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SCRAM JET ENGINE

A Scramjet engine is a supersonic combusting ramjet engine in which combustion takes

place in a supersonic airflow. Generally ramjet decelerates the.air to subsonic velocities

before combustion, where as airflow in a scramjet is supersonic throughout the entire engine.
This allows the scramjet to operate efficiently at extremely high speeds.

subsonic velocities. Rather, a scramjet combustor is supersonic speed.

As in ramjet, a scramjet relies on high vehicle speed to forcefully compress and decelerate the
incoming air before combustion (hence called ramjet), but whereas a ramjet decelerates the
air to subsonic velocities before combustion, airflow in a scramjet is supersonic throughout
the entire engine.The Scramjet is composed of three basic co'mponeritsz o

1) A CONVERGING INLET, where incoming air is compressed and decelerates.
2) A COMBUSTER, where gaseous fuel is burned with atmospheric oxygen to produce

heat.
3) -A DIVERGING NOZZLE, where the heated air is accelerated to produce thrust.
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Due to the nature of their design scramjets require the high kinetic energy of a hypersonic
flow to compress the incoming air to operational conditions. Thus, a scramjet-powered
vehicle must be accelerated to the required velocity by some other means of propulsion, such
as turbojet, rail gun, or rocket engines. ' :

Scramjet engines are a type of jet engine, and rely on the combustion of fuel and an oxidizer
to produce thrust. Similar to conventional jet engines, scramjet-powered aircraft oarry the
fuel on board, and obtain the oxidizer by the ingestion of atmospheric oxygen.

To keep the combustion rate of the fuel constant, the pressure and temperature in the engine
must also be constant. Because air density reduces at higher altitudes, a scramjet must climb
at a specific rate as it accelerates to maintain a constant air pressure at the intake

Unlike a typical jet engine, such as a turbojet or turbofan engine, a scramjet does not use
rotating, fan-like components to compress the air; rather, the achievable speed of the aircraft

" Scramjet engines operate on the same principles as ramjets, but-do not decelerate the flow to-




. . = withi inlet. As such, Y
moving through the atmosphere causes the air to compress within the inle o J

moving parts are needed in a scramjet. lerate th n
A scramjet relies on high vehicle speed to forcefully compress and decelerate the incoming Lx

air before combustion. But ramjet decelerates the air to subsonic velocities before combustion
and airflow in a scramjet is supersonic throughout the entire engine. This allows the scramjet
to efficiently operate at extremely high speeds
Advantages
Does not have to carry oxygen tank.
No rotating'parts makes it easier to manufacture.
Less weight and simple design. et
As the hydrogen is used as a propellant and combustlon is carried out.at supersonic
velocity with the help of oxygen from the atmosphere.
»  As a result of that, steam (H20) is being exhaust gas which is eco-friendly in
nature.
Disadvantages
> A Scramjet cannot produce efficient thrust unless boosted to high speed, around Mach
5.

> Asaresult additional propulsion systel“-a are required.
> Lack of stealth.

> Testmg difficulties.
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Hlstory - . : -
During World War 11, a tremendous amount of time and effort were put into researching
high-speed jet engine . and rocket-powered aircraft, predominantly by the Germans.
After the war, the US and UK took in several German scientists and military technologies

through Operation to begin puttmg more emphasis on their own weapons development,
including jet engines. :

In the 1950s and 1960s a vanety of expenmental scramjet engines were built and ground
tested in the US and the UK. o
In 2000s, 51gn1ﬁcant progress was made in the development of hypersonic technology. In
June 15, 2007, the US Defense Advanced Research Project Agency (DARPA), in cooperation
with the Australian Defence Science and Technology Organisation (DSTO), announced a
successful scramjet flight at ‘Mach10 vusing rocket engines to boost the test vehicle to
hypersonic speeds.
On 22 and 23 March 2010 Australian and American defence scientists successfully tested

a (HIFiRE) hypersonic rocket. It reached an atmospheric velocity of "more than 5,000
kilometres per hour

> The theoretical projections place top speed of scram between Mach 12 and Mach 24,

~ which is near orbital velocity.

» The fastest air-breathing plane is a SCRAMIJET design, the NASA X-43a which

‘reached Mach 9.6 or 12,144 km/h, on 16 Nov 2004.
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A summary of the integration aspects

launchers concludes this section:
> Aerodynamic shape and propulsion system have to be optimized together

> Main elements of the airbreathing engine are precompression, intake and diverter
system, nozzle and afterbody integration ' ‘

» Trade-offs are needed for "thrust-minus-drag", moment characteristics, structural
mass, fuel filling factors, aé;odynamic complexity andetc. . '

> The most critical item is the hypersonic intake: high pressure recovery and air
capacity characteristics, safe operation (prevention of intake un-start), and favourable
compatibility parameters for the wide range of flight Mach numbers (temperatures

and pressures) built from light weight structure

> A further promising feature is base pressurisation by heate
burning")

» Reduction of engine size by increasing engine numbers leads to p.

of airbreathing engines in hypersonic vehicles &

d bleed air ("external

hysical integration

f’Highiy integrated ;

Mach > 6

Expansion Ramp

tegrated scramjet propelled vehicle has advantages for application to several

An airframe in
such a vehicle will combine the features of quick reaction, low

missions. In its simplest form,
vulnerability to counter attack and better pronulsion efficiency.
The Supersonic Combustion Ramjet (SCRAMIJET) engine has been recognized as the most

promising air breathing propulsion system for the hypersonic flight (Mach number above 5).

In recent years, the research and development of scramjet engine has promoted the study of
sive research is being carried out over the world for

n fuel with significant attention focused on
bal Tast-reaction reconnaissance missions.
ing high heat sink and hydrogen fuels offers
ilitary tactical missiles. Scramjet being

combustion in supersonic flows. Exten
realizing the scramjet technology with hydroge
" new generations of space launchers and glo
However, application for the scramjet concept us
significantly enhanced mission potential for future m
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an air-breathing engine, the performance of the missile system based on the scramj

propulsion is envisaged to e nhance the payload weight and missile range.
Supersonic combustion ramj

AN
et

ct engine for an air-breathing propulsion system has been
realized and demonstrated by USA on ground and in flight. X-43 vehicle l‘ISE’«d hyf;lro.g‘en.f_uel.r ;
Hydrocarbon fuel scramjet engine is still under study and research. Mlxu_lg, 1gnition afld
flame holding in combustor, ground test facilities and numerical simulation of Scramjet
engine are the critical challenges in the development of scramjet engine.
Scramjet engine - Technological challenges
One of the greatest advantag
and the main part of its body
manufacturing costs for the e
engines and rockets, both of
that they have to carry on bo
collect it from the atmosph
carrying more payload, sin
oxidizer. So, that would be
On the other hand, a scram
is not first accelerated to
additional propulsion syste
. Therefore, various structur

es is the simplicity of design. A scramjet has no mov'ing parts
iIs constituted by continuous surfaces. This admits re]a.mvely l-ow
ngihé itself. Another significant difference between alrbreath{ng
them able to fly at hypersonic speeds, is the fuel for combustl'on
ard. While a rocket must carry the oxidizer on board, a scramjet
ere; thus, this last would be lighter and hopefully .capal-Jle of
Ce in a rocket the 75 percent of the total start weight is th
a great advantage too.

'etg engine has agmajor inconvenience. It cannot produce thrust if it
a high velocity around Mach 5-6. This requires one or t.wo
ms to propel the vehicle to the needed scramjet start velocity.
es, are needed for the suspension of these engines as well as all
necessary control systems. All .secondary: equipment necessary to bring the vehicle to.
velocities suitable for the scramjet operation makes the whole vehicle-heavy, in contrast to’
what has been mentioned previously. Then, the loss in the dry mass and, consequently, the
gain in the payload mass are not so significant. In order to minimize the weight and

complexity of having multip tems, a dual-mode ramjevt/scramjet i‘s- o.ften. .

le propulsion sys
proposed.

The current challenges in the development of the

main areas: qi,r_ipl_etrcombustion,. and structures an
Air inlet

scramjet engine can be gathered in three -
d materials.

gely dictated by the aerod

ic inlets. Commonly, hypersonic inlets have a
onlip condition can be met only at the design Mach
€ upstream Mach numbers. Thus, at Mach numbers

ynamic performance,
‘geometric size, and weight of the hyperson

wide Mach number range, but the shock-

shock control are widely considered and studied. p
Mixing, Ignition and flame holdi_ng in a Scramjet combustor .

xmong the three critical components of the scramjet engine, the combustor presents the most
formidable problems. The complex phenomenon of supersonic combustion involves turbulent
mixing, shock interaction and heat release in Supersonic flow. The flow field within the
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combustor of scramjet engine is very complex and poses a considerable challenge i i

and development of a supersonic combustor with an optimiied geomet aS en}?e i
shall promote sufficient mixing of the fuel and air so that the desired chzyr;mié;llc COYTIbUStOT
thus’hea-t release can occur within the residence time of the fuel-air’ mixture r‘;?Ctlon i
accomplish this task, it requires a clear understanding of fuel injection ;ocn Vg
thorough knowledge of the processes governing supersonic mixing and combu'slt)ioneaSses 121lnd
the factors, which affects the losses within the combustor. The designer shall kee:psix‘x)v fnirlecsl

the following goals namely,
> Good and rapid fuel air mixing
> Minimization of total pressure

> High combustion efficiency. ' 2 :
The ignition delay time of a fuel-air mixture continues to be the limifing factor. for all

S(':ramjet engines designs. Decreasing the delay time allows for shorter combustors and/or
hlghe.r.ﬂight velocities. Initially, the ignition delay time of a fuel is fixed for a given set of
conditions and the type of fuel. Increasing the temperature of the fuel and/or air stream
reduces this time. Pressure plays a somewhat more complex role. Increasing the pressure

usually, but not always, improves the combustion conditions. Increasing pressure usuall):
reduces the ignition delay time, but there exists a critical value of pressure, above which, the
delay time increases dramatically, followed by a slow decrease. So, it is not always
advantageous to increase the pressure. The equivalence ratio does not strongly affect the
ignition delay time, except for equivalence ratios below 0.3, where the delay-time increa;es
sharply. Hydrogen has very low ignition delay time compared with hydrocarbon. Therefore;

all these effects need to be considered in designs.

ustion is the mixing between free stream air
mixed into the air stream it will not ignite,
Due to compressibility effects, fuel
such a high pressure and
hed against the wall and
d flame holding at these
several solutions have

Perhaps the largest problem associated with comb

and fuel. If fuel cannot be properly injected and

regardless of pressure, temperature or equivalence ratio.
nging obstacles. The air stream is at

d into the stream has a tendency to be pus
lem of mixing, ignition an
these challenges,
ecessed cavities.

injection presents challe
velocity, that fuel injecte
rendered ineffective. In addition to the prob
high velocities is extremely difficult. To overcome

been proposed like plasma torches, ramps and wedges, or I
rmance is the need of a variable geometry combustion

- challenge to increase the perfo
apture area air inlet does not

Anothe

chamber. A fixed geometry combustor assogiated to a variable ¢

benefit from the enhanced efficiency of the aii.inlet. A fully variable geometry — air inlet + .
ance ‘by comparison with the previous

amber — can increase the perform :
the benefit of the complexity related to a fully variable geometry

inimum section of the inlet (equivalent to the fixed section of
s have been studied, which consist in

um section of the air inlet and the geometry of the

h concepts, having at disposal a variable minimum
n of the air inlet capture area (e

combustion ch
concept, but cannot take all
system because of the fixed
the combustion chamber en
modifying at the same time the minim

combustion chamber. Moreover, for suc
section for the air inlet avoids the need of large variatio

m
trance). So other concept

S
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increase when the Mach number increases) and permits high cfﬁclency in a wide Mach

number range.

Structures and materials

Unlike a rocket that passes nearly vertiéally through the atmosphere on‘its »Yay to ?rblt, a
scramjet would take a more levelled trajectory. Because of the thrust-tofwelght ratl‘o of av
scramjet being low compared to modem rockets, the 26 scramjet needs more tll.ne to-
accelerate. Such a depressed trajectory implies that the vehicle stays a long time m.th.e‘
atmosphere at hypersonic speeds, causing atmospheric friction to become a prol')lem. This is
not only for space launch applications but also in missile or cor:nmercnal .tr'ansport
applications. Heat addition produced by the combustion at these high vglqmtxes and
temperatures is another significant factor to take into account. Therefore, the materials chosen
for the structure must have good properties and be adequate in front of'these phenomena.
Furthermore, cooling of the engine’s structure by fuel or radiation is essentlal.

Applications for a scramjet engine
There is a range of
hypersonic cruiser
going into details,
Mach 5 or higher
terms of engine sp

possible applications for scramjet engines, including missxle propulsion,
propulsion, and part of a staged space access propulsion system. }_3efore
the need for a scramjet engine hydrogen-fuelled to propel a vehicle at
will be justified. Figure 9 displays the approximate performance range in
ecific impulse and Mach number for various types of propulsion systems.
It can be seen that at Mach numbers higher than approximately 6-7, the only available-
propulsion systems are rockets and scramjets. Compared to. rockets, scramjets. have much
higher specific impulse levels (because they do not have to. carry on board the oxidizer as

they are airbreathing engines and collect oxygen from the atmosphere); therefore, it is clear
why it is advantageous to develop the scramiet, if for this reason only. There are other
reasons that highlight the advantages of the”scramjet development as- well. Airbreathing
engines produce higher engine efficiency, have longer powered range, possess the ability for

thrust modulation to ensure efficient operation, have higher versatility, and are completely
reusable. ’

Space launch applications

Space launch is one of the potential applications of scra
attention for the past two decades. Airbreathing vehicles,capable of hypersonic speeds, can
transform access to space, just like turbojets transformed the airline business. The benefits of
using a scramjet for a Single-Stage-to-Orbit (SSTO) vehicle are improved safety, mission
flexibility, vehicle design robustness, and reduced operating costs. A SSTO vehicle takes off

aft but has the capability to bring payload to

mjet engines that have raised the most

of the flight, both ascent and decent. High lift/drag (L/D) allows lon
landing footprint. Power density, i

level, is 1/10 that of a vertical take

weight and higher specific impulse. Power density is'a large factor in catastrophic failures.
Recent analysis indicates that safety increases by several orders of magnitude are possible

using airbreathing systems. Mission flexibility results from horizontal takeoff ang landing,
the large landing (unpowered) footprint and high L/D.

, lower vehicle




Utilization of aerodynamic forces rather than thrust allows efficient orbital plane changes
during ascent, and expanded launch window. Robustness and reliability can be built into
airbreathing systems because of large margins and reduced weight growth sensitivity, and the
“low thrust required for smaller, horizontal takeoff systems. Cost models indicate that about -
one-order magnitude reduction in operating cost is possible. Attributes- for selected
airbreathing assisted launch systems categorized by staging Mach number and reusable or
expandable second stage are listed in Table 1. What it might be observed is that increasing
staging Mach number plus adding a reusable second stage, increases the payload fraction and
reliability, and reduces both loss of the vehicle and operating cost. The most significant
benefit is in safety, quantified by the attribute “Los$ of Vehicle/Payload”. ;

Military applications
The ‘vehicle that could most quickly benefit from current scramjet research is the cruise
missile, as it is explained in the following points:

o The space application draws maximum benefit from airbreathing propulsion when
using it up to Mach 10-12, in order to optimize the staging of the different propulsion
modes. On the contrary, the military interest of high speeds can be reached
significantly below this domain. Mach 8 should not be very far from the upper limit
for missile applications.

e In its whole flight envelope, the space launcher has to provide a very large
acceleration, which is one of the key parameters to provide sufficient payload
performances into orbit. A cruising military system has naturally less needs in terms
of acceleration capability at high speed.

.o Test facilities, developed in some programs, were designed to test components of the
propulsion system of a launcher at much reduced scale and in a limited flight Mach.
number conditions range, but they nearly enable to test a missile engine at full scale.
This situation contributes to reduce the uncertainties remaining after ground tests to
get to flight tests : _

o Finally, it is clear that if a flight demonstration was made using a vehicle whose size
would have been chosen minimal for together preserving the demonstration interest of
the operation, and limiting the cost, this minimal size would probably be not very far
from the size of a missile. Consequently, the success of the flight demonstration
would validate the methodology used to develop the experimental vehicle, so that this
methodology would also be applicable for any kind of vehicle of similar size and level
of integration. Then, different possible military applications can be proposed:

"o Tactical missile when penetration is the key factor or when pure speed is necessary
against time targets

* High speed reconnaissance drone with improved mission safety and response time
capability

* Global range rapid intervention system based on previously mentioned missiles and
drones ' :

* Global range military aircraft or UCAV

* Short response time space launching system

Civil appli'c‘ﬁtions R Coe

-—{-)m.h’e-other haqd, for civil applications, a hypersonic cruiser aircraft that is an alternative to
traditional turbojet or turbofan transportation could also be a not-too-distant possibility. The
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i jet vehicle for
urge (o always fly faster and higher might contribute to devbfl?]fsa fecsr:rrl? in the scramjei
commercial hypersonic flight. However, due to all the problems p

. et far from bein
technology and the remaining uncertainties, today this possibility stays very ga
reality,

Ramp injectors 8T, . 3 :
One gf th‘L strategies to solve the aforesaid problems of mixing 15 gen;lerat;): boef;:)g“;iov:ar;actzz
Axial vortices possess a better far field mixing characteristics. Al.so.t e}’f the Supersonic oo
to a considerable distance, even with the suppressing characteristics 'Ot :t iceg Figure 4 &
flow. Ramp injectors are considered to'be'a key feature to generate axial vo ke

L llowing are t
4A depicts some of the characteristics of Ramp injectors flow ﬁgld. The following are the
characteristics of the ramp injectors.

Contra rotating vortex

s
\
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i
\
\
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Fig4: Ramp'injeétor Flow field ~ating Fig4A:.'Rar'np injector geometry

> Pre-compression by the Ramp face pfoduces'favorable.'rég'ion-'for inj'ection: _
> Stagnation region near the leading edge of the Ramp injector improves 1gnition.

> The strength of the spillage vortices increase with increase of core flow mach no, thus
retaining the performance at higher operating conditions. o .

Cavity Based Injection:

1T

Generation of acoustic oscillations is
mixing. Unsteady shear layers genera

also considered to be a better

te acoustic oscillations.
these oscillations to aid the mixing enhancement, The Cavity

candidate to achieve better
Wall mounted cavities generates
parameters in figure 5. Cavities

are characterized by their L/D ratio. There are three regimes of cavity behavior, categorized

by the shear layer separation and its reattachment, For

These cavities are called ag ‘Open Cavities’. This typ
fuel For L/D more than 2, the separated shear layer attaches t
it generates longitudinal oscillations, which aid in {]
type of cavities is square and transition cavities
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Combination of Ramp and cavity injectors
The overall performance of ramp and cavity injectors can be improved by combining them

properly. The combination of cavities and ramps generate a three dimensional flow field and
turbulence for better mixing and combustion. Ramps will enhance the fuel penetration in to
the core and cavities will enhance the flame holding characteristics. The ramp generated axial
vortices can be utilized to scoop out the hot gases generated at cavities to improve the
combustion efficiency. Thus Ramp and cavity combination shows promising characteristics
for better scramjet combustor performance. ' :

The following table shows the design criterion.

SNo [ Parameter Criterion
Ramp Injector ,’

1 Length (L) , Evaporation length of droplets

2 Wedge angle (?1) Compression and shock strength

3 Ramp base width (w) Area blockage by ramp

4 Ramp Spacing (w1) Minimum the blockage area-distribution
Cavity Injector

1 Length (L) Ramp Base height

2 Cavity depth (D) L/D ratio needed

Shock strength at the Trailing Edege

Trailing edge angle (?)
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Recent Advances in Scramjet Fuel Injection - A
Review |
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Abstract - Fuel injection techniques into scramjet engines are
a ficld that is still developing today. The fuel that is used b_y
scramijets is usually cither a liquid or a gas. The fuel ﬂnd_ ar
need to be mixed to approximately stoichiometric proportions
for efficient combustion to take place. The main P"’blem, of
seramjet fuel injection is that the airflow is quite fast, meaning
that there is minimal time for the fuel to mix with the air an'd
ignite to produce thrust (essentially milliseconds).Hydrogen 1s
the main fuel used for combustion. Hydrocarbons present more
of a challenge compared to hydrogen due to the longer ig““f""
delay and the requirement for more advanced mixing
techniques. Enhancing the mixing, and thus reducing (.hc
combustor length, is an important aspect in designing scramjet
engines. There are number of techniques used today for fuel
injection into scramjet engincs. .

Index Terms - Fuel injection, Mach number, Scramjet,
Thrust :

[. INTRODUCTION
The desire for faster response times or cheap access to

space drives both govemment program réquirements and . -

industry driven innovation in propulsion. Applications such
as rapid transportation, ballistic missile defence, long range
strike, or air breathing access to space continue to push the
envelope in terms of altitude and airspeed. Today, turbine
engines power most high speed aircraft, but they can no
longer be expected to provide the primary source of
air-breathing propulsion as speed and altitude requirements
increase.  Supersonic combustion ramjet (scramjet)
propulsion provides a method of achieving this higher
performance. Unlike their low-speed counterparts, scramjet
designers must contend with supersonic velocities through
the entire engine which results in minimal time to burn fuel
before the flow exits the engine. Aerospace propulsion varies
over an enormously wide range of speeds from zero velocity
before takeoff all the way to escape velocity for space access.
Considering only air-breathing propulsion, one potential path
through this airspeed spectrum, as shown in Figure 1, starts
with the familiar turbine engine for flight Mach numbers Jess
than three, moving to the ramjet for Mach numbers up to

_approximately five, and ending with the supersonic

combustion ramjet. Nothing special defines these Mach
number boundaries.
Turbine engine designs could operate above a Mach
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number of three; they woyld _!ust do s0 less efﬁcienuy:
Turbine engines compress air using a rotating compressor g
take low pressure, high-speed air and convert it intg , high
pressure, slow moving ﬂow. favorable for combustiop, The
hot products of this combustion expand through aturbine ang
out a nozzle to produce thm§t. Eventually, as speed increases,
the ram effect of the incommg. flow suffices to compress e
air for combustion eliminz.mng thef need f°"mechani0a|
compressors. This compfession prOV{des th.e basis for Tamijet
engines. The air in a ramjet engine still deCe_lerates .
subsonic speed and to a higher pressure suitable g,

‘combustion. The flow then accelerates through a nozzle o

provide thrust, but without the ine-fﬁcienciqs. and mechanicy|
complexity associated with rotating machinery. At eye,
faster speeds, the high static pressures and temperatures thy
result from decelerating air above Mach numbers of
approximately five to subsonic speeds f'or combustion may
lead to molecular dissociation of the incoming flow anq
unacceptable ‘material . stresses. . Scramjets provide one
approach to achieving these higher speeds, where ajr
decelerates for combustion yet remains supersonic through
the entiré engine. Refs [1-2] provide an excellent overview
of the mechanics and evolution of scramjet propulsion
outlined above.

st

e :3

Mach# 0 1 2 3 4 5 6 7
Figurel. Approximate Mach number regimes
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H.SCRAMIET FUEL INJECTORS

There are several key issues that must be considered in the
design of an efficient fuel injector. Of particular importance
are the total pressure losses created by the injector and the

. injection processes that must be minimized since the losses

reduce the thrust of the engine. The injector design also must
produce rapid mixing and combustion of the fuel and air.
Repid mixing and combustion allow the combustor length
and weight to be minimized, and they provide the heat release
for conversion to thrust by the engine nozzle. The fuel
injector distribution in the engine also should result in as
uniform a combustor profile as possible entering the nozzle
S0 as to produce an efficient nozzle expansion process. At
moderate flight Mach numbers, up to Mach 10 fuel injection
may have a normal component into the flow from the inlet,
but at higher Mach numbers, the injection must be nearly
axial since the fuel momentum provides a significant portion
of the engine thrust, Intrusive injection devices can provide

294
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good fuel dispersal into the surrounding air, but they require
active cooling of the injector structure. The injector design
and the flow disturbances produced by injection also should
provide a region for flame holding, resulting in a stable
piloting source for downstream ignition of the fuel. The
injector cannot result in too several local flow disturbance,
that could result in locally high wall static pressures and
temperatures, leading to increased frictional losses and
severe wall cooling requirements. A number of options are
available for injecting fuel and enhancing the mixing of the
fuel and air in high speed flows typical of those found in a
scramjet combustor. Some traditional approaches for
injecting fuel are described below.

A. Parallel, Normal and Transverse Injection

Early scramjet research focused on either parallel or
normal fuel injection in relation to the main flow of the
engine to create mixing _areas just upstream of the
combustion. As in Figure.2. Parallel fuel injection consists of
fuel flowing parallel to the air in the engine but separated by a
splitter plate. When the splitter plate ends, a shear layer is
created due to the different velocities of the fuel and air. The
shear Layer is the primary source of mixing the fuel with the
air so that proper combustion can be achieved. When parallel
fuel injection was tested with a hydrogen-fluorine fuel in air,
the growth rate of the shear layer was reduced compared to
theoretical rates. The reduction in growth rate is argued to be
caused by the reduction of turbulent shear stress at the core of
the shear layer due to the density change caused by the heat
released from the combustion process. [3, 4]. -

Fuel

/\ Air

e

>

Figure 2: Parallel fuel injection

Normal fuel injection consists of an injection port on the
wall of a scramjet. The port injects the fuel normal to the flow
of air in the scramjet. Normal fuel injection creates a
detached normal shock upstream of the injector which causes
separation zones upstream and downstream of the injector as
in Figure 3. The separation zones cause -increased total
pressure losses which affect the efficiency of the engine.
However, the downstream separation regions can be used as
a flame holder. Research conducted to minimize the total
pressure loss displayed low combustion efficiency due to
poor mixing [5].

free sueam

mixing boundary

f o

Figure 3: Normal fuel injection

Transverse fuel injection is a combination of parallel and
normal fuel injection. In a transverse injector, the fuel is
injected at an angle between normal and parallel to the flow.
Transverse injection reduces some of the negatives to normal
injection, but requires a larger injection pressure to achieve
the sume penetration height into the air flow. The increase in
the injection pressure increases the total pressure loss of the
scramjet which decreases the efficiency of the engine. Since .
these injection techniques do not meet the needs in a scramjet,

nyomplex mixing methods were evaluated

. Ramp Injectors

Using the results from parallel injection, it was theorized
[6) that adding axial velocity to the paralle} injection may
increase the mixing. To add axial velocity to the flow near
fuel injection, ramps were added with fuel injectors on the
trailing edge of the ramp injecting fuel parallel to the flow.,
The flow over the ramps created counter-rotating vortices
that increased the mixing. Due to the supersonic flow in the
scramjet, the ramps also create shocks and d expan J@_ﬁnj_
which ¢ ixing.
Two types_of ramps were used; compression—ramps are
clevated above the floor—while—expansion—ramps—create
troughs in the floor (Figure 4).

Compression

Expanslon

Figure'4: Ramps used for mixing -—

Research compared several dlfferent compression and
expansion ramp geometries [7). The shock formation in the
ramps depended- on the type. In compression ramps the
shocks formed at the base of the ramp and in expansion
ramps the shocks formed in the recompression region at the
bottom of the trough. Due to the difference in the shock
locations, the combustion efficiency and mixing for the two
ramp styles differed The results showed that compressor
ramps created a strohger vortex and increased the fuel/air
mixing, but expansion ramps had the higher combustion
efficiency. Combustion efficiency requires mixing at the
smaller scales that the expansion ramps provide, and the
strong vortex generated by the compression ramps degrades
the small scale mixing. Another i interesting result was that the
expansion ramps reached their maximum combustion
efficiency in less distance than compression ramps, which
would allow for shorter combustion sections and thereby
minimizing weight. While ramps did improve the mixing
caused by parallel injection, the ramps are placed along the
wall of the combustion section which limited the fuel
penetration into the combustion section. In order to achieve
penetration throughout the flow field, a more intrusive
method was required.
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C.Strut injector

!
search into strut mixing devices covers a wide _ra_ngf_ Onf
designs and includes both normal and p;}rallel ‘“Jc‘fti\oa
methodologies. Most struts consist of a vertical strut V;lll e
wedge leading edge. The strut is connected to bot

. : ince it is 2 S
bottom and top of the combustion section. Since it is acros

the whole combustion section, fuel injection occurs at several
locations and allows the fuel to be added throughout. the flow
fild Research [8} compared three mixing techniques .for
scraffijet combustion: transverse injection in a cavity,
two-stage normal and transverse injection, and. a strut
consisting of a vertical wedge front with fuel injection in the
back side of the trailing edge as seen in Figure 5. Results
showed that a strut was the only technique that affected the
entire flow field but had
techniques. The researchers suggested that more interest
should be paid to the design of the strut to minimize the
pressure loss while maintaining the ability to affect the flow
field.

Hl

Ak M)

o
b,

VA R

Figure .5: Strut injector

Many researchers [9, 10, and 11] looke
trailing edge of the
basic strut design wa

at modifying the
vertical strut to ip¢ ixigg: The"
s similar in that the strut was connected

m of the test section and the leading edge:
difference came from the trailing edge
Figure 6. The different trailing edges,
edge designs, create either co-rotating or

€ used to enhance the miXxing,

was a wedge. The
designs as seeq i

pressure loss,

Bbyeys

Figure 6 Alternating Wedge stryt

NASA conducted research at the Lewis Research centre on

cts of the geometric Parameters of
combustion section, The drag that
N section must pe balanceq by the
gmne. Therefore, the drag shoylq be

cramjet designs. The struts useq iy,
this experiment had a diamond shaped cross section, Figure 7

a higher pressure loss than the other -

directly in front of the combustion cavity used fo

. d of the wedge leading edge and box shapeg body
instea he struts used in previous research, these Struts ¢
Unlike t et to the top and bottom of the test section, il
not conﬂeg normal injection at the thickest part of the stg
struts uScm ared nine different struts with Variationg in lhé
NA.St%ncoofpmaximum thickness,'.thickness, leading edge‘
positi and length. The largest contributor to the drag Was fh,
mizess of the strut, a slight decrease_in the t}'lickness leag to -
a 50% reduction in the drag. Also, Increasing the lea ding
edge sweep decreased the drag of the strut. .
arch conducted by the Air Force Research
ex;{;xed three different strut shapes and thejr effe
bustion in a Scramjet chamber. These struts are sir
fl?? NASA struts in that they are not connecte-d to the botfom
and top of the test chamber‘ and have a leadmg edge SWeep
angle, but did not have the _dlamond body ofthe NAS A struty
as in Figure 7. Unlike previous research, these strys are plage
' for holding
same of the combustion. The t'h'ree Struts tested hag Sl‘ightly
different trailing edges, a at tra}lmg edge, a 45 deg_.ree trailip
edge similar to a tapered airfoil, 'and thta third hag %
extension that went into the combustion _cav1ty_ Tesling Was
done in a supersonic research facility using a continygyg air
flow at a Mach number of 2. Their research showeg o
increase in maximum temperature and mixing, as wej| &
fnoving the center of combustion into the main sectiop of the
flow as compared to a cavity without a Strut. As in previgys
research, the strut included fuel injection into the flow, byt
here thie fuel was injected from the leading edge of the strut *

= - 1582em
i

i

Lab (1)
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Similar 1,

NEZicy JiAm
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Figure 7: Diagram of basic strut
D.Plasmg Ignitor ‘

and nitrogen. The set up
- The toe-ip angle of the injector holes
hat increasing the toe-in angle
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somewhere between or downstream of the fuel injector array.
The plasma torch used in this set up allows the fuel to be
ignited in the cross flow. Increasing the oxygen content at the
plasma/fuel-plume has also shown to produce an increase in
ignition and flame distribution.

Platma-Torth —

gy

—_—

Figure 8: Plasma torch ignition arrangement with injection ports *

./ﬂPylon Injection s e e )

Pylon injection is essentially injection behind a tall,
narrow in-stream body, such as shown in Figure 9. Injection
be axial, normal, or at some other angle relative to the

may
free stream(?\da.ny shapes and angles of injection. have been
investigated. Vinogradov et. al. [14] experimented with

gaseous fuel injection-far upstream behind a swept, thin

pylon with a various cross sectional pylon shapes. The results
showed much improved mixing and penetration, improved
flame holding, and a lack of pressure Josses and pronounced
edge shocks. These results are not typical of earlier work
referenced by Paull and Stalker [15], where an advantageous
system of shocks from the pylon helped improve mixing but

at the sacrifice of pressure losses.

e i e S
ombustor fxﬂwa!’;/gf
oA A AR T GRS

Figure 9: Central Pylon Fuel Injection

F. Upstream Injector

Another type of fuel injection
as tested by Gardner et.al [16). This basically involves
injecting the hydrogen fuel from the intake into the flow from
portholes upstream prior to combustion. This method is fora
two dimensional scramjet engine. The main advantage this

method is upstream injection,

method has is that it allows for a shorter combustion chamber,

thus a reduction in skin friction drag. It has been determined
that drag in the combustion chamber is one of the main
contributors to inefficiency in a scramjet [17). The injection
port consists of four holes placed flush on the intake ramp, as
shown in Figure 7. The main problem with this technique is
possible ignition of the fuel in the portholes or near the wall
due to the high temperatures within the boundary layer. It
was also determined that a fuel jet from a smaller hole would
penetrate further than fuel from a larger hole, and a hole at a
greater angle to the wall would allow for more fuel to be
moved away from the wall. Proper set up of the ramps and
intake allows for combustion to occur in the combustion
chamber, with no burning in the free stream flow within the

intake.
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Figure 10: Upstream injection

G.Barbotage Injection System

Effervescent atomization is a phenomenon in which gas
has to be introduced into the liquid with a very low velocity,
leading to turbulent two-phase flow that can improve
penetration and vaporization of the fuel jet spray. The
difference in the densities of liquid and the gas, the
interaction between the two phases are helping in breaking
the liquid to smaller droplets and reducing the flow
dimenisions for the liquid which helps in injecting the liquid
fuel as very fine droplets. Barbotage injection with liquid
Kerosene and Hydrogen/Air has a definite advantage in terms
of breakup of droplets for better mixing with the supersonic
air stream and combustion enhancement. Also using
the barbotaging gas creates favourable
bustion also. The basic
hown in the

hydrogen as
conditions for the kerosene com
configuration of the barbotage injection unit is s
Fig 11. The kerosene is injected through a-central tube into a

mixing zone, to which the Hydrogen flows through the
annular gap around the kerosene tube. In the mixing zone,
gas bubbles into the liquid. Then the two-phase flow is
injected into scramjet combustor through the injection

orifices.
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Figure 11: Barbotage system
\
H.Pulsed Injector

Another type of fuel injection is pulsed injection [18]
conventionally; fuel is injected as a continuous stream from

injection ports into the combustion chamber where it ignites.
This type of injection injects the fuel in a series of pulses,
which allows for greater mixing between the fuel and air.
Combustion occurs more rapidly as well as more efficiently,
thus producing a greater thrust output, The time between
pulses is dependent.on the free stream conditions, and is
coordinated to achieve near stoichiometric combustion. An
advantage of this method is that combustion always remains
ina transient state, and never reaches a steady state condition.
Transient combustion further enhances fuel-air mixing, as
well as allowing for a greater dispersal of the heat load on the
combustor. The injector plate consists of a four-by-ejght
m&&%ﬂs, as shown in Figure 8. Eight portholes
(consisting of two or three diagonal rows) operate
simultaneously at different intervals, and since only eight of
‘the-tiirty-two injectors are_functioning simultancously at a

" given time, the pulses can be of a lower flow rate. This
reduces the need for higher-pressure fuel lines. Since the
positions of the fuel injectiop_ports constantly change, the

* shock waves-and vortices will be constantly moving though
out the combustion chamber, which has a favourable effect
on the mixing of the fuel and air.

0

AR T

ooy

[>\

Figure 12: Pulsed fuel injection

I Cavity Flame holders

Another fuel injection system uses a backward-facing step
to induce recirculation, with fuel injected upstream of this
cavity, This cavity would also provide a continuous ignition

point or flame holder with little pressure drop, and hence

sustained combustion. Th? a'dvamage is tha'll the
associated with flow separe3t10n' is less overa cavity thy, B
a bluff body. The two main c!xsadvamages are the losseg ;
stagnation pressure due to this sgep, as well a reqy

total temperature. Also, 'the wall 1r.1_|ectlon mftthod li
penetration of the fuel .mto the al.rﬂow. Thls' mea
broad application of this method is not possible
ignition heavily depends on tk.le Mach number. A
with a cavity set up is shown in Figure 13.

Ction j,
Mmitg the
n.s that a
» Since the
n injeCtiOn

_________________
.............

Figure 13: Rectangular cavity flame holder

With a cavity installed downstream of the fuel injectjop
point, it was observed that the mixing efficiency as well a5
the combustion was greatly improved, since the masg and
heat movement along the shear layer and inside the cavity are
greatly increased. The depth of the cavity' determines the
ignition time based on the free stream conditions, while the
length of the cavity has to be chosen to sustain a suitabe
vortex to provide sufficient mixing inside the cavity. There
needs to be sufficient time for the injected fuel and free
stream air to mix and ignite. An increase in the wall angle of
the cavity produces greater combustion efficiency, bitalsoz -
greater total pressure loss. It is also to be noted that if the
injector is comparatively far from the leading edge of the
cavity, the cavity forms small vortices because the mixture
entering the cavity is insufficient. However, if the injector is
relatively close to the cavity, the injected fuel does not

penetrate into the free stream due to the flow turning into the
cavity.

./éavi&-[’ylon Flame holder v

Intrusive devices can enhance the interaction between a
cavity-based flame holder and a fuel-air mixture in the core
flow [19]. A pylon placed at the leading edge of the cavity
provides such a mechanism by increasing the mass exchange
between the cavity and free stream [16] and improving’
mixing due to pylon vortex/shock interactions [19]. Low
pressure behind the pylon draws fluid out of the higher
pressure cavity and into the main flow which leads to
increased mass exchange between the cavity and main flow
compared to a cavity-only case [20,21] (see Figure 13).
Supersonic €xpansion at the pylon edges, as represented in
the two-dimensiona] example in Figure 14, results in low
pressure behind the pylon . The pressure differential between
the cavity and Pylon base should result in a flow of cavity .
fluid upward behind the pylon. This Upward flow will lie
between a pair of stream wise counter-rotating vortices that
form as the flow over the top of the pylon spills over each
Sld_e. The vortices generated by a ramp fuel injector produce
similar effect. This additional stream wise vortcity should

;nhnnce mixing of the fluid behing the pylon and the main
ow.
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Figure 13. Cavity flame holder with inclined downstream ramp and
leading edge pylon (on centerline)

Py
—_—

—_—

Py <Py

Figure14: Two-dimensional pylon shock/expansion system

K Conventional-scale bluff-body flame holders

There is an extremely large body of work investigating
combustion stabilization in conventional combustors in both
subsonic and supersonic flows. The low velocity associated
with subsonic flows favors the formation of very steady
Recirculation zones, where hot products can heat the
incoming fuel-air mixture, and in so doing provide
conditions conducive to stable combustion. Bluff. bodies
such as vee-gutters and cylindérs, “illustrated above in
Figure 15, are -.commonly. used to . generate these
recircilation zones. S

-
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Veo-Gutier Flamcholdes Cylindrical Plamchbolder

Figure 15: bluff-body flame holders

Much of the early combustion stabilization research was
conducted in the 1950’s. In 1956, Cornell et al. [22]
investigated the flow behind a vee-gutter cascade in a gas
turbine combustor. They compared their experimental
results with the predictions of a theoretical model was able
to successfully predict the wake. shape, the total - pressure
loss, and the drag force of high blockage cascades of

vee-gutter profiles. In  the same year, Ames et al. [23]

investigated interference  effects  between multiple
bluff-body flameholders, and showed that the maximum
blow-off velocity decreased —as the number of
flameholders increased due to increase in the blockage

ratio.
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L. Micro-flame holder

A micro-flame holder designed for achieving ignition
and flame holding in a scramjet combustor has been
previously built and tested experimentally by Mitani etal.in ~
2001 [24]. The micro-igniter was constructed from copper
and measured 15cm in length and Smm in width, with
injectcr port diameters of 1.4mm and 2.5mm. Using a
hydrogen-oxygen, mixture ~Mitani et al. showed
experimentally that the  micro-flame holder could
successfully promote ignition in aMach 2.5 air cross flow. ~
The ignition performance of the micro-flame holder was
found to be comparable to that of an oxygen plasma ignition
torch; however, a much larger energy input was required for
the operation of the micro-igniter. One micro flame holder
arrangement is shown below in Figure16, where an array
of micro- Flameholders is integrated into the upper portion of
a rearward facing step or ‘dump’. The idea is to create a
locally well-mixed nearly stoichiometric region near the top-.-
of the ‘dump’ that burns stably and serves as a low-drag

'pilot to ignite and stabilize combustion in the bulk

combustor flow. The micro-burner array consists of three
layers: a top layer, which acts as a cover plate; a middle layer,
in which fuel and air streams mix; and a bottom layer
containing the fuel and air reservoirs.
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Figure 16 Schematic of scramjct micro-flame holder

An analogous flame holding concept could also be
applied to combustion-based micro-power systems. A
schematic of a micro-flame holder suitable for use in a
micro-power device is illustrated below in Figure 17. Mixing
is accomplished by the transverse injection of fuel into an
air cross flow through multiple, opposed fuel injection
ports integrated into- a rearward facing step, ‘dump’

combustor configuration.

Figure.17 Schematic of micro-power system micro-flame holder
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Despite the different appearance of the two mlcro-ﬂflrtlit;
holder designs shown in Figure 16 and Figure 17, it is
important to recognize that the physical problem i
essentially the same in each case. In both concepts " 'X'-Eg
is achieved via the injection of fuel into an airﬂo}V, inside
a passage with small dimensions. The major difference,
however, between the scramjet and micro-power system
flame holder designs, is in their function. In the ff)fmﬂ’
case, the aim of the mixing process is to ignite and stabilize a
pilot flame which in turn stabilizes combustion in the bulk
flow of the combustor. In contrast, in the latter case the
fuel-air mixture leaving the flame holder is directly burned
i the micro-combustor. The similarities and differen(l:cs
present analogous as well disparate design challenges which
are discussed in the next section.

M. Cantilever Fuel Injectors

Parent and Sislian [25] conducted numerical studies of=
mixing efficiencies of cantilevered ramp and Waitz ramp
injector [26]. For the analysis the authors used Fa\fre
averaged Navier-Stokes equations for multiple species »\tnh
K~ turbulence model. The study shows the mixing
efficiency variation with convective Mach number.
Cantilevered design has the advantage that shock is formed
under the injectors providing contiguous shock surface
span-wise direction of the injector array, which will increase
the baroclinic effect and hence larger mixing “efficiency.
Figure.18 gives the geometry and compares the mixing
efficiency of planar, free and cantilevered jets. :

:
A

Figure 18: Geometry of Cantilever Fuet Injectors

The cantilever injection geometry is considered that is
thought to embody the characteristics of both injection
techniques. Shock B is responsible for the Ccross—stream shear,
and shock A for the baroclinic effect, both of which generate
strong longitudinal vortices. However, in the present design,
in addition to the side wall vortices generated by the
cross—stream shear, strong vortices will be produced behind
the ‘bluff-body’ of the injector, as in the case of a low-angje
wall fuel injector. These vortices will further enhance the
mixing process. Although it can be considered as a candidate
for fuel injection in scramjet combustors, the proposed
cantilevered ramp injector is primarily considered for use in
shock-induced combustion ramjets, where fuel-ajr mixing
should take place without combustion untj] g specific
location in the propulsive duct of the engine,

ITI.  SOME RECENT REVIEW ON SUDDEN EXPANSION oF
NozzLE
K.M.Pandey[27] worked on the topic of “w.

all Statjc
Pressure Variation in Sudden Expansion in Flow th

rough De

N: 2010-0221

[}

and Applications, Vol 1, No. 4, December 2010

N

Laval Nozzles at Mac.h 1.74 And 2.23: A Fuzzy Low
Approach” and his findings are - The analyss Of wa) stagt!c
pressure variation with fuzzy logic appr oaf:h t0 hay, sm 00'°
flow in the duct. There are three area ratjog chosen for t}:h
enlarged duct, 2.89, 6.00 and 10.00. The Prima s, )
ratio is taken as 2.65 and cavity aspect Fatiois taken g 1 ¢
2. The study is analyzed for length to diameter atio of
and 6. The nozzles used are De Lava! type and with , 1(4&;4
number of 1.74 and 2.23. The analy S'S'based on fy Ogh
theory indicates that the length to dlar{]eter Tatio of
sufficient for smooth ﬂon dev.elopm?m if only th,
wall static pressure variatlon's is consxde.red. Alth
results are not consistent wlth the.carher ﬁndings but thi
opens another method through which one cap analyzq
flow. This result can be attributed to the fact tha
coming out from these r.xozzles are para!lel one. K.M.Pand
[28] worked on the topic of "‘Wa_ll Static Pressyre Variation
in Sudden Expansion in Cylindrical lects with SuPefSOnic
Flow: A Fuzzy Logic Approach” anfi f}lS fm(-iings are . Ty,
analysis of wall static pressure variation with fuzz, logic
approach to have smooth flow in the duct. Here there gy
three area ratios chosen for the enlarged duct, 2.89,6.00 and
10.00. The primary pressure ratio is taken as 2,65 and cayj
aspect ratio is taken as 1 and 2. The study is analyzed fo,
length to diameter ratio of 1, 2, 4 and 6. The nozzles used are
De Laval type and with a Mach number of 1.74 anq 223 ang
conical nozzles having Mach numbers of 1.58 ang 2.06. The
analysis based on fuzzy logic theory indicates that the length
“to diameter ratio of 1 is Sufficient for smooth floy
_development if only the basis of wall staic pressure
variations is considered. K. M. Pandey et.al [29] worked op
the topic of “Studies on Pressure Loss in Sudden Expansion
in Flow through Nozzles: A Fuzzy Logic Approach” apg
there findings are - Minimum pressure loss takes place whep
the length to diameter ratio is one and it s seen that the results
given by fuzzy logic formulation are very logical and it can
be used for qualitative analysis of fluid flow in flow through
nozzles in sudden expansion. K. M. Pandey and
E.Rathakrishnan [30] worked on the topic of “Influence of
Cavities on Flow Development in Sudden Expansion” and
there findings are - Flow from nozzles expandipg suddenly
into circular pipes with and _without Cavities was
experiinentally investigated for a Mach number range of 0.6
to 2.75. The research indicates that “the introduction of
secondary circulation by cavities reduces the oscillatory

nature of the flow more in subsonic region than in supersonic
region. :

ic .
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IV. CoNcLusion

‘The major types of fue] injection used in scramjet
technolog

y today are Parallel, Normal, Transverse Injection,
ramp, and strut, Cavity-Pylon Flame holder, Cavity Flame
holders, barbotage injection, Pylon Injection, upstream and
pulsed injectiop, With these, there can be variations, such as
the use of a plasma ignitor or a cavity. Each method has its
advantages and disadvantages. The main issue to consider in
Scramjet injection s the flow speed;-which has an effect on
the mixing efficiency of the fuel and ajr, However, greater
miXing can be achieved at the expense of pressure loss. A

©
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personic airbreathing sensitivity analysis code with appropriate flow

4. Develop a hy
s within a defined

};h,\:s»cs to generate multiple parametrics of perforinance quantitie
« osn}fr,n space based on high-fidelity CFD solutions. Implement. a computational and,
perhaps, corrcslpomhug experimental program to validate the methodology for com-
plex configurations under unpowered and powered conditions.

Conduct a study to investigate full flowpath designs which utilize stream-traced fore-
body shapes and rectangular-to-elliptical transition inlets, This includes analytical
and computational studies to investigate: Combustor designs; internal and cxter-
nal nozzle shapes: transition mechanisms from elliptical combustor cross sections to
contoured nozzle shapes; methods for cfficient integration with airframe and control
surfaces; and the cffects of multiple module interactions.

¢ alternative mech-

al and analytical program to investigat
d

o improve the controllability of scramjet-powerc
penaltics.

6. Iimplement an experiment
anisms, such as thrust vectoring, t
vehicles while minimizing trim-drag and associated performance

estigate issues associated with the

Conduct analytical and computational studies'to inv
h as RBCC and TBCC designs.

integration of multiple-flowpath engine systems, suc
This should include component interaction effects between systems, placement of flow-
paths and engine nacelles, interaction of multiple plumes and unsteady effects of mode
transitions. Advanced concepts, such as the use of rocket modules for scramjet fuel
injection or enhanced controllability by tailoring fuel delivery, may also be examined.

~

8. A computational and experimental program to investigate Reynolds number scaling
issues from ground test to flight conditions, and geometric scales, including the effects
of boundary layer transition on flowpath and integrated vehicle performance.

nd computational program to investigate the effects of inlet unstart

9. An experimental a
bility and control.

-on vehicle performance, sta

y to investigate alternative nacelle placements

10. A computational and experimental stud
on vehicle performance,

( 3.4.5 Ignition and Flameholding
d flameholding devices in hypersonic airbreathing engines have a 1960’s “subsonic
processes - despite the

largely result from trial and error engineering design
fact that recent detailed chemical kinetics, numerical simulations of nonpremixed combus-
tion, and several nonintrusive combustion diagnostic tools are available to transform this
activity into systematic scientific study. Bhunt-body fuel injecfor arra.ys and ba-ckward-
facing-step fuel-injection configurations are typically analyzed using “cal}br.ated" tu'rblljlfeut
mixing codes, and highly simplified chemistry inadequate for t,he. d.escrlp.u?n of f‘:gmt.]o.n
turning points.” Designs are refined by trial and error to maximize mlxmg.\}nth mini-
mal losses, and (hopefully) retain flameholding over a requirefi range.of conditions. ’I_‘he
empirical design goal is to provide just cnough reactivity/l.'egde.nce time fqr combusnfm
initiation, propagation and radical mass transport through injection-stagnation and recir-
culation flows, while minimizing shocks and flow stagnations, and r'esultam fjrag, sgr.face
heating and thrust penalties. Thus, although ignition and Aameholding are hfghly critical,
they stem from empirical trial-and-error prccesses which may be far from f)ptlmum.
Where do we need to go in next 10 years? We need to apply (and refine) recc?nt com-
prehensive and reduced kinetic schemes, in combination with nonpremixe_d m.Jmerlcal sim-
ulation tools and diagnostic techniques, to attack these problems more scientifically — €.B.

Ignition an
pedigree,” but

17
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. iled computational /experimental studies that ¢x.
hly det-’“l(f'“et diffusion flames. Needs include: detailpg
. schanism of j “t 'S N reaction ke
in the lifting-slnl)ilizuhon-nu,t.lnll adical initlat.)oll/Pwd“(‘t.’on rates 1}1 reaction ker.
plumI 16 \nd characterizations of free-ré idence-time distributions; localized shock ang
‘aleulations and charac X inants): resi b e B o
\ (s (without and with air (‘O”Tamm-m : )1,(-e frequencies; transport Fd“h of l:ree‘ r.adlCdlb to
nats . it flects: cavity resonal o ( artial deriva“ves) of 1gnition delays
Gourerting:heating & ' jetailed sensitivities (p tric variables.
Vi privincy. supersonic fows cet ficlds and injector/flameholder geometric varia €s;-and
to imposed prossurc/tcmp(.ra'turf‘_ : .](-on‘vecti"“Stab’hza“o" xneCIlalllSIns that can Inaintajy
analyses to unravel complex diffusive/c :
analyses to b A ithout Hameout. . '
efficient unsteady combustion wi development and support of fundamenta] com-
The AAAC should focus on lnng-mrm. ibed above, with the goals of developing 1y
puths el aud.caperimental. ot d; d?sc'r:i:n and ﬂa’nwhulding, Most importantl_v. thiy
o -ateries for igni ot -

. imization strategies for ignition an Ttk s ted inde ntlv
mdm)'lm‘(l dmll'():)mi'sll’(zzzind long-term rescarch activities need to b-L .Lull:(‘;;:(u dwd pClldLntl)
d;'"l h:;‘: td;ullll(!i;ing (e.g. Hyper-X or Future-X, etc) while maintaining adeq
of projec :4 . .

‘o : hnical information. ) i
for significant interchange of t‘c(,h'n o (l)blem associated with ignition and ﬁamnholdlng in
ST ine Y, pPr ' e

Tho most siguificant mlgm(}(‘.l‘l(;l!-.i: that we lack engineering prediction tools and method-
OuF prosent scramjet desxgn 5nct N ine light-off and blowout limits in clean aIF Or 1n vitjated
ology for accurately predicting engine light- @ Timits for -

K ] ld emipirical correlations exist [5, 6] to define these Imits for syl-
ol N 7 » » ‘ ) o . .
e g oot i tries (steps,-wall jets, etc) the local How residence
sonic flows using certain specific geometr \Steps, be known or estimated in ordey 1
time, pressure, temperature and flow composition must be r}ow Gt e 0
use these correlations. In the complex Howfields or flameholding regxor;ls of “rea
combustors these quantities are quite uncertain. Presen't codes Whl('.h av
predict light-off and flame-out behavior are either too time COnSExmmg fo
ing design, or require specification of uncertain parameters, as in the
Presently these limits are found through extensive tests of complex eng
dependent on model scale, facility, and test conditions in many cases which results in highly
uncertain “scalability” of results. The lack of a t

Y to predict light-off
and flame-out resylts in conservative romboustor and flameholder designs ¢
liability in future test and anajye;

i 1
as very recently done in some hig

mechanigypg -

scramjet
¢ some ability 1o
T use in engineer.
empirical methods,
ine models, and are

predict SCramjet
: » designers could reduce engine length, drag (reduced flame-
holders), engine heat load, anq Increase engine Operating marging
Therefore, engineering methods

code must be deve
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Ne. Phenomena leq to the
St facilities ang the building of new
ho ) » and Specifically airbreathing propulsion
Wave, can dop ¢ pulse type i Wwhich tegt 83S is heated hy the
. ol oW at Stagnation enthalpy.equal to
af-nmspheric ﬂight u . py.eq

P to orbit Y iliti

€r a refloceg. unned (RST) e ital speeds. Pulse facilities

'S¢ facilitjeg, ge
shock

N e of excessiye dissociation of
Plenum, T, SET’s are more appropriate



Finally, it is clear that if a flight demonstration was made using a vehicle
whose size would have been chosen minimal for together preserving the
d.emonstration interest of the operation, and limiting the cost, this minimal
size would probably be not very far from the size of a missile
Consequently, the success of the flight demonstration would validate the;
methodology used to develop the experimental vehicle, ‘so that thyis
methodology would also be applicable for any kind of vehicle of similar

size and level of integration.

Then, different possible military anplications can be proposed:

Tactical missile when penetration is the key factor or when pure speed is

necessary against time targets

High speed reconnaissance drone with improved mission safety and

response time capability

Global range rapid intervention ‘system based on previously mentioned

" missiles and drones ;
Global range military aircraft or UCAV

Short response time space launching system
. = - Civil applications

tions, a hypersonic cruiser aircraft that

or turbofan transportation could also be a
to always fly faster and higher might
a commercial “hypersonic flight.
the scramjet technology and the
m being a reality.

i _ Gn the other hand, for civil applica
is an alternative to traditional turbojet
not-too-distant possibility. The urge

develop a scramjet vehicle for

ems present.in
his possibility stays Very far fro

“contribute to
However, due to all the probl

remaining uncertainties, today t

3.4. Current scramjet engine technology challengeé

pose some of the most important pros and cons of the

This section will ex
technical challenges.

y as well as some
ges is the simplicity of
it of its body is con

scramjet technologd
design. A scramjet has

stituted by continuous
uring costs for the engine itself.
gines and rockets, both of

bustion that they have to
ard, a scramjet

One of the greatest advanta
no moving parts and the main pa
surfaces. This admits relatively low manufact
Another significant difference between airbreathing en

them able to fly at hypersonic speeds, is the fuel for com

carry on poard. While a rocket must carry the oxidizer on bo
collect it from the atmosphere; thus, this last would be lighter and hopefully
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75 percent of the to
payload, since in a rocket the p i
more '
capable of carrying

So, that would be a great advantage too.
. So,
start weight is the oxldlzord O a‘ majo;l- ir?convenience. It
I S ll not first accelerated to‘a high velocity around M?ch
cannot produce thrust 'if it s additional propulsion systems to propel the Vehigle
5-6. This requires one or twr(: velocity. Therefore, various structures are Needeq
to the needed scramjet sta ines as well as all necessary c.ontrol'systems. All
for the SusPenéion o theseszggy to bring the vehicle to velocities suitable for the
i equF_JmG”;::ihe whole vehicle heavy, in contrast to what hag bee.n
scrarijet operatllon m he loss in the dry mass and, Cf)n.sequently, .the gain
mentioned previously. Then, t ignificant. In order to minimize the weight and
in the payload mass are not so s.gn.nﬂcan : 2 dual-mode ramjetscramiet jq
complexity of having multiple propulsion systems,
often proposed.

The current challenges in the development of the scramjet engine ca.n be
gathered in three main areas: air inlet, combustion, and structures and materials.

®" Airinlet

The overall performance of a scramjet is largely dictated .by the
aerodynamic performance, geometric size, and weight of the hypersonic inlets.
Commonly, hypersonic inlets have a wide Mach number range, but the shock-on-
lip condition can be met only at the design Mach number, since shock angles .

2o vary with the upstream Mach Numbers, Thus, at Mach Nnumbers higher than the
)94}»906‘ U de design one, the 1@mp_shocks move inside the inlet and evolve into 3 strong
Syt - VA incident shock Causing strong slip layers remarkable totg) pressure loss,_
;'W 29 W boundary-layer Separation, ang Possible engine unstart. At Mach Numbers lower
J s n"‘D)m’ than the design one, the ramp shocks Move away from ,th%ﬁowl lipéc usin lo§§.,”\ Yoprf
o W of the Precompresseq airflow ang the So-called gﬁﬁl’é"’gue dragc?'g To av%i" these g

» Variable geometric approac

. hes for 'amp shock control
e O 1 are widely considered ang studied.

. Combustion

concept of SCramijnt en
Avo ) J gines appears Simple, sy €ersonic
O)'d " 7 combustion remains g Complex fig|g of study, Supersonijc Combust; ’
difficult to Maintain gng contj S yeny
@o’/ . Nlinues to be g formldable task
P
~F S The Ignition delay time of a fuel.a;
! -air
/)mp factor for all SCramjet engines des mIXtUF.e = it Sba s hmmng
W Igns Decreasmg the dela ti
¥ shorter Combustors and/or hj her f Y:¥me o DpELor
J\\J‘ V‘v g Ight Velocities, Initially, the 'gnition delay time
prt

ontrol of the ramp shock <Y



of a fuel is fixed for a given set of conditions and the type of fuel. Increasing the
temperature of the fuel and/or air stream reduces this time. Pressure plays a
'somewhat more complex role. Increasing the pressure, usually, but not always
_lmproves the combustion conditions. Increasing pressure usually reduces the;
ignition delay time, but there exists a critical value of pressure, above which, the
delay time increases dramatically, followed by a slow decré'aé'e. So, it is' not
always advantageous to increase the preéé”ure. The equivalence raﬁo' does not
strongly affect the ignition delay time, except for ﬁqmalence ratiés below 0.3,

PI2T:

where the delay time increases sharply. Hydrogen_has_v.er,y_JQw_ignjtion_delay '

tlme.compared with hydrocarbon. Therefore, ‘all these effects need to be
considered in designs. L '

Perhaps the largest problem associated. with combustion is the mixing
F)ewveen freestream air and fuel. If fuel cannot be properly injected and mixed
into the air stream it will not ignite, regardless of pressure, temperature or
equivalence ratio. Due to compressibility effects, fuel injection presents

challenging obstacles. The air stream is at such a high pressure and velocity, that
fuel injected into the stream has a tendency to be pushed against the wall and

_In_addition to the problem of mixing, igpi'gipg_ﬁand flame

[oeities-. is egstr.eiuldy__.d,iffj@_lt; To. overcome these
a torches, ramps

rendered ineffective.
holding at_these “high=ve
challenges, several solutions have been proposed like plasm
and wedges, or recessed cavities.

Another challenge to increase the performance is the need of a variable
d geometry combustor associated to a

geometry combustion chamber. A fixe
benefit from the enhanced efficiency of

variable capture area air inlet does not
the air inlet. A fully variable geometry — air inlet + combustion chamber — can

increase the performance by comparison with the previous concept, but cannot
take all the benefit of the complexity related to a fully variable geometry system
because of the fixed minimum section O
of the combustion chamber'_ entrance). So other concepts have been studied,
which consist in modifying at the same time the minimum section of the air inlet

and the geometry of the combustion C
having_at disposal a var ection for the air inlet aypjgj_s,the-need of

iable minimum_s
e — —_— m
large variation of the air inlet capture gr/eas\e\mihen the Mach V_rlx:u/mber

area (i.e. in hen |
ases) and permits high efficiency

ime
hamber. Moreover—for-such concepts,

w Mach number range.

incre

= Structures and materials

t that passes nearly vertically through-the atm_osphere on its
e a more levelled trajectory. Because of the

mjet being low compared to modern rockets, the

Unlike a rocke

way to orbit, a scramjet would tak

thrust-to-weight ratio of a scra

25

f the inlet (equivalent to the fixed section



scramjet needs more time to accelerate. Such a depressed tra'jectory implies tl'1at
the vehicle stays a long time in the atmosphere at hypersonic speeds, causing
atmospheric friction to become a problem. This is not only for'sp.?ce launch
applications but also in missile or commercial transport applications. He?t
addition produced by the combustion at these high velocities and t?mperatures is
another significant factor to take into account. Therefore, the materials chosen for
the structure must have good properties and be adequate in front of these

phenomena. Furthermore, cooling of the engine’s structure by fuel or radiation is
essential.
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4.Parts of a scramjet engine

' .In this chapter are described the different parts of a scramjet engine: air
mlet,. ISOIBI-OI'. combustor and nozzle. With the actual technology, as it is
mentlonfed in Chapter 3, the scramjet engine must be integrated with the fuselage
of the aircraft, specially the air inlet and the nozzle. Part of the forebody aircraft
fL.Jse?lage makes the function of air inlet compressing the freestream air, and
similarly, the aftbody acts as a nozzle expanding the gases from the combustion.

'L e R J‘xsomarjgambuszod‘ Nozde J
i { D ! DA

1 2 3 4 9

Figure 11. Propulsion-airframe integrated scramjet with station numbering

The flowpath through a scramjet engine follows a Brayton thermodynamic
cycle. The air is compressed, after that combustion takes place to increase the
flow temperature and pressure, and finally, the products from the combustion are
expanded. Next, the different parts of a scramjet in charge of these processes

are described.

4.1. Airinlet

he air inlet can be considered as a diffuser in which takes place the

T
d. This compression is achieved by

compression of the freestream air gathere
successive shock waves.

(see Figure 40 of Annex C), the flow is always
low properties vary as

—

For an oblique shock wave
deflected towards the shock wave, and the f
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M
Myn <1 Mz <M,
Tz:'l:Tn Prz <Pe1 P2 < Pra
T2>T1 P2 > M p2>p1

tively just before ang just
i 2 corresponds respec

Here the subscript 1 and

after the shock wave.

i air
Therefore, at the exit of the air inlet, the supersonic fr eestrzamress:ra y
J ; ; e.
reduced its vélocity and has raised its static temperature an p

o i d the tota|
Furthermore, the total temperature through the air inlet is constant én -
pressure changes

k=1 @<1
TtO Dto

The subscript O represents freestream conditions before forebody
compression.

The ratio between the total- pressure at the station 0 and 2 (mq)

Characterizes the inlet's pressure performance and consists of two contributions

Tdmey TEPresents the part dus
recovery factor ang characterizes the co
factors imply total Pressure losses within

to viscosity effects, while N is called

ntribution of compressibilit

y effec’té. Both -
the inlet. '

nergy of
1,
n=22 33 (4.2
%ug ud )
Both Parameters, totg Pressure ratjq and kinetic énergy efficiency, can be
related through the €Xxpression '
- 1 X
My = [1 +(1= nd)yTMg]y‘l '(4.3)
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See Ann
ex C for m :
; ore details ' ;
equations governing shock waves on' this expression, as well-as on the

Hypersonic inlets i .

based on the type of Com:;:ic:: ti‘;’tagjet.s. fall into three-different categories,
compression, mixed compression and th'llzed. These three types are: external
these types is shown in Figure 12 Iln inel- ComprEssiona Sl e 2
compression is performed: by flow t 4f the e)fternal compression all the
are external to the engine. Th tuming, In‘one direction by shock waves that
the flow entering the combL-Jstore issealtn:it copfguegiions -have large cowl drag, s
however, external comnression i arge angle relative to the freestream flow;
operated below the de S inlets are self-starting and spill flow when
must operate ov sign Mach number (this is a desirable feature for inlets that

1S, er a large Mach number range). In a mixed compression inlet the
compression is performed by shocks both external and internal to the engine, and
the a{'lgle.of the external cowl relative to the freestream can be made very ;mall
to mlnlml.ze external drag. These inlets are typically longer than external
compression configurations, but also spill flow when operated below the design
Mach number. Depending on the amount of internal compression, however,
mixed compression inlets may need variable geometry in order to start. In internal

- compression inlet the.compression is performed by shock waves that.are internal

to the engine. This type of inlet can ke shorter than a mixed compression inlet,
ith the vehicle. It maintains full capture at

but it does not allow easy integration W
Mach numbers lower than the design point, but its most significant limitation is
that extensive variable geometry is always required for it to start.

; .
) External Compression
AV ; Normal

’1' ’ " )
’ Y ;‘__/Si:ﬂck

= ‘__.,_...--—--

Mixed Compression

rsonic air inlets

Figure 12. Types of supe

29



-

e

4.2. Isolator

At flight speeds below Mach 8, combustion in a scragzet Iz;g:”j‘ﬂi:g
generate a large local pressure rise and separation of .the boun IZ' oot o
surfaces of the combustion duct. This separation, which can er ::Faffect the
fuel injection, acts to further diffuse the core flow in the duc_t’ ar;hW ethod use
operation of the inlet, possibly causing an unstart of the engine. eﬂ;n inlet ang
to alleviate this problem is the installation of a short duct betw.een ei '
the combustor known as an isolator. In some engines (thos? whnch operatt? in t'he
lower hypersonic regime between Mach 4 and 8) the combination of the diffusion
N the isolator and heat release in the combustion decelerate the core flow to
subsonic conditions, in what is called dual-mode combustion. At.SPe_edS above
Mach 8 the increased kinetic energy of the airflow through the engine means that
the combustion generated pressure rise is not strong enough to cause boun('jar‘y
layer separation. Flow remains attached and supersonic throughout, and this is
termed pure scramjet. In this case an isolator is not necessary.

The structure of the supersonic flow in confined ducts under the influence

rong adverse pressure gradient is of interest in the design of scramjet
isolators. As shown in Figure 13, a

Supersonic flow, and with the presenc

of a st

S.p‘l rated
Flow

Rnamchmont
Z,

Q

Ny

w0 ) ARR:
e ——

acpom—r. '\

stnfock Train Mixing Regilon

Figure 13, Schematic of flow Structure i an isolator
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4.3. Combustor

The combustor i
e i tc:amber is a duct where the combustion between
e requa‘x es place. This combustion is supersonic, so there are
ire more attention on the -
: : ‘contrary of th i
combustion. Next, these aspects will be commented — 3 S

" At very high iti :
e rv}\llellga \fllelocmes, f’:l properly fuel injection and mixing could be a
different' e AN holding. That is_why over the past decades a lot of
ool oyt quratl.or.ws l_’uav§ been studied and developed. Some techniques
ouisad inj;,ct(c)); Ui' Z‘chtlon in scramjet engines are: wall, ramp, strut pylon and

s. And for keeping the combustion, there i ique qui
. , the
calied cavityflame Holders. ! re is a technique quite used

Another significant aspect to take into account is the dissociation. At the‘
entrance of th.e combustor the flow static temperature and vpressure are very high
and with the heat release due to chémical reactions, the temperature and,
pressure could reach extremely high values which involve dissociation of

combustion pfoducts.

Because of the heat addition, thevelocity or Mach number decreases
while the static temperature and ‘préssure increases. The total temperature is
raised and the total pressure is reduced. The total pressure loss is proportional to '
the square of Mach number; hence, it is better to have a small combustor-inlet
Mach number, on the contrary for the dissociation phenomenon. In Section 4.4
there is a discussion about the optimum Mach number at the entrance of the

combustor.
Finally, the fuel used in scramjet engines is hydrogen or hydrocarbons.
Hydrogen is most used because it has more advantages in front of hydrocarbons.
The reason for using liquid hydrogen for scramjet fuel rests with its_high specific
. impulse and ifs potential for cooling parts of the vehicie. The heat value (which
répresents the amount of energy released when a fuel is combustc_ad) for
hydrogen is two and a half times that of hydrocarbons.. Hydrogen is als?
extremely flammable @pd it has @ vx/jde flammability range (it can burn when it
occupies between 4 - 74% of. the air volume). Another advantage over
s is that hydrogen is;a clean fuel as it doesn't produc_e any .harmful
e carbon monoxide (CO) or carbon dioxide (CO2) c.lunng the
The only product from its combustion is water, which can be

he atmosphere.

hydrocarbon
pollutants lik
combustion process.
safely exhausted into t

—
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Although it may appear that hydrogen is the ideal fuel for scramjet
propulsion it does present some drawbacks. Liquid hydrogen is not a dense fuel,
having a density of only 0.09 kg/m’. For example, JP-8 on the other hand has a
density of 800 kg/m? in similar conditions, very much higher. Having a low density
does save weight; however, a large volume is needed in order to store enough

chemical energy for practical use.

Even with the above limitations ‘hydrogen has been the clear choice for
many scramjet researchers due to its versatility and performance, and it is also
clear that hydrogen will be the preferred fuel for future projects and developments

using scramjet technology.

4.4. Nozzle

The nozzle is a divergent duct that accelerates the supersonic flow and at
the same time expands it reducing its static temperature and pressure. The
expansion process converts the potential energy of the combusting flow to kinetic
energy and then it results in thrust. An ideal expansion nozzle would expand the

engine plume isentropically to the freestream pressure assuming chemical .

equilibrium. Nevertheless, loss mechianisms are present in real expansion
processes and are due to under-expansion, failure to recombiné dissociated
species, flow angularity and viscous losses.

The weight of a fully-expanded nozzle -would be prohibitive at most™
hypersonic flight conditions; hence under-expansion losses are usually traded
against vehicle structural weight. Dissociation losses result from chemical
freezing in the rapid expansion process in the nozzle, essentially locking up
energy that cannot be converted to thrust. Flow angularity losses are product of
varying flow conditions in the riozzle, and viscous losses are associated with

friction on the nozzle surfaces.

The flow enters the nozzle in a highly reactive state. As it expands to
lower pressure and temperature, chemical reactions will occur toward the
completion of combustion, with conssquent additional heat release. If the
expansion is slow enough chemical equilibrium is approached, but in most cases,
due to the high velocities reached in a scramjet, the flow composition freezes and
becomes fixed. Two limiting cases can be treated fairly easily: equilibrium flow,
where equilibrium is maintained through all nozzle length, and frozen flow, where
the flow doesn’'t change its composition from the combustor exit. The true

situation lies between these two cases.



.

»
’
v

The choice of combustor inlet Mach number is a key aspect for the
performance of the scramjet and it is related to the nozzle expansion. If the static
temperature at .the combustor entrance is too high, dissociation wiII. be present
a.nd the chemical energy is not available as thermal energy for conversion 10
kinetic energy in the nozzle. So, the question to be dealt with quantitatively i
then v?/hat St_at'c temperature, or what combustor inlet Mach number, is best for
any given ﬂlg.ht Mach number. The existence of such an optimum' M, which
depe.n.ds.on finite chemical reaction rates, can be seen by comparison' of the
specific impulse for two limiting cases: one which chemical equilibrium S
assgrnéd throughout the flow, and another in which the flow is assumed to be in
equilibrium up to the combustor exit but frozen at that ‘composition during the
nozzle expansion.

As it can be seen in Figure 14, for equilibrium nozzle flow there is no
optimum M, the specific impulse increases continuously as Ms decreases. This
is not surprising, because for equilibrium flow the 'chemical energy invested in
dissociation is recovered as thermal energy and then kinetic energy as
recombination occurs in the nozzle, and the lower the combustor Mach number
the lower the entropy increase in the combustor. Therefore, independently on the
flight Mach number interests a low combustor inlet Mach number.

In contrast, for frozen nozzle flow (Figure 15), there is a clear optir_num-Ms

for flight Mach numbers abov
a dashed line. The optimum value of Ms
recombination occurs in the nozzle, as well as

the combustor exit. For a very high flight Mach num
the total pressure loss will be small b
posite case, if the flow is slowed to a

Il but the total pressure l0ss will
d an optimum combustor

depends on the extent to which

ber, if the flow'is decelerated

to a very low Ms,
dissociation will be too high, and in the op
relative high Ma, dissociation losses will be sma

be very elevated. So, balancing each term it can be foun

inlet Mach number.
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Figure 14. Specific impulse for equilibriu'm nozzle flow (combustor pressure fixed at 1 atm)
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Figure 15. Specific impulse for frozen nozzle flow (combustor pressure fixed at 1 atm)
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