation with full viscous effects was per-
formed to simulate the model in the gun tunnel. This was done to ensure inlet self-start

was possible, and the expected steady state flow field was established within the limits of
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the gun tunnel test times.

The simulation was performed using a two-dimensional mesh with appropriate bound-
ary conditions, shown in Figure 5.1. The conditions for the free stream boundaries are
listed in Table 7.2. The lightcraft body was modelled using an adiabatic wall boundary

condition, with no slip shear properties.

Property Value
Gauge pressure (Pa) 661
Mach number 5.8
Axial-component of flow 1
Radial-component of flow 0
Modified turbulent viscosity (m2/s) 1e-07
Temperature (K) 61

Table 7.2: Pressure far field boundary conditions

Due to the limitations of the CFD code fluent, it was not possible to initialise the
solution at the specific initial gun tunnel conditions. Using a far field boundary condition
would allow the leakage of high pressure gas into the flow field perpendicular to the incom-
ing flow. This could be avoided by simulating the whole vehicle inside the experimental
test area, however this was not done to reduce the computational grid size. The initial

conditions shown in Table 7.3 were employed.

Property Value
Gauge pressure (Pa) 661
Axial velocity (m/s) 0
Radial velocity (m/s) 0
Modified turbulent viscosity (m2/s) 1e-07
Temperature (K) 61

Table 7.3: Transient gun tunnel simulation initial conditions
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Figure 7.8: Transient gun tunnel simulation, contours of density

The evolution of the simulation solution is shown in Figure 7.8. The images progress

from left to right, top to bottom. The initial images show the normal shock wave approach-
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ing the cowl, then being swallowed into the isolator and expelled out of the expansion
nozzle. The final image shows the established flow field in the inlet. A reasonable degree
of flow non-uniformity is present in the lightcraft flow field, which can be attributed to
the necessary geometry modifications employed to ensure inlet is self-starting. It should
be noted that the inlet is designed for the lightcraft flight conditions, and is therefore
operating significantly off-design. This is a promising finding for the final inlet design.

Property Flight design condition Gun tunnel condition
Gauge pressure (Pa) 575 661
Mach number 8 5.8
Temperature (K) 237 61
Density (kg/m3) 8.45e-03 7.31e-03
Viscosity (kg/m-s) 1.53e-05 3.9875e-06

Table 7.4: Comparison on inlet design conditions in flight and gun tunnel

7.2.3 Inlet angle of attack simulations

Both two-dimensional axi-symmetric and three-dimensional steady state simulations with
full viscous effects have been performed for the test specimen geometry at angles of attack
of 0°, 3° and 6°. These show the expected inlet flow field at the range of flight angles of
attack expected to be experienced in a typical launch. Figures 7.9, 7.10 and 7.11 show
an x-y plot of surface pressure plot along the line of pressure transducer location for

comparison to experimental results.

159



20000 — .
Windward surface
18000 G Leeward surface - |

16000
14000
12000
10000

8000

Static pressure, Pa

6000
4000
2000

O Il Il Il Il
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Wall position, m

Figure 7.9: Static pressure values along pressure transducer locations of 0° and 180° for a
lightcraft angle of attack of 0°
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Figure 7.10: Static pressure values along pressure transducer locations of 0° and 180° for
a lightcraft angle of attack of 3°
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Figure 7.11: Static pressure values along pressure transducer locations of 0° and 180° for
a lightcraft angle of attack of 6°
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& Conclusions and future work

8.1 Conclusions

In the quest to achieve the launch of an airbreathing laser powered propulsion system
into lower earth orbit, a vehicle inlet is required that will provide sufficient air flow at
hypersonic speeds. Current lightcraft concepts have not considered the performance of
the vehicle at such high speeds - only recently have hypersonic laser induced detonation
experiments been conducted on the configuration at speeds in excess of Mach 1 (Salvador,
2010). The sensitivity of the flow dynamics in the supersonic and hypersonic flow regimes
render traditional inlet designs incapable of providing adequate flow conditions to the
propulsion system. Poor performance relating from complex shock structure and high
drag, even significantly reduced inlet flow due to unstart, can severely compromise the
performance of the propulsion system.

Four hypersonic inlet designs were produced at design conditions established from
a equations of motion trajectory analysis. Realistic flight conditions that the vehicle
experiences during its air breathing ascent were determined. These were then used to
form the baseline conditions to which the inlets were designed. A realistic aerodynamic
model was employed that could approximate the lift and drag of the craft to a suitable
level of accuracy. The aerodynamic model had a two-fold use for the analysis; the drag
gave an indication of the levels of thrust required to be generated, while the lift helped
to determine the range of angle of attack required for by the craft. A propulsion system
model was also produced that allowed the inlet compression to be determined from the
required thrust. This model was also used as a check to validate the vehicle was able to
produce sufficient thrust with sensible laser powers. Sensible values of thrust and angle of
attack were determined from the trajectory analysis, which were in good agreement with
other studies conducted.

Four different inlet design techniques were then presented; the axi-symmetric, stream
traced axi-symmetric, modular stream traced axi-symmetric and the modular stream
traced ‘scalloped’ inlet. The axi-symmetric inlet design was similar to traditional lightcraft
inlet designs, however modifications to the conical forebody and isolator length were
performed to increase its suitability to hypersonic flight. A new method for producing axi-
symmetric inlet designs using the stream tracing methodology was employed to generate

the truncated stream traced axi-symmetric and modular stream traced axi-symmetric
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inlets. In these inlets, an axi-symmetric generating flow field was used to form a two-
dimensional inlet geometry that was then rotated about the axis of symmetry to form
the inlet shape. The fourth inlet employed the stream traced inlet design technique to
generate three-dimensional inlet modules with forebody shock resting on the inlet edges.
Numerical simulations were performed on all inlet designs at the Mach 8 design conditions,
as well as Mach 5 conditions to represent the vehicle flying at off-design speeds. Angle of
attack simulations were also performed at values of 0°, 3° and 6° to establish the inlets
sensitivities to vehicle maneuverability. All inlets behaved well, with the exception of
the modular stream traced axi-symmetric inlet unstarting at Mach 5, 6° angle of attack.
The inlets were able to withstand a large range of flight speeds and angles of attack,
demonstrating the robustness of the hypersonic inlet designs.

The four inlet designs were compared quantitatively against a range of performance
parameters. Inlet compression achieved, inlet compression standard deviation, coefficient
of drag, inlet density normalised to coefficient of drag, total pressure efficiency and inlet
mass flow capture normalised to vehicle drag were all selected to provide a comprehensive
review of each inlets performance. It was interesting to find that there was no inlet that
clearly outperformed all the others - each inlet had its advantages and disadvantages.
It is most important to the lightcraft propulsion system that high levels of density are
achieved at minimal drag. The axi-symmetric stream traced and axi-symmetric stream
traced modular inlets were chosen as the most suitable for this reason. Both these inlets
exhibited a high density to coefficient of drag ratio, indicating they would be the most
efficient laser powered propulsion system platforms.

Finally, the ancillary investigations verified the operation of the inlet in regards to both
the laser powered propulsion system, and the experimental gun tunnel test conditions.
The laser induced detonation simulations showed the inlet was capable of containing
the expanding pressure wave within the isolator, without it exiting out the front of the
vehicle. The inlet did not unstart at hypersonic speeds due to the influence of the laser
induced detonation wave. From the simulations, it was also possible to establish a limit
on the frequency of the repetitively pulsed laser beam. The stream traced inlet design
also demonstrated its ability to be self starting at hypersonic speeds. This is an important

attribute for the inlet to have, as it greatly improves the operability of the inlet.
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8.2 Future Work

As with any research project with a finite time frame, many items originally intended for
investigation were unable to be performed within the limited time frame of a Master’s
degree. Understandably for a complicated system like the lightcraft, only a tiny fraction
of the available research space can be undertaken by an individual in a research project
such as this. While every attempt was made to approach the task in a thorough manner,
simplifications, assumptions and omissions were made to allow the research to progress in
a timely manner. This section outlines some possible avenues for future work to continue
in the same vein as the work presented herein. The following work will act to supplement

and further the lightcraft project, with hopefully one day the concept becoming a reality.

8.2.1 Numerical simulations

The three dimensional simulations in this investigation, while adequate at providing an
insight into the behaviour of the inlets at angles of attack, were not able to resolve the
complex shock structures within the inlet isolators. At angles of attack intricate shock
structures were observed to form in the radial direction of the flow. To analyse these
phenomena in further detailed, higher resolution numerical simulations would need to be
performed when adequate computing resources become available. A refined mesh will also
allow more detailed studies of the shock/boundary layer interactions within the isolator.

In regards to laser induced detonation numerical simulations, a code that would model
the breakdown of the air, and subsequent formation of plasma and wave front, would be an
invaluable tool for evaluating a specific inlets performance at a range of flight conditions.
Numerical codes have been developed that model this phenomena (Ghosh & Mahesh,
2008), however the application of a model of this detail to moving (both sub-, super- and
hypersonic) flow in complex geometry has not been performed. Further, extending this
capability to three-dimensions would allow the detailed investigation of the interaction

between the laser powered propulsion system and the highly non-uniform isolator flows.

8.2.2 Experimental work

In addition to the work contained in this thesis, the University of Adelaide is currently per-
forming hypersonic gun tunnel experiments on the modular stream traced axi-symmetric
inlet geometry, with the aims of validating the numerical simulations performed in this

work. In addition to the modular stream traced axi-symmetric inlet geometry, it is be-
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lieved that the other three geometries should also be investigated in hypersonic ground
experiments. It would also be of particular benefit to test the inlet configurations in a
hypersonic test facility with laser propulsion capacity, such as the work performed by
Salvador (2010). These test would not only provide estimates of the values of thrust able
to be achieved in these craft, the results could also be used to evaluate numerical codes

developed to model this phenomena.
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functlon pointmass

o°

o°

Based on an example in Robert Stengel's Book "Flight
% Dynamics", Princeton University Press, Princeton, USA, 2004

close all;

global A m g0

A = 0.017; % Reference Area - vehicle frontal area,
g0 = 9.8; % Gravitational acceleration at sea level,
m = 8; % Mass, kg

Initial conditions

h = 0; % Initial Height, m

R = 0; % Initial Range, m

to = 0; % Initial Time, sec

tf = 90; % Final Time, sec

GAM = 90*pi/180; % Flight angle, Rad

V E = 0+le-8; % Launch speed, m/s

V = V_E;

tspan = [to tf];

X0 = [V;GAM; h;R];

%Solve system of equatlons based on initial conditions and simulation time

[ta,xa] = odel5s(@lightcraft, tspan,xo);

%Calculate flow properties for launch

[airDens, airPres, temp, soundSpeed, Ma] = atmosphere(xa(:,3),xa(:,1));
[rhoRatio, rhoStag, rhoSonic] = stagnation(Ma, airDens);

%Save results to file for plotting
save flight2.mat xa ta airDens airPres temp soundSpeed Ma rhoStag rhoSonic;

%Plot results

figure

plot(xa(:,4),xa(:,3),"'*r")

xlabel('Range, m'), ylabel('Height, m'), grid

figure

subplot(1,2,1)

plot(Ma,xa(:,3))

xlabel('Mach Number'), ylabel('Altitude, m'), grid
subplot(1,2,2)

plot(ta,Ma)

xlabel('Time, s'), ylabel('Mach Number'), grid

figure

subplot(3,3,1)

plot(ta,xa(:,1))

xlabel('Time, s'), ylabel('Velocity, m/s'), grid
subplot(3,3,2)

plot(ta,xa(:,2))

xlabel('Time, s'), ylabel('Flight Path Angle, rad'), grid
subplot(3,3,3)

plot(ta,xa(:,3))

xlabel('Time, s'), ylabel('Altitude, m'), grid
subplot(3,3,4)

plot(ta,xa(:,4))

xlabel('Time, s'), ylabel('Range, m'), grid
subplot(3,3,5)

plot(ta,airDens)

xlabel('Time, s'), ylabel('Air density, kg/m"3'), grid
subplot(3,3,6)

plot(ta,airPres)

xlabel('Time, s'), ylabel('Pressure, Pa'), grid
subplot(3,3,7)

plot(ta,temp)

xlabel('Time, s'), ylabel('Temperature, K'), grid
subplot(3,3,8)

plot(ta, soundSpeed)

xlabel('Time, s'), ylabel('Speed of Sound, m/s'), grid
subplot(3,3,9)

m~2

m/s”2



plot(ta,Ma)
xlabel('Time, s'), ylabel('Mach Number'),

return;

function [xdot] = lightcraft(t,x)
%Main function to set up the equations of

grid

motion, solved by odel5s

%point-mass equations of motion constrained to a plane.

global m g0 Re

xdot = zeros(4,1); %
v = x(1);
Gam = x(2);
h = x(3);
R = x(4);

a column vector, initialised to zero

%Calculate atmospheric properties at current altitude, and velocity.

[airDens, airPres, temp, soundSpeed]

M = V / soundSpeed;

q = 0.5 * airDens * V*2;

gh = g0*((Re /(Re+h))"2);
height h

atmosphere(h,V);
% Mach number
% Dynamic Pressure, N/m"2
% Acceleration due to gravity at

%If lightcraft has exited sensible atmosphere, exit loop.

if h >= 70000
return;
end

%Read in thrust and angle of attack from schedule.

[T, AOA] = flightl(h);
thetaC = 14.03 * pi / 180; %Cone half angle, rad
alpha = AOA * pi / 180; %sAngle of attack, rad
r = 0.015; %Radius of lightcraft
base, m
S = sqrt(0.672 + 0.015"2); %Length of cone
hypotonuse, m
surfA = pi * s * r; %sSurface area of cone, m2
%Drag schedule
%Subsonic
if M < 0.9
L =0;
D =0.5 * airDens * V*2 * surfA * 0.45;
%Transonic
elseif (M>=0.9 & M < 1.5)
L =0;
D =0.5 * airDens * V*2 * surfA * (0.5833*M - 0.07495);
%Supersonic, using Newtonian theory.
else
L = 0.5 * pi * airDens * V*2 * 0.01572 * (sin(2*alpha)*(cos(thetaC)”2)*cos
(alpha) - ((sin(alpha))”™2 + 2 * (sin(thetaC)”2) - 3 * (sin(alpha)”2) * (sin(thetaC)”2)) * sin(alpha));
D = 0.5 * pi * airDens * V*2 * 0.01572 * (sin(2*alpha)*(cos(thetaC)”2)*sin
(alpha) + ((sin(alpha))”2 + 2 * (sin(thetaC)”2) - 3 * (sin(alpha)”2) * (sin(thetaC)”2)) * cos(alpha));
end

xdot(1) = (T - D - m * gh * sin(Gam)) / m;
%sGamma_dot

xdot(2) = (L - m*gh*cos(Gam)) / (m*V);
%h_dot

xdot(3) = V*sin(Gam);

%R _dot

xdot(4) = V*cos(Gam);

return;



function [T, AOA, regDens] = flightl(h)

if h < 50
T = 300; %Minimum thrust to overcome drag at transonic speeds
AOA = 0;

reqDens = 0.055;
elseif (h >=50 && h < 10000)
T = 400;
AOA = 0;
regDens = 0.13;
elseif (h >=10000 && h < 15000)
T = 623;
AOA = 0;
regDens = 0.5;
elseif (h >=15000 && h < 32000)
T = 700;
AOA = 0;
regDens = 0.7;
elseif (h >=32000 && h < 40000)
T = 623;
AOA = 0;
reqDens = 0.5;
else
T = 400;
AOA = 0;
regDens = 0.13;
end

return;



B streamTracer code
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function streamTracer

%Clear any existing files
delete('geometry.dat');
delete('data.txt');
delete('datal.txt');

%Cartesian co-ordinates of the perimeter of the inlet geometry is entered in the
sformat [y z]. An example is given for 2D and 3D geometries.

%2D inlet geometry example. Upper surface and lower surface are entered seperately
%in order to apply the viscous correction in the correct direction.

%lLower surface

profile = [0.155 01];
%Upper surface
sprofile = [0.1735 0];

%Modular inlet geometry example. Again the surfaces are entered seperately to allow
%the correct application of the viscous correction.
%Lower surface

%profile = [0.4554 0.0208;0.4594 0.0413;0.4661 0.061;0.4754 0.07975];
%Upper surface
%profile = [0.5445 0.0399];

%Read in CFD flowfield data from input file and remove headers. Adjust the location/file name
%as required.

unix('cp ~/Documents/Uni/Fluent/Flowfields/VelocityFields/axi®758degMa8DATA data.txt');
unix('sed /"#/d <data.txt> datal.txt');

%Sets the number of stream lines to be traced.
[a b] = size(profile);

%This code segment 'transforms' the cartesian co-ordinates supplied above
%into a cylindrical co-ordinate system to match that of the axi-symmetric
%solution. 'inlet' is the radial distance of the point from the centre
%line- it is the value that dictates the path of the streamline.

for i=1l:a
if profile(i,2) ==
angle(1i) =pi/ 2;
else
angle(1i) = atan(profile(i,1l) ./ profile(i,2));
end
inlet(i) = sqrt(profile(i,1).”2 + profile(i,2).72);
end
[a b] = size(inlet);

%0pen file for writing solution to.
fid = fopen('geometry.dat','w');

%Write to file a line defining the centre line for reference.
%For Pointwise, the format is:

%n - No. of points on line

%x1 yl z1 - Cartesian co-ordinates of point one
%.n

%XN yn zn - Cartesian co-ordinates of point n

o

fprintf(fid, '2\n'");
fprintf(fid,'0 0 0\n');
fprintf(fid,'1 0 O\n\n');

for i=1:b
%Calculate streamlines for the ith defined sector point.
[A] = streamLines(inlet(i));

theta = angle(i);

%Detect the flowfield lip shock. Flow is uniform, so shock is detected when the flow deviates.
count = 0;



[k, jl = size(A);

for m=1:(k-1)
test = -1* ((A(m+1,2) - A(m,2)) / (A(m+1,1) - A(m,1)));
if test > 1.2e-01
count = count+l;
X(count) = m;
end
end

%Calculate the actual inlet start, i.e. at the flowfield lip shock.
start = x(1);

%Create truncated inlet geometry from shock detection. This starts the inlet geometry
%at the forebody shock, and ends it at the reflected shock.
for m=1:count

1 =m + start;
Atrunc(m,1) = A(1,1);
Atrunc(m,2) = A(l,2);

end

%Perform viscous correction on the truncated geometry.
[Avis] = viscousCorrection(Atrunc);

%Convert the cylindrical co-ordinates outputted from the function stream2
%back to cartesian co-ordinates for the importation into meshing software.
for m=1:count

pathx(m) = Avis(m,1);
pathy(m) = Avis(m,2) * sin(theta);
pathz(m) = sqrt(Avis(m,2).72 - pathy(m)”"2) ;

end

sWriting to the segment file for importation into Pointwise.
[k, j1 = size(pathx);
fprintf(fid, 'sd\n',j);
for k=1:j
fprintf(fid, '%6.4d %6.4d %6.4d\n', pathx(k),pathy(k),pathz(k));
end
fprintf(fid, '\n');

end

fclose(fid);

return;

%This function cacluates the two-dimensional path that the streamlines follow,
%based on the CFD data imported.

function [A] = streamlines2D2(inlet)

%Load CFD flowfield data into memory
load datal.txt -ascii

%Function to plot the data in datal - also makes postscript files
%x and y co-ordinates

xd = datal(:,2);

yd = datal(:,3);

%x and y velocity components

Uxd = datal(:,4);

Vxd = datal(:,5);

%Generate a mesh for the streamlines

til = 0:0.01:5; %streamwise
ti2 = 0:0.01:0.6135; %normal

[XI,YI] = meshgrid(til,ti2);

U
v

griddata(xd,yd,Uxd,XI,YI);
griddata(xd,yd,Vxd,XI,YI);

%Starting line (from which stream particles are released)
[Sx Sy] = meshgrid(0.01,0:0.01:0.6135);



%Stream plot
h = streamline(XI,YI,U,V,Sx,Sy);

%This finds the inlet ¢

pl = stream2(XI,YI,U,V,0.01,inlet,[0.1 3000]);
A = pl{1};
return;

%This function applies the viscous correction to the inviscid streamline
%obtained from the streamLines function.

function [Avis] = viscousCorrection(Atrunc)

%Conditions at which the correlation is calculated. Taken as
%srepresentiative values for the inlet flow.

rho =0.1;
M = 2.6;
mu = 1.53e-05;
a = 585;
X = 0;
L = 0;
%Calculate the number of points to correct.
[3, kI = size(Atrunc(:,1));
%Calculate the total length of the streamline
for i=2:j

L =L + sqrt((Atrunc(i,1l) - Atrunc(i-1,1))"2 + (Atrunc(i,2) - Atrunc(i-1,2))"2);
end

%Initial conditions
Avis(1,2)
Avis(1,1)

Atrunc(1,2);
Atrunc(1,1);

%End point condition
Avis(j,1)

Avis(1,1) + L;

%Correct the inviscid geometry along the streamline
for i=2:(j-1)
%Position along surface

X = x + sqrt((Atrunc(i,1l) - Atrunc(i-1,1))"2 + (Atrunc(i,2) - Atrunc(i-1,2))"2);
%Reynolds number

Re =rho *M>*a*x/ (L*mu) ;

%sDisplacement thickness

deltaStar =0.2145 * (M ~ 0.375) * (0.08801 * M + 0.06385) * x / (L * Re .” 0.166);
%Angle of line segment

theta = atan (( Atrunc(i,1) - Atrunc(i-1,1)) / (Atrunc(i,2) - Atrunc(i-1,2)));
%x component of correction

deltax = -1 * deltaStar * cos (theta);

%y component of correction

deltay = -1 * deltaStar / sin (theta);

%X co-ordinates of corrected geometry

Avis(i, 1) = Atrunc(i,1);

%y co-ordinates of corrected geometry. Note correction is only applied in the y direction.
Avis(i,2) = Atrunc(i,2) + deltay;

end

%Repeat for the final point

X = x + sqrt((Atrunc(j,1l) - Atrunc(j-1,1))"2 + (Atrunc(j,2) - Atrunc(j-1,2))"2);
Re =rho *M>*a*x / (L * mu);

deltaStar =0.2145 * (M ~ 0.375) * (0.08801 * M + 0.06385) * x / (L * Re .” 0.166);
theta = atan (( Atrunc(j,1l) - Atrunc(j-1,1)) / (Atrunc(j,2) - Atrunc(j-1,2)));
deltax = -1 * deltaStar * cos (theta);

deltay = -1 * deltaStar / sin (theta);

Avis(i,1) = Atrunc(j,1);

Avis(j,2) = Atrunc(j,2) + deltay;

return;



Part 2

Experimental ground testing



Testing of a Lightcraft Model in the TUSQ
Facility — August 2011

David Buttsworth, Con Doolan, Vince Wheatley
May 10, 2012

Abstract
A model lightcraft inlet with a conical forebody was tested in a hy-
personic wind tunnel facility at Mach 5.8. Pressure measurements and
schlieren flow visualisation were obtained for angles of attack between -6
and +6°. Results demonstrate separation of the forebody boundary layer
at all angles of attack.

1 Introduction

Lightcraft will need to have inlets which efficiently compress the flow. Vari-
ous approaches to hypersonic inlet design are possible and computational fluid
dynamics (CFD) solutions certainly play an important role. However, physi-
cal simulation of the prototype inlet arrangement is also necessary because of
the large uncertainties in the CFD modelling of turbulent boundary layers in
adverse pressure gradients with strong compressibility and 3 dimensional effects.

A number of lightcraft inlets designs have been describe by Harrland [1].
One of these designs has been tested in the hypersonic wind tunnel facility at
the University of Southern Queensland, TUSQ [2]. This report describes these
experiments.

2 Apparatus

2.1 Model and Instrumentation

The model lightcraft tested in the present work was derived from the work of
Harrland [1]. The arrangement involves a conical forebody with a half angle of
12.28° followed by a stream-traced cowl and centrebody for further compression
of the incoming stream as illustrated in Fig. 1. The afterbody is required for
focussing of laser light but does not form part of the current investigation, and
so did not need to be included in the wind tunnel model. Engineering drawings
of the model used for manufacture can be found in Appendix A.

The model as manufactured is pictured in Fig. 2, and an illustration of
the model at the nozzle exit of the hypersonic facility is presented in Fig. 3.
Five piezoresistive pressure transducers (SensorTechnics BSDX2000A2R) were
connected via short pneumatic tubes to the tap locations shown in Fig. 3. For
the work in this report, the nose-down orientation in the tunnel is treated as a
positive angle of attack (AoA) as illustrated in Fig. 3.
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Figure 1: Lightcraft model concept: inner surface of the cowl is shown.

Figure 2: Photographs of the lightcraft model as manufactured. Left: orien-
tation of the model used in the wind tunnel. Right: inverted model position

showing the pressure tap locations.

pressure transducer __—
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Mach 6 h
hypersonic
nozzle =

Figure 3: Ilustration of the lightcraft model in TUSQ facility. Five pressure
transducers locations are shown and the axial distances from the tip of the cone

are: 229, 248, 268, 303, and 322 mm.



2.2 Facility and Flow Visualisation

Figure 4 illustrates the wind tunnel used in the present work. The facility, known
as TUSQ), is a light, free piston compression tunnel, similar to the isentropic light
piston tunnels first developed in the UK during the 1970’s [3, 4]. The barrel of
the TUSQ facility is 16 m long with an internal diameter of 130 mm and for the
current work, the Mach 6 contoured nozzle was used. This nozzle has a physical
exit diameter of 217.5 mm. Further details of the facility hardware are provided
elsewhere [2].

The facility is charged with high pressure air in the reservoir, and the barrel
is charged with the test gas to a moderate pressure. A run is initiated by
opening the primary valve which results in the nylon piston (about 350 grams)
being driven down the barrel, compressing the test gas in an approximately
isentropic manner. A representative pressure history measured within in the
barrel (at 130 mm upstream of the nozzle entrance) is presented in Fig. 5. The
plateau region on the pressure history which begins at 0s on the timescale in
Fig. 5 corresponds to the period of flow discharge from the barrel into the test
section which is initiated by the rupture of a diaphragm at the entrance to the
nozzle. The facility operating condition is designed so that the volumetric rate
of discharge of gas from the barrel is matched by the air entering the barrel
from the high pressure air reservoir and this enables the mean pressure of the
nozzle reservoir to remain approximately constant during the run time which
lasts about 200 ms.

Schlieren images were obtained during the experimental program. The ar-
rangement of the system is illustrated in Fig. 6. The system consisted of a red
LED light source, collimated by a 120 mm diameter lens with a focal length of
1000 mm. A similar lens is used to focus the image of the light source onto a
horizontal knife edge. An Olympus I-speed3 operating at 1000 fps was used for
image capture. The maximum field of view on the schlieren images is restricted
to approximately 100 mm because of the aperture of the windows on the test
section.

2.3 Operating Conditions

Table 1 gives essential operating conditions for each run of the hypersonic facility
performed for this program. Mean and 2¢ variations have been reported in this
table. Initial pressure p; and temperature T; of the air in the barrel correspond
to the local atmospheric pressure and ambient temperature respectively. The
pressure of the air reservoir used in the program was 3 MPa (gauge). Data from
repeated runs for the different angles of attack a are generally available.

The values of the nozzle stagnation pressure pg reported in Table 1 were de-
termined from the pressures measured in the barrel (e.g., Fig. 5) when averaged
over the first 150 ms of the flow duration. The values of the nozzle stagnation
temperature Ty reported in Table 1 have been deduced on the assumption of
isentropic compression of the air test gas from the initial conditions to the re-
ported values of pg. Energy loss through heat transfer from the test gas during
the compression and discharge process is known to occur [5] but recent mea-
surements have shown that the isentropic compression is a good approximation
for the test flow which is first discharged from the barrel.

A survey of nozzle exit pitot pressure was performed for the current operating
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Figure 5: Sample barrel pressure history, result for run 134 shown.

condition. Results indicate that the central 160 mm diameter core of the nozzle
is uniform in pitot pressure to within £2 %. At 50 ms from the start of the flow,
the Mach number deduced for the central core was 5.84 with a spatial variation
of about +0.4% and at 150 ms after the start of the flow, the corresponding
values were 5.79+0.5 %. Flow conditions at the nozzle exit based on stagnation

conditions reported in Table 1 and the pitot survey results are reported in
Table 2.

3 Results

3.1 Visualization

Schlieren images presented in Figs. 7, 8, 9, 10, and 11 where extracted from the
video records at at 100ms from the start of the flow. The scale of the images

f=+1000 mm f=+1000 mm f=+200 mm
Nikon zoom
Lé< ( ) >ll (o]
horizontal FINELE
ol i-Speed 3

Mach 6 nozzle flow

(into page) edge

Figure 6: Arrangement of the schlieren system.



Table 1: Facility operating conditions

run number p; (kPa) T, (K) «(°) po(kPa) To(K) comment

132 94.86 294.5 0 926 565

133 94.85 293.6 0 925 563

134 94.86 295.5 0 914 565

135 94.75 295.5 0 913 565

136 94.75 295.5 +3 — — po not acquired
137  94.74 — +3 — — no data acquired
138 94.82 287.0 +3 938 552

139 94.87 287.0 -3 937 552

140 94.84 289.7 -3 945 559

141  94.86 289.7 +6 921 555

142 94.88 289.7 +6 939 558

143 94.63 292.6 —6 934 563

144 94.63 292.6 —6 922 561

94.80 +0.18 292+6 928 +21 560+ 10

Table 2: Nozzle exit flow conditions
My, p®Pa) T (K) wu(m/s) Re, (m1)
5.84 690 72 990 7.0 x10°

can be derived from the cowl height which is 18.0 mm relative to the adjacent
position on the conical forebody.

In the case of the images for the zero degrees angle of attack (a = 0, Fig. 7),
two positions of the model were tested. For run 132 and 133, the test section
window was positioned on the centreline of the nozzle flow with the tip of the
conical forebody positioned in the lower half of the nozzle exit flow. For run
134 and 135, the tip of the model was moved closer to the nozzle centre line and
the flange holding the test section window was rotated through 30° to enable
visualisation of a larger fraction of the flow. In the images from run 134 and
135, a weak wave from the Mach 6 nozzle lip is observed to enter the field of
view and impinges on the model down stream of the leading edge of the cowl —
see annotations in the image from run 135 (in Fig. 7).

Oblique compression waves running upwards from the forebody of the model
are visible, Fig. 7. The shock wave from the tip of the model appears as a rela-
tively weak feature embedded within a series of compression waves which orig-
inate from the forebody surface of the model. The appearance of compression
waves at locations beyond, and at steeper angles than the shock cone from the
tip of the model, suggests unresolved unsteadiness in the schlieren images. In
the video record, the shock from the tip of the model appears steady whereas
the additional compression features exhibit unsteady characteristics. The likely
origin of these additional compression waves is boundary layer separation on the
forebody. The exposure time of each video frame is almost 1 ms and with a free
stream flow velocity of around 990 m/s (Table 2), the free stream convection dis-
tance during the exposure time is almost 1 m so unsteady structures associated
with boundary layer features will not be resolved in the current images.
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Figure 7: Schlieren images from runs performed at o = 0°.

Visualisation at o = +3°, Fig. 8, demonstrates similar features to those
observed in the case of & = 0. However, at a = —3°, Fig. 9, the point of origin
of the disturbances from the separated boundary layer is within the field of view
— much closer to the cowl tip than in the & = 0 or 4+-3° cases. Another significant
feature which differentiates the visualisation at a = —3° from other cases is the
downwards traveling shock from the nozzle lip which enters the inlet in the case
of run 139 and appears to impinge close to the cowl tip in the case of run 140.
Compression waves from the nozzle lip increase in strength with time due to
the accumulation of test gas in the test section which increases the pressure in
the test section during the run. Results at & = +6° and —6° (Figs. 10 and 11)
exhibit similar features to those observed in other cases.

4 Time-resolved pressure measurements

Pressure measurements from the 5 pressure transducers within the model are
presented as a function of time for the 5 angle of attacks are presented in Figs. 12,



Figure 8: Schlieren images from runs performed at o = +3°.

Figure 9: Schlieren images from run performed at @ = —3°.



Figure 10: Schlieren images from runs performed at o = +6°.

Figure 11: Schlieren images from runs performed at a« = —6°.



13, 14, 15, and 16. The time-resolved pressure measurements suggest that the
flows in general are moderately steady over relatively long time scales — the
response time of the static pressure measurement arrangement is around 10 ms.

With the results for @« = —3°, the schlieren images (Fig. 9) indicate that
the shock from the nozzle lip passes into the cowl relatively early during the
nominal test period. The pressure data of Fig. 14, demonstrates that the static
pressures are increasing over the first 100 ms of the run time, and that down-
stream transducers detect a rising pressure sooner than those on the forebody.
The nozzle lip shock strengthens with time due to increases in the background
pressure in the test section and this shock is captured within the cowl relatively
soon after flow start. The capture of the shock from the nozzle lip increases
the pressure registered by the transducers in the vicinity of the cowl lip, and
the flow disturbance is sensed on the conical forebody with the boundary layer
separation being driven further forward by the increase in the adverse pressure
gradient. Therefore, static pressures towards the start of the test time are more
representative of the model performance in the absence of facility interaction
disturbances.

The repeated results at o = +6° are strikingly different, Fig. 15. In the
case of run 141, the pressures dip prior to climbing and reaching similar values
to run 142 towards the end of the run time. Likewise in the case of @ =
—6° (Fig. 16), the pressure registered on the two most downstream transducers
appears unsteady in the case of run 143 and yet the wave from the nozzle lip is
not, observed to be captured within the cowl during the first 100 ms of the flow
duration (Fig. 16).
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Figure 12: Normalized static pressure histories
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Figure 15: Normalized static pressure histories for a = +6°, runs 141 & 142.
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11



5 Spatial variaton of pressure

Static pressure results in Figs. 12 to 16 have been presented in terms of spatial
distributions in Fig. 17, based on pressure values averaged from 10ms at 30 ms
from the start of the hypersonic test flow. A relatively short test flow window
(20ms) near the start of the flow has been specified in an effort to eliminate the
influence of Mach 6 nozzle lip disturbances being captured by the cowl which was
observed to occur later in the test flow in the case of & = —3°. A compilation
of results is presented in Fig. 18.

6 Conclusions

A model lightcraft inlet has been designed at the University of Adelaide and
tested in the TUSQ hypersonic wind tunnel facility at the University of South-
ern Queensland. Schlieren imaging has been performed and static pressures
have been measured at Mach 5.8 and a unit Reynolds number of 7.0x10%m~1.
The model lightcraft was tested at angles of attack between -6° and +6°. Re-
sults demonstrate that the boundary layer on the forebody is disturbed by the
presence of the cowl — some separation of the forebody boundary layer occurs
at all of the angles of attack tested.
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FA2386-09-1-4088. Mr Alan Harrland designed the inlet, Ms Carolyn Jacobs
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Appendix A. Ground Test Model Drawings

15



91

Drawing List: All Components

PART DRG NO NO REQ MATERIAL
Lightcraft assembly ASSY-1 0
Lightcraft assembly (exploded) ASSY-2 0
Lightcraft assembly (exploded) ASSY-3 0
Cowl COWL-4 1 Aluminium alloy 6061
Cowl detail COWL-5 0
Strut STRUT-6 V) Aluminium alloy 6061
Infake INTAKE-7 1 Aluminium alloy 6061
Intake detail INTAKE-8 0
Mounting assembly (3 degree) ASSY-M3-1 0
Mounting assembly (3 degree, exploded) ASSY-M3-2 0
Mounfing base BASE-M3-3 1 Mild steel
3 degree wedge WEDGE-M3-4 ] Mild steel
Mounting frame FRAME-M3-5 1 Mild steel
Mounting sting block BLOCK-M3-6 1 Mild steel
Mounting sting STING-M3-7 1 Mild steel
Mounting assembly (6 degree) ASSY-M6-1 0
6 degree wedge WEDGE-Mé-2 ] Mild steel
Mounting assembly (0 degree) ASSY-FM-1 0
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Inner Surface Geometry for Cowl

Axial Dimension | Radial Dimension Note

0.0 74.9
10.3 74.0
20.5 72.9
30.8 71.5 : :
10 700 First spline
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111.7 82.4
119.3 83.3

This gecmetry is valid for the angluar
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The outer surface is a straight surface
from the first point to the last point.

Hole Positioning Details

Axial Dimension | Radial Dimension Type
46.7 74.0 Dowel
68.3 73.0 M5 Thread
78.3 76.0 Dowel
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Outer Surface Geometry for Intake

Axial Dimension | Radial Dimension Note
0.0 0.0
285.7 62.2 Straight
292.1 61.8
299.0 60.8
305.9 59.7
312.8 58.6 First spline
319.6 57.4
326.5 56.2
39813 55.0
347.57 40.0
350.0 37.8
370.0 23.79
390.0 14.2 -
2100 753 Second spline
430.0 358
450.0 1.07
476.2 0.0

4

Point (347.57,40.0) marks the end of the
model. Additional spline geometry is

given in the table for reference.

Hole Positioning Details

Axial Dimension | Radial Dimension Type
299.0 54.8 Dowel
312.8 52.6 M5 thread
319.6 51.4 Dowel

ALL DIMENSIONS ARE IN
MILUMETERS
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Axial Location of Transducer Threads

231.62

251.16

270.70

301.33

B |WIN|—

321.06

The transducer locations are flexible. The critical
requirements are:

- 3 tfransducers on the intake surface
- 2 fransducers on the spline surface
- transducers should be 20 mm apart on each surface
- fransducer holes have an M5 thread

- the plane of the transducers is at the midpoint
between the two strut slots
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Introduction

Lightcraft are an advanced technology at an embryonic stage of development. Considerable
development and testing will be required before the technology can be used reliably. To that end a
test program is proposed to investigate and develop hypersonic inlet design and laser combustor
design and operation.

The idea is to move along the development path by incrementally increasing the complexity of the
system, until a final free flying system is developed. Currently, analysis and modelling studies are
under way on the development of the lightcraft itself as well as development of the laser to power
it. One such study is the hypersonic inlet design study [1]. Once the technology has matured a flight
test program would be conducted to test and further develop the technology.

It is proposed that a low risk approach would be to develop a stable test platform based on existing
technologies to run repeated tests. This would enable many aspects and designs of lightcraft to be
investigated without risking the loss of the vehicle. Also, the test article would be recovered in each
case enabling easier post flight analysis.

Aim

The aim of this report is to present the results of an analysis of a test program for the development
of lightcraft, including range, logistics and trajectory information. The lightcraft design would be
based on the modular stream traced inlet design study by Harrland [1], shown in Figure 1, and weigh
8kg, with a 350mm diameter and a 960mm length. The test program would be broken down into
three sections, each one progressing the technology a little further.

Inlet isolator

Incoming laser
beam

Conical forebody

\,,

/ ' Parabolic
- afterbody
Module struts f,f \
=7 ! . Expansion nozzle
N Inlet cowl lip
Mesh Mar 01, 2011

ANSYS FLUENT 12.1 (3d, dp, dbns imp, S-A)

Figure 1. Stream traced modular axis symetric lightcraft design [1]



The first test campaign will be an inlet investigation program. A recoverable/reusable X-plane
booster will be developed to boost the lightcraft to the required operating conditions. The light craft
will remain attached to the booster and operate in a captive-carry mode. The booster will provide a
stable platform that can maintain the required operating condition for up to 20 seconds, enabling
forebody and inlet development as well as materials investigations. The test vehicle will also be

recoverable to aid in post flight analysis

Once most of the inlet and materials issued have been overcome, the same booster will be used to
propel the lightcraft to a particular operating condition where it will be released. At this point the
laser will propel the lightcraft for a short duration flight. The lightcraft will be passively stable, so no
advanced control systems will be needed. Initially the program will focus on demonstrating a drag-
matched thrust cruise flight condition. After this has been successfully demonstrated, the laser
power will be increased gradually and the program will progress to establishing accelerating flight.
These latter tests would mature the technology related to combustor design and thrust production
in the Mach 6 - 10 operating regime.

The final phase of testing will be to investigate laser ground launch of the lightcraft and will include
all aspects of lightcraft vehicle design.



Trajectory simulation model

A three-degree of freedom simulation environment was used to model the vehicle trajectory. The
seven state model was integrated using a 4™ order Runge Kutta integration technique. Full details of
state model can be found in [2]. A Newton-Raphson two point boundary condition solver was used
to achieve the correct conditions at the end of the boost phase [3].

A MSISE93 (Mass-Spectrometer-Incoherent-Scatter) atmospheric model [4] was used to calculate
the atmospheric density, pressure and temperature during the mission. This is a position specific
model that uses both satellite and terrestrially based measurements and averages to calculate the
atmospheric composition and parameters based on a specific location and time, considering solar
and geomagnetic activity. No wind model was used in this study. An oblate earth shape model [5]
was used with a fourth order earth gravitation model [5].

Winged booster model

A conceptual booster model was developed in order to perform a trajectory analysis of the first two
test phases discussed above, ie the captive-carry inlet design test phase and the Mach 8 release test
phase. The maximum take-off weight of the conceptual booster is 7 tonnes. It has a pair forward
canard wings in addition to two large aft wings. The booster uses a liquid oxygen (LOx)/Kerosene
rocket propulsion system. Although solid propulsion would be well suited to a booster of this size,
the requirement to be versatile and operate at different altitudes and Mach Numbers makes a
throttleable liquid engine the best option. The aerodynamics model used in these simulations was
based on data from a winged booster stage of a conceptual launch system called Ariane-X (see
Figure 2). Figure 3 shows a schematic of what the booster would look like.

The maximum propellant capacity of the booster was 5510kg. A structural coefficient of 25% was
chosen for the design; as the vehicle has relatively large aerodynamic surfaces and has a relatively
small initial mass. The booster was designed to test different flight conditions for different lengths of
time. This wide range of operating requirements means that the booster must be versatile, rather
than optimal for any specific mission. In test cases where the whole fuel load was not required, the
saved fuel mass could be used as extra payload. For a mission that requires a lightcraft to be boosted
to Mach 8 and maintain this flight condition for 20 seconds, around 300kg of additional experimental
equipment (instrumentation, data acquisition systems, etc.) may be flown on-board.



Lightcraft

/ ' «— Canard

"N

| Rocket engine

Figure 2 ArianeX conceptual launch system Figure 3 Booster concept vehicle

Trajectory parameterisation

The trajectory was broken into four flight segments for analysis purposes. Each segment had its own
control methods and parameters, depending on the mission requirements. The first segment was a
vertical climb, in which the angle of attack is set to zero. This is a very short segment, only a few
seconds. The boost segment was the second segment and it was controlled by five angle of attack
parameters linearly interpolated between time-based grid points. The third segment was the test
phase, during which two decoupled controllers were used to regulate altitude and dynamic
pressure. A proportional-derivative angle of attack controller was used to maintain the desired
altitude and had the form:

o= acurrent + kalf 1 Q]required - hcurrent )_ kalf 2 (V Sin y)

Where a is angle of attack, Y'is flight path angle and v is velocity.
A simple linear proportional controller was used to regulate the engine throttle to control dynamic

pressure, and had the following form:

qrequired
th = thcurrent
current

Where g is dynamic pressure and th is engine throttle setting.

Provided the altitude controller maintained the correct altitude, dynamic pressure control ensured
the correct Mach number during the test phase.



Segment four was the turn and descent phase. No specific landing site was chosen, as this would
require ground access to the Woomera range to look at various areas and assess their suitability for
landing and this was not possible in the context of this study. Instead, a fixed bank angle of 30
degrees and a fixed angle of attack of 8 degrees was commanded to demonstrate down range and
cross range capability. Figure 4. Booster flight segmentsFigure 4 shows these flight segments in more
detail.

3. Test phase/release T

2. Boost phase
along alpha profile

4. Unpowered
heading alignment
and descent

1. Vertical ascent

5. Parachute landing downrange

Figure 4. Booster flight segments

Following these flight segments, the vehicle would perform a heading alignment and controlled
descent to a condition at which a parachute could be deployed. A set of skis would be deployed to
land on, in order to protect the under-side of the vehicle.

Test phase 1 - Mach 8 captive-carry mission

The purpose of the first test phase will be for hypersonic inlet and materials development. The
booster will launch vertically from the South Eastern corner of the Woomera test range, near the
town of Woomera in South Australia and propel the vehicle to Mach 8. The test phase will be in a
captive-carry configuration where the payload will remain attached to the booster while maintaining
sustained Mach 8 flight for 20 seconds. After the test flight, the booster will perform cross range
adjustments while performing an unpowered descent flight followed by a parachute landing, and
helicopter recovery of the whole system. Figure 5 shows the mission profile.

Running a test campaign such as this will require significant equipment and personnel, which will
need to be transported and set up in the relatively remote Australian outback . Approximately 25
people would be needed during the test campaign, with each test taking approximately 1 week. Ten
technicians/engineers would prepare the booster for flight, including system checks, fuelling and
integrating on the launch rail. There are processing hangars at the launch site, which could be rented



from the range operators. Three range safety officers will be required as well as ten range
technicians to operate tracking equipment and for administrative tasks. Two defence observers will
also be needed. The personnel required for the tests would be housed in Woomera and would
commute to the launch site each day by road.

Each test will require half of an 8000 L iso-tanker® of LOx and one seventh of an 8000 L iso-tanker of
kerosene. A temporary storage system for the LOx may be set up if a large number of tests were
going to be conducted, slightly reducing the transportation costs. A CH-47 helicopter will need to be
leased to recover the booster from down range and return it to the launch site. As the CH-47 does
not have sufficient range to complete the mission, a fuel tanker will need to meet the helicopter
along the road to Coober Pedy (A87) to refuel the helicopter

Booster and test vehicle

Down range Iandiag
helicopter recovery

Cgober Pedy

Helicopter reAueling point

Launcher /

4—— B97 to Woomera

Figure 5 Mach 8 captive-carry mission profile

Trajectory

Figure 6 shows the ground track of the mission relative to the Woomera Prohibited Area (WPA) test
range. The launch, test and recovery can all be undertaken within the range boundaries. The booster
has considerable downrange and cross range capabilities so may land at a many different sites.

! An iso-tanker refers to a “pill shaped” steel tank within an International Standards Organisation frame,
transported on a truck trailer. Iso-tankers vary in size from as low as 4000 L up to 25000 L.
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Figure 7 shows the altitude time history of the test flight. The long period oscillation seen in the
graph is a result of constant control parameters being implemented. Again, the simulation of the
descent and turn phase was purely to demonstrate cross range and down range capability.
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Figure 8 Mach Number vs time

Figure 8 shows the Mach number history of the flight showing a sustained Mach 8 test phase for 20
seconds, followed by a rapid reduction in Mach Number during descent.
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Figure 9 Dynamic pressure vs time

Figure 9 shows the dynamic pressure history for the flight. The dynamic pressure is relatively low for
the flight, with a maximum of around 65kPa seen during the test phase. There is a slight decrease in
dynamic pressure between 80s and 200s flight time. This is caused by the steep ascent profile.



Future challenges

This phase of the test campaign does not require any significant advances in technology and there
are no large infrastructure costs. The only major cost would be the development of the winged
booster. This would however involve using existing low risk rocket and aircraft type technology. The
facilities to conduct these tests currently exist in Woomera.

Test phase 2 - Mach 8 release mission

The second test phase would be to demonstrate sustained thrust from a passively stable lightcraft.
Again, the booster will launch vertically from the South Eastern corner of the Woomera test range,
near the town of Woomera in South Australia and boost to Mach 8. At this point, the lightcraft will
separate from the booster; the laser will beam energy to the lightcraft thereby producing thrust,
after which the lightcraft would descend and land down range. After separation, the booster would

again perform cross range adjustments while performing an unpowered descent flight followed by a
parachute landing, and helicopter recovery.

Figure 10 shows the mission profile for the case where the lightcraft is released at Mach 8 and
conducts a laser-powered test. A laser will be positioned 40km up range from the release point,
providing a 35 degree incidence angle and slant range of 50km at initiation of the test.

\ Down range Ianaing
helicopter recovery

Cgober Pedy

Helicopter reAfueling point

\ \‘ / Diesel fuel tanker
Power generation

estricted access road inside the range

Launcher

4— B97 to Woomera

Figure 10 Mach 8 release mission profile



Approximately 40 people will be needed during the test campaign, with each test requiring
approximately 1 week. Ten technicians/engineers would again be required to prepare the booster.
Three range safety officers and ten range technicians would again be required as well as two
defence observers. These personnel will again be housed in Woomera and would commute to the
launch site each day by road.

In addition to these personnel, fifteen engineers and technicians would be required to operate the
laser and power generation system. They would be housed in a camp set up within the range, about
40km downrange from the launch site. All consumables would need to be trucked into this camp,
including food, water, fuel, etc.

Assuming the 10MW laser operates at 60% efficiency, approximately 18 MW of power will be
required to operate the laser. Although it would be possible to install a small gas turbine power
station, there are a number of problems related to this, such as the availability of water. Combustion
engines attached to generators or gensets are a practical alternative to a small power station.
Gensets are available in both natural gas and diesel fuel variants, with similar logistics in relation to
trucking and storage of the fuels. Diesel was assumed for this analysis. There are a number of
options and configurations currently available on the second hand market to achieve the required
power output, for example, 9 X 2MW gensets or 4 X 4.2MW gensets.

The laser and the gensets will be trucked in along a sealed road to the laser camp. The gensets will
consume approximately 1800 L of diesel per test. A smaller genset will also be required to run the
camp and would consume 360 L per day. One 15000 L tanker will be required for two test flights
over 2 weeks.

Again, each test would require half an 8000 L iso-tanker of LOx and a seventh of a 8000 L iso-tanker
of kerosene. A CH-47 helicopter will need to be leased to recover the booster from down range and
return it to the launch site. As the CH-47 does not have sufficient range to complete the mission, a
fuel tanker needs to meet the helicopter along the road to Coober Pedy (A87) to refuel.

Trajectory

Figure 11 shows the ground track for the Mach 8 release mission. After release, the booster is seen
to bank away from the lightcraft and begin turning to the South. The lightcraft continues along a
planar trajectory though the test phase for the descent and landing.
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Figure 12 shows the altitude vs time profile for the Mach 8 release mission. As soon as the lightcraft
is released, at an altitude of 29km, the booster is seen to descend to the landing site. The lightcraft
has a sustained period of cruise at Mach 8 under its own power before descending and landing.



Future challenges

This test phase requires advancement in laser technology as well as a better understanding on inlet
design and how it affects vehicle design and stability. To the author’s knowledge no 10MW lasers
exist. Lasers are becoming more powerful [6], but some advancement is required before a large
enough laser is available. An advanced laser steering or control system will also be necessary to
ensure the laser beam is aimed directly onto the moving lightcraft.

Another challenge will be the logistics of installing a large laser in the outback of Australia. It may
need to be shipped to Woomera and built onsite as transportation of such a large laser in one piece
is unlikely. The remaining infrastructure and required power generation systems can be met with
existing technologies.

Some advancement in vehicle stability is needed to release the lightcraft and maintain controlled
flight and this would be a major technical task as part of any future lightcraft flight test
development.

Test phase 3 - ground launch

The third and final test phase will be to demonstrate ground launch of a lightcraft. The lightcraft will
be launched from a launch stand above the laser. The laser will fire and provide the energy to
produce thrust and propel the lightcraft The first set of launches in the test phase will only launch
the lightcraft a short distance to demonstrate launch and low speed flight control. This will be
followed by flights of several hundred meters. Gradually, this range will be expanded over several
tests, until it finally reaches orbit. The initial flights could be recovered in the Woomera range,
however once they trajectories take the lightcraft outside the Woomera range, the craft may have to
be dumped in the ocean.

Figure 13 shows the mission profile for the case for the ground-launched lightcraft.
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Figure 13 Ground launch mission profile

The logistics would be similar to that of phase two, except that the personnel working at the launch
camp would move out to the laser camp. There would be some additional housing brought in to the
laser camp to house the additional staff members. The only fuels needed for this test phase would
be that for the power generation system, which would consume around 3200kg per hour. Again,
supplies would be trucked into the site.

Trajectory

The trajectory modelling for this section was performed by Harrland [1] and is described in detail in
Section 3 of his thesis. This model shows the lightcraft reaching an altitude of 70km, however the
final target is to achieve orbit. Orbital insertion requires laser ignition/comsumtion of propellant,;
however, this part of the mission is not considered in this study.

Future challenges
In addition to the issues identified at phase 2, significant advancements in lightcraft stability and
control systems would be required to launch the lightcraft from a stationary point.

Budget

The budget comprises development costs as well as costs associated with each test. The personnel
costs were based on $130,000 per year per person and 30% extra for meals and housing in existing
facilities. The diesel and kerosene costs were based on $2 per L while BOC Australia provided the
LOx and propellant logistics cost estimates. The power generation system costing was based on
currently available prices of second-hand systems. The helicopter operating costs were based on



estimates in Ref. [7]. The development cost for the winger booster would be around $250mil. This
estimate is based on the Space-X Falcon development cost of $450mil [unconfirmed].

Budget — phase 1
Capital cost:
e Booster development $250mil

Operational costs:

e Personnel $100,000

e Propellants $18,000

e Helicopter $34,000

Total $162,000 per test

Budget — phase 2
Capital costs:

e laser Sunknown
e Power generation S1.5mil

e Housing/infrastructure $1.0mil

Operational costs:

e Personnel $160,000

e Propellants $18,000

e Helicopter $34,000

e Power generation $13,000

Total $225,000 per test

Budget per test — phase 3
Capital costs:

e Extrainfrastructure $200,000
e lLaunch structure $500,000

Operational costs

e Personnel $160,000
e Propellants $13,000
e Helicopter $34,000
e Power generation $13,000

Total $220,000 per test



Conclusions
A three-step approach to develop lightcraft technology was presented, looking at the mission
profiles, equipment and logistics as well as personnel required. An approximate cost estimate was

also provided along with the identification of major technical advancements required through the

test phases.
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